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the search for DM. They highlight the powerful interplay between quantum technologies,
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Schematic overview of the proposed directional dark matter detection pro-
cedure.(a) Solar neutrinosr(s) stream towards the earth. Because of the
motion of the solar system in the Galactic rest frame, there is a preferred
direction of incoming WIMP particlesc() on the earth (so-called WIMP
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pathway. Inset: Ground state spin energy levels. The ISC nonradiative
decay path results in dimming ofg = 1 states' uorescence. MW fre-
guencies ofw can be used to drive spin transitions. Further hyper ne
splitting results from electronic spin-nuclear spin interactions (not shown).
(c) Simpli ed schematic of a quantum diamond microscope (QDM). Per-
manent magnets and/or Helmholtz coils (not shown) provide a bias eld.
Green illumination is used to initialize and read out the spin state. MW
delivery via the waveguide allows spin transitions. A microscope objec-
tive collects red uorescence and focuses it on a camera (not shdah).
Schematic uorescence curve as a function of MW frequency: optically
detected magnetic resonance (ODMR). Temperature-dependent zero- eld-
splitting parameter and local strain determine the center frequency, while
the axial bias magnetic eld determines the splitting between them. The
spin-1/2 nuclear spin N contributes to the double resonance structure
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hyper ne energies instead (splitting of about@MHz). . . .. .. .. .. 23
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2.5 Principle of Ramsey measurement protocol in NV syste(a¥.Ramsey
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acquire a differential phase. The secqw® pulse projects the phase onto
population difference. Note that in this protocol the= + 1 state does not
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longer than the free evolution times limited by the decoherence time scale.
(c) Schematic NV uorescence contrast curve as a function of free evolu-
tion time. Interferometry fringes re ect the accumulated phase accumu-
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vacancies created as a function of the recoil energy, as predicted by SRIM
simulations [499]. Reproduced fromref.[297]. . . .. ... ... .. ... 27
2.7 Strain-CPMG measurement protocol. Top: Pulse sequemcedenotes
microwave frequencies addressiimgs = 0i $j ms= 1i transition. Bot-
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2.8 Strain map generated with a quantum diamond microscope (QDM) using
the strain-CPMG measurement protoc@) Manually-registered array of
multiple 150 150mm? strain images, covering a mm-scale area of the NV-
diamond sample. Each eld-of-view is acquired in one second. Since dia-
mond is an excellent thermal conductor [446], the temperature is constant
over the entire sample area for a single measurement, however, temperature
drift between multiple measurements causes minor artifacts in the concate-
nated image(b) An example of a low-strain region(c) Typical intrinsic
strain features are detecte(d) Interferometry curve amplitude (refer to
[295] for de nition of the visibility parametenxy) in a high-strain-gradient
region with degraded dephasing tim@) Distribution of the pixel Allan
deviation after one second of averaging data in the low-strain region (b).
Reproduced fromref.[295]. . . . . . . . . . . ... ... ... 31
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2.9 Nitrogen-vacancy center background in type Ib HPHT diamonds. The mea-

surements are carried out using a scanning confocal microscope. The num-

ber of NVs was then determined based on the normalized intensity of u-

orescence at each sit@) A typical eld of view illustrating intrinsic NV

centers.(b) Distribution of pre-existing NV centers in diffraction-limited

spots. Approximately 0mm?® volume of diamond from three different

samples is scanned. A maximum of two NVs per spot is found. Note that

the low-background facilitates fast confocal scanning; with aboutrrf©®0

of dwell time, a mm-scale diamond can be scanned within one day. Repro-

duced fromref.[297]. . . . . . . . .. 34
2.10 In an HPHT sample, strain features at length scale relevant to WIMP sig-

nals are detected using SXDM. The results demonstrate SXDM's ability to

resolve damage caused by WIMP in diamond crystals. Scanning step size

is 22 nm. Reproduced fromref.[296]. . . . ... ... ... .. .. ..., 35
2.11 Reconstruction of the intrinsic strain features in a CVD diamond in three di-

mensions. 3D models are constructed using SXDM scans ifxid@ and

(113 diffraction planes. The illustrated boundary of features correspond to

strain 2 10 4. “Rodlike” features are likely the high-strain edges of sim-

ilar dislocation features with small projections onto both of the diffracting

planes. See ref. [296] for details. Reproduced from ref.[296]. . . . . . . .. 36
2.12 In a CVD diamond, small-scale background scans are carried out away

from large-scale strain features using SXDM. Results demonstrate that there

are no preexisting strain tracks corresponding to the expected WIMP-induced

strain features, i.e., localized strain features @00nm. Plots show the

number of detector counts attributable to strain in the CVD diamond layer.

A scanning step size ¢&) 40 nm andb) 20 nm was used for two different

diamond regions. Reproduced fromref.[296]. . . . . ... ... ... ... 37
2.13 lllustration of the combined method proposed for superresolution NV strain

spectroscopy. A doughnut-shaped illumination provides lateral resolution

through STED, CSD, or spin-RESOLFT. Fabricated gradient coils produce

magnetic eld gradients that provide depth resolution. \Bishape waveg-

uide for microwave delivery is also illustrated. Reproduced from ref. [297]. 40
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3.1

3.2

4.1

Schematic of the proposed laser interferometer-based light dark matter (DM)
detector, GALILEO. The Fabry-Perot (FP) cavities are resonant with the
light-DM massL = 2np=mpy. The electro-optical (EO) material's thick-
ness is limited td.g p=mpym to preserve the oscillatory DM signal while
averaging over laser travel time through the material. Note that the EO
material needs to be exposed to a large, uniform magnetic eld for axion-
induced effects. See textfordetails. . . .. ... ... ... ... ..... 52
Projected sensitivities of the GALILEO experiment for axikeff) and

dark photon Righ{) dark matter searches. The red shaded area is within
the reach of the proposed detector. Orange (red) lines: LENBATIO3)

as target electro-optical material. Dashed lines: 1s averaging at each fre-
quency bandf = mpy=(2pF ). Dash-dotted lines: extended search time

of 290 s per bin, equivalent to scanning a decade in mass for about 3 years.
Solid lines: 290 s averaging time per bin and 10 dB squeezing of light in-
put to the interferometer. Vertical gray dashed lines indicate the number
of EO material piecedl = 1;3; and 10 needed to achieve maximum sen-
sitivity at representative DM masses if each EO material has a thickness
of Lo = p=mppm. See text for details. Dark (light) gray shaded areas are
excluded by terrestrial experiments (astrophysical observations). Green:
QCD axion parameter space. Blue: excluded by dark photon DM cosmol-
ogy [41]. Existing limits are adapted fromref.[333]. . .. ... .. .. .. 56

Schematic of the proposed readout meti{@lA quartz sample of size

cme. The black straight line illustrates a damage track as a result of an ultra-
heavy composite dark matter (UHDM) particle passing through the sample.
The sample is sectioned into multiple sections of thickned90 mm. We

show several sections where the top and bottom surfaces are highlighted,
which would be scanned using SEM-C(b) Correlated damage spots of
micron-scale diameter over a macroscopic (mm-scale or longer) distance,
between sections is the unique signature of the ultra-heavy DM particle
interaction with quartz. Note that the probability of background features
coincidently aligning reduces exponentially with the number of correlated
layers. For a realistic feature density of 16007, simulations show that
correlations of 4 layers ef ciently rejects false positive signals. . . . . . .. 70
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4.2

4.3

Example quartz sample characterization. SEM-CL images of two samples,
(a) magmatic quartz from Bishop Tuff with Ti concentration 55 ppm,
and(b) vein quartz from Jack Hills with Ti concentration2s 6:5 ppm,
measured on a mass spectrometer. The scan rate isr#@’swith 1:5 mm
resolution for magmatic quartz and Ssm? with 3 mm resolution for vein
quartz (we forecast the full-scale UHDM experiment time and resources
using these values). In (b) we identify a few high-count pixels in the vein
guartz image, which demonstrates the possibility of high-resolution detec-
tion of concentrated CL emission. The inset shows a zoomed-in image
of the region of interest with high-count pixels. These pixels could be a
melting track intersection, which needs to be investigated by correlating
multiple sections as described in the teXt) Normalized histogram of

the pixel counts in arbitrary units for each of the two sample SEM-CL im-
ages. Vein quartz shows a lower CL noise level as well as smaller variation,
making it a suitable target for our detection propoge). SEM-CL signal

from a uranium halo (measured in a different quartz sample from those
shown in (a) and (b)). Microscopic uranium inclusions have decayed over
time; the ssion products from these inclusions create crystal lattice dam-
age, which emits cathodoluminescence (CL) upon excitation by the SEM.
The CL signal from an ultra-heavy composite dark matter (UHDM) par-
ticle track would also result from crystal lattice defects at and around the
track of melted quartz. Any such uranium halos in a UHDM search would
be disquali ed as potential damage tracks by lack of correlated damage in
other slicesofthesample. . . . . . . . ... ... .. ... ... ... ... 72
Sensitivity projections for the proposed ultra heavy dark matter (UHDM)
search. Model-independent reach of the geological-quartz detector pro-
posal expressed as stopping podErdxvs massnpy of a passing UHDM
particle, together with the existing constraints from MACRO for energy
deposition per nucleus; 1 eV [31, 393] as well as from damage track
searches in ancient mica [358]. The vertical and slanted boundaries of the
guartz-detectable parameter space (for different effective detector areas)
stem from the requirements of &1(1) probability of transit, Eq. (A.1),

and a negligible slowing of the UHDM up to a 1 km depth, Eq. (A.2), re-
spectively. The black horizontal line indicates the melting threshold for
a micron-sized lateral region, Eg. (A.3), above which robust detection is
possible. . . . . .. 74
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5.1

5.2

5.3

5.4

5.5

Model maps of Galactic acceleration. Left: Galactic line-of-sight accel-
eration contributiorDa A. Center: Shklovskii (perspective) contribution
using onlyvgjre.. Right: Sum of the two contributions. The contours of
these quantities are shown as functionx @indy, the Galactocentric co-
ordinates on the Galactic plane, aligned such that the location of the Sun
(labeled by ) is along thex axis. Insets in each panel show acceleration
maps centered on the Sun, with enhanced contrast. . . . . . .. ... .. .. 78
Synthetic population of Galactic DWDs observable in the 10 yr LISA mis-

sion. Left: Aitoff projection of the population in the Galactic longitude

and latitude mapRight: The population shown in the amplitude spectral
density (ASD) vs. frequency plane, together with the LISA noise curve (in
gray), which includes the DWD confusion noise. DWD sources are simu-
lated following Ref. [438] (the total number of sources is 16264); veri ca-

tion binaries (labeled with red stars) are from Ref. [268]. For both panels,
DWD symbol color indicates LISA SNR for the associated GW. . . . . .. 79
Yellow dots show the synthetic DWD binary population considered in this
work in the frequency vs. chirp mass plane. Other types of compact bina-

ries listed in the legend are veri cation binaries (VB), binary neutron stars
(BNS), black hole—neutron star binaries (BH-NS), and binary black holes
(BBH). The red lines are contours of constant dephading= 2p. The

plot suggests that there should be a sizeable portion of the DWD popula-

tion with measurabldy =7 (i.e., to the right of thé = 1 line), while

fo fék: 2 is only measurable for a few binaries (roughly, those to the right
ofthek= 21line). . . . . . . . . . . . 80
Measurement uncertainties for a synthetic population of Galactic DWDs
(model FZ from Ref. [438]) using GWs aloneleft The second time
derivative of the GW frequencyy is either included (red) or excluded
(blue) from the set of parameters in the Fisher matrix calculation. Here,
numbers quoted at the top of plots refer to the “red” c&ight The pa-
rameters include either the observed rst and second time derivatives of the
GW frequency (red, same points as in the left panel), or the source GW
frequencyfsp and the global paramet&r (purple), which is related to the
Galactic gravitational potential as in Eq. (B.39). Here, numbers quoted at
the top of the plots refer to the “purple”case. . . . ... ... ... .... 82
Comparison of the measurement uncertainties on the paraifi¢tehd ;D; fso; Y o)
when the chirp maskl is included (purple) or excluded (green) from the
parameter set. The numbers quoted at the top of the plots refer to the
“green” case. Uncertainties dfi are not shown even when this param-

eter is included, because in general it cannot be determined. The synthetic
population of DWDs is the same as in Figure 5.4 above (i.e., model FZ
fromRef. [438]). . . . . .. . . 83
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5.6 Left panel.only the chirp masM is determined through EM observations.
Right panel: all parameters (other than normalized acceleralion are
determined through EM observations: i.eM ;D; fso;y 0g. In each plot,
the vertical position of a given circle or dot (as measured by the left vertical
axis) indicates the relative measurement uncertaintjdoney, sy =N
assuming that all DWDs within a certain distance from the Sun (as given
by the position of the circle or dot on the horizontal axis) were used to infer
the acceleration; the orange line and the right axis show the cumulative
distribution function (CDF) of the DWDs within that distance. Recall that
N = a=ag, whereag is the acceleration in the ducial model of the Milky
Way: see also Eqg. (B.39). Individual sources are marked in blue (for all
sources in the catalog, i.e., those detectable by LISA) or red (for veri cation
binaries). The sizes of the circles or dots are proportional to the source
SNR. Although the distance is not the only factor determining the GW SNR
of a source, we observe a general trend of SNR falling with distance. ... 84

A.1 Sensitivity projections for the proposed ultra heavy dark matter (UHDM)
search(a) Model-independent reach of the geological-quartz detector pro-
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Chapter 1: Introduction

The Standard Model of particle physics has proven highly effective in describing fun-
damental interactions across a vast range of scales, from the subatomic to the cosmological.
However, it remains an incomplete theory. It does not account for astrophysical and cos-
mological evidence pointing to the existence of dark matter and dark energy, and it leaves
unresolved theoretical issues, such as the Strong CP problem. As a result, exploring physics
beyond the Standard Model is a major frontier in our quest to understand the fundamental
nature of the universe.

Dark matter (DM) offers a crucial window into physics beyond the Standard Model. Al-
though its gravitational in uence on galactic and cosmological scales is well-established,
the fundamental particle nature and non-gravitational interactions of DM remain unde-
tected. Understanding these properties is among the most profound open questions in mod-
ern physics and forms the core focus of this thesis. Theoretical models propose a diverse
range of DM candidates, spanning an extraordinary spectrum from ultra-heavy composite
states to ultralight bosonic elds; see Figure 1.1. Exploring this vast landscape requires the
development of novel precision measurement methods capable of pushing experimental
sensitivities into previously inaccessible regimes.

This thesis focuses on advancing and applying innovative precision measurement tech-
niques to probe dark matter, leveraging quantum sensing, optical interferometry, and astro-
physical observations. The research spans multiple frontiers, from laboratory-scale solid-

state detectors to galactic-scale observations, uni ed by a common goal: to open new win-



Figure 1.1: The dark matter landscape spans many orders of magnitude in mass. This illustration
highlights the regions of parameter space explored in Chapters 2, 3, and 4 of this thesis. Adapted
from Ref. [491].

dows into the dark sector through precision experimental tools.

Chapter 2 introduces a next-generation directional detection concept for weakly inter-
acting massive particles (WIMPs) utilizing solid-state quantum sensing in wide-bandgap
semiconductors such as diamond. Directional detection is a critical requirement for over-
coming neutrino background limitations in future dark matter searches. By encoding nu-
clear recoil directions (correlated with the incoming particle's directions) as durable nanoscale
damage tracks readable by atomic-scale quantum sensors and/or advanced microscopy
techniques, this approach offers a promising path toward background discrimination and
improved WIMP sensitivity.

Chapter 3 proposes the GALILEO experiment, a novel dark matter detection scheme
exploiting electro-optical materials whose refractive index oscillates in the presence of co-
herently oscillating light dark matter elds such as axions or axion-like particles. Using

a resonant Michelson interferometer, GALILEO aims to access an unexplored mass range



beyond the reach of traditional microwave cavity haloscopes. This method offers a com-
plementary and scalable approach to search for ultralight bosonic dark matter candidates.

Chapter 4 explores a novel search strategy for ultra-heavy dark matter (UHDM) through
geological quartz samples. UHDM candidates with large interaction cross sections can
leave distinctive long, straight damage tracks as they traverse matter. The exceptional age
and large exposure of geological quartz compensate for the low UHDM ux, while electron
microscopy enables high-resolution, low-background readout of these rare events. This ap-
proach opens a unique avenue to probe dark matter beyond the reach of conventional direct
detection experiments.

Chapter 5 transitions to an astrophysical precision measurement technique by explor-
ing how gravitational wave observations from double white dwarf (DWD) binaries by the
Laser Interferometer Space Antenna (LISA) can be used to dynamically probe the Milky
Way's gravitational potential. The impact of apparent acceleration on the gravitational
waveforms of these long-lived, quasimonochromatic sources is examined. The dynami-
cal information encoded in the gravitational wave phase evolution is analyzed to provide a
complementary and, in principle, more direct constraint on the underlying Galactic poten-
tial (and therefore mass distribution) than what is accessible through kinematics alone. A
model for the expected apparent accelerations across the Galaxy is constructed, and LISA's
sensitivity to these effects is evaluated through Fisher matrix analyses based on a realis-
tic simulated population of resolvable DWDs. The opportunities and limitations of using
DWDs as Galactic accelerometers are highlighted, and the scienti c return of this probe is
shown to be enhanced by combining gravitational wave and electromagnetic observations.

Together, these chapters present a set of novel experimental and observational tools at
the intersection of quantum sensing, optical metrology, materials science, and astrophysics.
By pushing the boundaries of precision measurement, this thesis advances the search for

dark matter across a vast range of candidate masses and interaction types, highlighting the



critical role of innovative technology and cross-disciplinary approaches in tackling one of

the most profound problems in physics.
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Chapter 2: Directional Detection of Dark Matter Using Solid-State Quan-

tum Sensing

Dark matter (DM) is one of the most pressing puzzles in modern physics [501]. Possible
candidates for DM include weakly interacting massive particles (WIMPS) in the mass range
of a few GeV to 100 TeV. Thermally-produced WIMP DM acquires its observed relic
abundance through the freeze-out mechanism in the early universe [50]. WIMPs are also
strongly motivated from the perspective of model building, predicted in numerous theories
beyond the Standard Model [85, 126, 229, 273, 347]. There have been several dedicated
experiments looking for WIMP patrticles in the cross section-mass parameter space for
the past decades. Detectors of this type look for nuclear recoils induced by WIMPs in a
background-controlled environment. The null results of these experiments exclude a large
portion of the parameter space of WIMPs [397].

Next-generation multiton experiments will be sensitive to lower cross sections [1, 2].
Nevertheless, these experiments will ultimately be sensitive to coherent scattering from
neutrino scattering as well. The irreducible neutrino background, traditionally called the
neutrino oor, produces nuclear recoil spectra similar to those of WIMP-induced recoils
[76, 213, 313, 425]. Thus, additional information is required to distinguish between the
neutrino background signal and the putative WIMP signal. Angular distributions of WIMP
and neutrino uxes can provide such a discrimination tool. As a result of the motion of the

solar system within the Galactic halo, WIMP DM ux exhibits a dipolar structure. Solar



neutrinos, the most imminent neutrino background [38], will also be localized in a relatively

small angular distance, improving directional discrimination power further. Directional de-

tectors can determine the incoming direction of incident particles [211, 303, 335, 451, 453].
As a result, developments toward multiple directional detectors are underway worldwide,
each with its own advantages and challenges [453].

Our goal is to develop a solid-state detector for directional WIMP detection [297, 367].
The detector we envision operates in hybrid mode: nuclear recoil event registration is per-
formed in real time using charge, phonon, or photon collection; and directional informa-
tion is read out using high-resolution mapping of the lattice damage left behind incident
WIMPSs or neutrinos. The proposed detector scheme integrates real-time event registra-
tion, three-dimensional directionality information, and high-density target material. Gas-
based time-projection chambers (TPCs) have mature directional detection technology and
offer real-time event detection and full 3D directional readout as well [451]; however, they
feature a very low target density and require large volumes. The scalability of these de-
tectors is therefore limited. Probing DM massl0GeV below the atmospheric neutrino
oor, despite being theoretically well-motivated [5, 46, 223, 252, 382], would be especially
challenging for gas TPCs [334]. However, solid-state detectors could allow to access this
parameter space.

In the proposed detector, directional readout and event registration require different sets
of technologies. DM detection using nuclear or electron recoils in semiconductors is a ma-
ture technology; semiconductor-based DM detection experiments are already operational
[18, 290, 371, 444]. Our proposed experiment will use similar methods to register recoil
events [297, 367]. Mapping of directional lattice damage, however, requires a different
set of capabilities. Our research is focused on developing directional detectors enabled by
point defect quantum sensing in wide-bandgap semiconductors. We discuss in the follow-

ing sections how recent developments in defect-based quantum sensing pave the way for
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directional detection. We speci cally focus on diamond as a viable target material. Dia-
mond is a leading platform for emerging quantum technologies [58]. Many of the technical
developments have been made over the past decade in diamond-based quantum sensing that
are applicable to directional readout. In addition, the demand for quantum-grade synthetic
diamonds has resulted in ef cient protocols for the production of high-quality, low-strain
diamonds [189, 298].

In our research program for the 2020s, we aim to demonstrate directional readout ca-
pabilities using diamond. Implementing conventional DM detection methods in diamond
is also an ongoing research with promising prospects [108, 270]. Combination of direc-
tional readout methods (utilizing quantum sensing methods [58, 297, 367]) and nuclear
recoil registration methods (similar to those used in silicon and germanium-based detec-
tors [18, 290, 371, 444])), it would be possible to build a detector that retains sensitivity to
WIMP despite the presence of irreducible neutrino background.

The rest of the paper is organized as follows. In Sec. 2.1, we discuss the neutrino back-
ground for direct DM detectors; brie y discuss directional detection, current and proposed
technologies; and give an overview of the working principle of the envisioned solid-state
detector. In Sec. 2.3, we summarize the state-of-the-art techniques for directional read-
out in diamond, summarize our recent advances, and discuss anticipated improvements. A
method of producing injected signals for characterization of detector ef ciency is discussed

in Sec. 2.4. We conclude with a summary and outlook in Sec. 2.5.

2.1 WIMP detection below neutrino oor

2.1.1 Neutrino oor

Neutrinos couple to quarks via the neutral Z boson exchange [218], resulting in coher-

ent scattering off nucleons in an atomic nucleus for neutrinos whose energies are below a
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few tens of MeV [188]. Thanks to technological advances in detecting low-energy (down

to a few keV) nuclear recoils, coherent elastic neutrino-nucleus scatteringNEEhas

been observed recently in Csl[Na] scintillator [20] and liquid argon [19] detectors. The

measurements offer a new pathway that will provide novel advances in a wide range of
elds, including neutrino and nuclear physics [32, 152, 156, 260, 261, 264, 345], possible
hidden sectors [57, 147, 157], and astrophysics [51, 187, 230, 395, 475].

Through CEENS, astrophysical neutrinos could trigger background events in low-energy
nuclear recoil detectors. Multi-ton-scale DM direct detection experiments could be sensi-
tive to CENNS from solar and atmospheric neutrinos which cannot be shielded against, an
irreducible background known as timeutrino oor. In fact, xenon-based DM detectors
(e.g., XENONNT) are expected to detectfS from 8B solar neutrinos in near future,
which would resemble the detection of 6 Ge\# DM [38]. DARWIN is a next-generation
liquid xenon time projection chamber (TPC) detector proposed by the XENON collabora-
tion, which employs a 50-ton (30-ton) active ( ducial) mass and can operate for ve years,
and aims the sensitivity at the atmospheric neutrino oor [1]. In addition, the DarkSide
collaboration has proposed ARGO, a 300-ton (200-ton) active ( ducial) liquid argon TPC
detector with a ve-year operation time, so as to achieve neutrino oor [2].

There can be a substantial overlap between the recoil spectra induced by neutrinos and
WIMPs, which makes the distinction between them dif cult [76, 213, 313, 425]. A small
difference in the tails of the recoil spectra could in principle be used as a discrimination tool,
but it would require thousands of neutrino events, making it impractical with any proposed
future experiment. Other methods for breaking the neutrino oor have been proposed, such
as utilizing timing information [140, 388] or complementarity between detectors [384].
Nevertheless, in the low-statistics limit, directional detection appears to be the only feasible
method [211, 335].

Despite the similarities between the signals, a conventional DM search would have
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been possible if there had been a precise understanding of neutrino background levels. Re-
cently some have advocated using the term “neutrino fog” rather than “neutrino oor”,
implying a challenging, but not impossible signal-background discrimination [140, 191,
193, 342, 384, 388]. Even though neutrino-nucleus cross sections are relatively accurately
determined, neutrino uxes are typically subject to large systematic uncertainties, causing
large uncertainties in the number of expected neutrino events [42]. Thus, the neutrino ux
uncertainty saturates the DM discovery limit in higher exposures [76]. Ref.[342] de nes
neutrino oor in terms of the derivative of the discovery limit as a function of exposure
n= (dins=dInN,) 1, whereN, is the number of neutrino events and it is proportional

to the exposure; the neutrino oor is the boundary leaving the standard Poissonian regime
(n= 2) and beginning systematic uncertainty saturatior (2). (Note that while this

de nition of neutrino oor is useful for illustrating the neutrino background and compar-
ing different target materials, it does not represent a fundamentally preferred de nition.)
Figure 2.1 shows the neutrino oor calculated using the method described above for sev-
eral different target materials. Solar neutrinos dominate the neutrino oor for DM masses
& 5 GeV; for slightly larger masses diffuse supernova neutrino background dominates;
and eventually, for DM masses greater ti8aa few 10 GeV, atmospheric neutrinos are the
dominant contribution (for light target nuclear masses like helium or carbon, solar neutri-
nos are also a signi cant contributor at this regime since the scattering kinematics allow for

large recoil energies) [342].

2.1.2 Directional nuclear recoil detection

As the solar system moves towards Cygnus, the angular distribution of DM scatter-
ing rate exhibits a dipolar feature [421]. The angular distance between Cygnus and the

Sun changes between 6(n March) and 120 (in September) over the course of a year.
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Figure 2.1: Spin-independent DM parameter space, illustrating the neutrino oor for a variety of
target materials, including diamond. We use typically domifdd@tisotope. Produced using the
method introduced and implemented in ref. [342]. Shaded gray area shows current excluded region.
Refer to [342] for further discussion.
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This angular separation allows the separation of solar neutrinos and dark matter in a di-
rectional nuclear recoil detector [303, 335, 451, 453]. There is overwhelming evidence
that Milky Way kinematic structures go beyond the equilibrium Standard Halo Model
[36, 68, 114, 115, 135, 190, 198, 199, 276, 322, 323, 326, 394, 469, 474, 483]. First of all,
these phase-space structures can in uence interpretation of direct detection experiments,
but they may also be observed in directional detectors [266]. Furthermore, the dipolar
DM angular structure can improve DM reach beyond atmospheric neutrino oor as well;
however, to achieve sensitivity to atmospheric neutrinos higher exposure is required [451].
Although atmospheric neutrino ux is not localized as solar neutrino ux is, it exhibits an-
gular structure caused by cosmic rays passing through different thicknesses of atmosphere
and their interaction with geomagnetic elds [334]. Such a feature could further enhance
the ef ciency of directional detection.

Several directional detection technologies are in various stages of development [453].
Identifying three-dimensional direction and head/tail information on an event-by-event ba-
sisis the ideal scenario for directional detection. Gas-phase time projection chamber (TPC)
detectors [55, 62, 310, 387, 452] provide well-developed 3D vectorial directional readout
capabilities [451]. But even so, gas-phase detectors that operate at and below the neutrino
oor would require extremely large volumes, since the target mass determines the detector's
discovery limit. The use of nuclear emulsion-based detectors provides high-resolution re-
coil track imaging at higher target densities; however, they are time-consuming to read out
and provide only time-integrated signals (hence, a detector installed on a Cygnus-tracking
equatorial telescope would be optimal) [15, 22, 26, 27, 201, 448]. Although emulsion-
based detectors can image 2D recoil tracks, it is unclear whether they can reconstruct 3D
tracks and head/tail signatures.

There are also indirect signatures of DM directionality that can be detected. Solid-

state anisotropic scintillators (e.g. ZnW)J399, 409] can exploit modulation of incoming
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DM direction relative to crystal axes in order to statistically provide a directional signal
[66, 110, 113, 139] (although, strong anisotropy at low recoil energies still has to be con-
rmed experimentally). A statistical measurement of this kind would require much higher
exposures than event-resolved directional methods. As a directional signal, the relative di-
rection of the primary ionization cloud and the applied electric eld affects the scintillation
yield in liquid noble gas detectors, a method known as columnar recombination [109, 330].
The rst measurements of direction dependence of scintillation yield, however, suggests a
small effect. Also, this method is sensitive to only one track dimension and lacks a head/tail
signature, so it is probably ineffective for DM detection below the neutrino oor [334].

We envision using quantum point defects in solid-state detectors to provide directional
readout. Due to intensive work on instrumentation of sensitive charge and phonon detec-
tors during the last decade, semiconductor DM detectors based on silicon or germanium
have become possible [17, 290, 371, 392, 420]. According to the same principles and
using developed instrumentation technologies, wide-bandgap semiconductors such as di-
amond [270, 367] and silicon carbide [210, 367] are proposed for DM detection. These
detectors' semiconductor properties and low nuclear mass provide a complementary sen-
sitivity pro le to existing detectors. Furthermore, a WIMP or neutrino event in such a
detector would leave a characteristic track of damage, with the crystal acting as a “frozen
bubble chamber” to record the direction of the particle's impact [297, 367]. It results from
a cascade of secondary nuclear recoils initiated by the initial scattering. The damage track
can be read out via spectroscopy of quantum point defects such as nitrogen-vacancy (NV)
[58, 166, 282, 390] and silicon-vacancy (SiV) [306] defects in diamond, and divacancies
in silicon carbide [447, 479]. (In Section 2.3, we cover readout methods in greater detail.)
Simulations for a diamond target indicate measurable orientation and head/tail asymme-
try down to 1-3 keV of recoil energy [367]. Therefore, quantum defect-based solid-state

detectors offer both full directional information (akin to gas TPCs), as well as high density.
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Figure 2.2: Result of the SRIM simulation assuming a carbon lattice (appropriate for diamond)
and implantation of a carbon ion with energy in the ranggé 100keV (representing the initial
recoiling nucleus)(a) Distribution of the angular difference between the initial recoil direction and
the damage track direction. Higher recoil energies are predicted to have a higher corrélgtion.
Distribution of damage head/tail asymmetry. The asymmetry is de ned as the ratio of the number
of lattice vacancies and interstitial nuclei in the rst and last third of the damage. As an example,
for 10keV initial ion, we predict about 70% ef ciency and 5% false positive rate. Reproduced from
ref. [367].

2.1.3 Working principle of a solid-state point defect-based directional de-
tector

In a solid-state crystalline detector, WIMP recoil would impart substantial kinetic en-
ergy onto a target nucleus, knocking it off from its lattice point, giving rise to a chain of
secondary nuclear recoils, leaving behind a characteristic damage track, comprising inter-
stitial nuclei, lattice vacancies, and distorted bonds. SRIM simulations [499] for a diamond
detector predict damage tracks will be tens of nanometers long for recoils with energies in
the range of 10 100keV [367], equivalent to WIMP masses in the range ofID0GeV;
the orientation of these damage tracks is well correlated with the initial recoil orientation
(see Figure 2.2a); and they will exhibit an observable head/tail asymmetry (see Figure 2.2b).

We envision integrating directional detection within a conventional WIMP detector with

17



well-developed instrumentation and background discrimination methods [297, 367]. Hy-
brid detectors like this would be able to detect candidate WIMP events by using estab-
lished methods, such as charge, phonon, and scintillation detection using semiconductor
solid-state detectors. Detector designs utilizing fabricated charge collection electrodes and
phonon sensors provide coarse localization of events at mm scale [16, 96]. To operate at
the neutrino oor or below, meter-scale solid-state detectors are needed (see Sec.2.1.1).
Following event localization to a mm-scale chip in a modular detector, that chip can be
extracted and interrogated to determine the direction of damage. However, using existing
methods, it would be time-prohibitive to scan an entire mm-scale chip with nm resolution.
We propose a two-step damage track reconstruction strategy: a micron-scale localization
of the damage track using optical-diffraction-limited imaging techniques, followed by a
high-resolution 3D reconstruction of the damage track. Therefore, the proposed detector's

readout can be summarized in three steps as follows (see Figure 2.3):
» STEP I: Event localization at mm scale using charge, phonon, or photon collection.

» STEP II: Damage track localization at micron scale using optical-diffraction-limited

techniques. (See sections 2.3.1 and 2.3.2 for methods.)

» STEP lll: Mapping damage tracks at nanoscale using either superresolution optical

methods or hard x-ray microscopy. (See sections 2.3.3 and 2.3.4 for methods.)

For this hybrid detection method, we propose to develop a detector with diamond as its
target material. WIMP detectors based on diamond are currently being studied for next-
generation semiconductor-based detectors. Diamond has excellent semiconductor proper-
ties, and the carbon nucleus has a relatively light mass, making it a suitable candidate for
low-mass DM candidates, as compared with xenon or other heavy target materials. The

implementation of traditional event detection techniques in diamond is an active topic of
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Figure 2.3: Schematic overview of the proposed directional dark matter detection procgdure.
Solar neutrinosr(s) stream towards the earth. Because of the motion of the solar system in the
Galactic rest frame, there is a preferred direction of incoming WIMP particlesr{ the earth (so-

called WIMP “wind”), distinct from solar neutrinos, allowing directional discrimination (see text for
details).(b) WIMP or neutrino particles interact occasionally with the shielded solid-state detector
at an underground facility, depositing energy as well as causing cascades of nuclear recoils, leaving
a long-lasting crystal damage. Charge, phonon, or photon collection is used to detect and localize
the event to a mm-scale segment of the detector. The time of the event determines the orientation of
the detector with respect to both the Sun and the galactic WIMP wir)dl he triggered segment

is removed from the bulk of the detector. Using optical-diffraction-limited methods, damage is
localized in a micron-scale volume(d) The nanoscale structure of crystal damage is mapped,
allowing WIMP and neutrino events to be distinguished. Reproduced from ref. [297].
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research [270]; this includes the rst demonstration of a diamond calorimeter coupled to a
transition edge sensor (TES) at cryogenic temperatures [108]. Diamond is a promising ma-
terial for semiconductor electronics applications [236, 482] as well as for quantum sensing
[58, 166, 282, 390] and quantum information processing [132, 133] applications that make
use of diamond's lattice point defects. Such technological demand is supported by mod-
ern diamond growth techniques using chemical vapor deposition (CVD) [166, 236] which
enable repeatable, fast, and low-cost growth of uniform crystals. As a result, diamond
has also been widely used in particle physics research [436], including in the ATLAS and
CMS detectors at the LHC [332]. For the proposed directional WIMP detector, a diamond
detector at cubic meter scale is needed to achieve sensitivity below the neutrino oor. In
light of the advances over the last decade, a realistic development should be capable of
producing the volumes of diamond required for such a detector. With optimized crystal
growth protocols [166], both semiconductor properties, which enable very sensitive charge
and phonon extraction, and very uniform, low crystal strain properties are achieved, which
are advantageous for the proposed directional detector.

In the remaining sections, we provide an overview of methods available for damage
track localization and nanoscale mapping (Sec. 2.3) as well as a method for generating
injected signals (Sec. 2.4). Here, we present an estimation of the signal strength and back-
ground rate in order to evaluate the feasibility of methods based on their sensitivity and
speed. SRIM simulations indicate that nuclear recoil-induced damage tracks relevant to
WIMP events aréO(10 100 nm in length and have lattice vacancies@f50 300
[367]. Itis possible to detect the strain caused by such a lattice damage. Following [367],
we assume a fractional strain bk=x 10 ° at a distance of 30 nm from a single lattice
defect. Furthermore, the strain from each individual point defect in a damage cluster can be
added to nd the strain from the entire cluster [172]. We benchmark damage localization

by a simpli ed model of the strain signal within mm?® volume that contains the damage
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cluster: for each vacancy, a cylinder of uniform strain0 ° with height and radius 30 nm,
while the strain outside the cylinder falls off asr [297].

We benchmark the damage localization time to not exceed the expected event rate in
the detector, so the event direction can be measured as each event is detected before the
next occurs. (The localization experiment could, however, be parallelized using multiple
setups if necessary.) It is expected that the rate of events from coherent solar neutrino
scattering, mainly fron¥B solar neutrinos, will be approximatel9(30) per ton year
[69, 313]. With a low rate of WIMP events, this would limit the localization time to about
10 days. We consider, however, a conservative three-day target between event registra-
tion and damage localization at the micron scale to account for a potential WIMP signal
at the neutrino oor, as well as background events [297]. Note that we assume a detector
with sensitivity below the neutrino oor will have fewer background events than neutrino
events. Furthermore, quantum diamond microscopy experiments (see sections 2.3.1, 2.3.2,
and 2.3.4) are expected to take place on-site at a shielded complex that houses the detector,
using infrastructure that is constructed from high-purity materials, similar to what is used
in current WIMP detectors [39]. Note that the complementary technique of scanning x-ray
diffraction microscopy for nanoscale strain mapping requires access to synchrotron facil-
ities (see Sec.2.3.3). Nevertheless, localization of the WIMP/neutrino signal to a small
mm?3 volume before transport and shielding during the transport would eliminate signi -
cant background contamination. With a reasonable allocation of synchrotron beam time,

scanning the micron-scale volumes of interest should also be feasible.

2.2 Nitrogen-vacancy centers in diamond

We present a brief overview of the NV physics and related quantum sensing techniques

in this section; the reader familiar with this topic may skip to the next section.
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Nitrogen-vacancy centers (NVs) are composed of a nitrogen atom and an adjacent va-
cancy in a diamond crystal (see Figure 2.4a), and they can be classi ed according to their
orientation in four crystallographic directions. Nanoscale NV centers exhibit quantized en-
ergy levels similar to atomic systems. The energy levels couple to magnetic elds, electric
elds, temperature, and the lattice strain; this allows NV centers to function as quantum
sensors [12, 52, 144, 304, 437]. The transition frequencies can be measured using phase-
sensitive interferometric methods [363, 368] or alternatively through resonance features
in NV photonic and electronic response [58]. NV sensors feature high spatial resolution
as well as operation at ambient temperatures, pressures, and magnetic elds. In particular,
negatively charged NVis the most useful for quantum sensing. The N¥ a two-electron
system with a triplet spin-1 ground state that typically has a longitudinal relaxation time
T1' 6ms [239, 380] and decoherence tinfeof up to a few ms [53] under ambient con-
dition. Although NVs are observed in three charge states (NWW?; and NV*), NV
is favored for quantum sensing [153]; in reminder of the discussion, NV stands for the
negatively charged defects.

Ground state spin Hamiltonian. With a bias magnetic eld aligned with the NV
symmetry axig, the simpli ed NV electronic ground state Hamiltonian can be written as

[246]

Hgsl
h

(D+ M)S+ gB,S;: (2.1)

D' 2:87GHz is the zero- eld-splitting (ZFS) parameter at room temperature, resulting
from the spin-spin interactions between the NV electrons. ZFS varies with temperature
as d=dT ' 74:2kHz=K [13]. M ; is the spin-strain coupling parameter, which can be
converted to lattice strain using proper coupling constants [56]. We ignore the remaining

strain-coupling parameters since their contribution is subdominant [246]. The last term is
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Figure 2.4: Overview of nitrogen-vacancy (NV) centers in diamdajlDiamond lattice diagram
hosting an NV centelb) NV electronic energy level diagram, illustrating triplet ground and excited
state as well as singlet states. Intersystem crossing (ISC) through singlet states yields a nonradiative
decay pathway. Inset: Ground state spin energy levels. The ISC nonradiative decay path results in
dimming ofmy= 1 states' uorescence. MW frequencieswf can be used to drive spin transi-
tions. Further hyper ne splitting results from electronic spin-nuclear spin interactions (not shown).
(c) Simpli ed schematic of a quantum diamond microscope (QDM). Permanent magnets and/or
Helmholtz coils (not shown) provide a bias eld. Green illumination is used to initialize and read
out the spin state. MW delivery via the waveguide allows spin transitions. A microscope objective
collects red uorescence and focuses it on a camera (not shdd)ndchematic uorescence curve

as a function of MW frequency: optically detected magnetic resonance (ODMR). Temperature-
dependent zero- eld-splitting parameter and local strain determine the center frequency, while the
axial bias magnetic eld determines the splitting between them. The spin-1/2 nuclear SpM of
contributes to the double resonance structure (splitting of ab066t\8Hz); thel*N spin-1 nucleus

would produce triplet hyper ne energies instead (splitting of aboli6 #1Hz).
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the Zeeman Hamiltonian, which spltg;= 1 eigenstates. The NV electronic gyromag-
netic ratiog = gens=h"' 2803 GHZzT, wherege' 2:003 is the NV electronig-factor,
is the Bohr magneton arfdis the Planck's constant. Hamiltonian (2.1) leads to transition

frequencies

w ' (D+My 0B;: (2.2)

Energy level diagram of the NV ground state is illustrated in Figure 2.4b (inset). The tran-
sition are in the microwave (MW) frequency band, and they can be resonantly driven using
MW elds of corresponding frequency.

Spin-dependent uorescence.NVs can be excited to an excited electronic state by
green laser illumination, which decays back to ground state via uorescence in the red
spectrum; in addition, there is a nonradioactive decay pathway which preferentially applies
to the spin state excited from tlme;= 1 spin ground state, leading to both less uores-
centmg= 1 spin states and a method for spin polarizing the NV ground state t00
(see Figure 2.4b). Resonance MW driving of spin transitions in the NV ground state, in
conjunction with the optically-driven dynamics, results in a decrease in uorescence level
through enabling the non-radiative decay path (see Figure 2.4d). Fluorescence contrast fea-
tures of this type can be exploited to determine the NV spin state for sensing applications.
Figure 2.4c illustrates a simpli ed schematic of a quantum diamond microscope (QDM),
which enables NV-diamond sensing.

Ramsey measurements.Measurement protocols based on quantum interferometry
have been successfully and robustly implemented in NV systems. Here we outline a basic
Ramsey protocol to introduce the measurement principle (see Figure 2.5); in Sec.2.3.1,
we present our recent advances in engineered strain-sensitive sensing protocols. Ramsey

measurements with NVs use a green laser pulse to initialize the spin stajeedd. The
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spin-polarized state is then driven into an equal superposition state by means of a MW
pulse (the so-called=2 pulse), which is then allowed to evolve uninterrupted for a period

of time. The spin states that comprise the superposition state accumulate a differential
phase during the free evolution. Phase accumulation depends on the transition frequencies
encoding NV coupling to the environment. During the nal MW pulse, which couples
the two spin states again, the differential phase is projected to a difference in population
betweerms= 0 andms= 1, manifested as interferometry fringes in NV uorescence (see

Figure 2.5c).

Figure 2.5: Principle of Ramsey measurement protocol in NV systgaisRamsey pulse se-
guence. See text for detailgb) Illustration of spin population in each spin state. Following the
green initialization pulse, the spin is polarizedhat= 0. The rst p=2 pulse places them in equal
superposition ofng= 0 andms= 1 states. During free evolution, the two populations acquire a
differential phase. The secompd2 pulse projects the phase onto population difference. Note that

in this protocol thems = + 1 state does not play a signi cant role since the longitudinal spin re-
laxation time is usually longer than the free evolution times limited by the decoherence time scale.
(c) Schematic NV uorescence contrast curve as a function of free evolution time. Interferometry
fringes re ect the accumulated phase accumulated during the free evolution period. Inhomogeneous
phase accumulation causes the overall decay in an ensemble of NV centers.

Ensemble NV-diamond.NV-diamond sensors with ensembles of NV centers provide
higher SNR than single NV systems by statistical averaging over multiple single-spin sen-
sors, scaling as square root of number of NVs; additionally, they enable wide eld imaging

with NV-diamond sensors. High-sensitivity applications using diamond samples with NV
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concentrations ppm (10’percn?) have been demonstrated [59, 209, 391, 478, 498].
However, one of the main challenges in using ensemble NVs is the inhomogeneous de-
phasing, leading to deteriorated coherence fijpéillustrated as the exponentially decay-

ing envelope of the Ramsey curve in Figure 2.5¢) and broadened resonance lines. To extend
the coherence time, material engineering techniques and dynamical decoupling sequences

have been employed, and further improvements are envisioned as well [58].

2.3 Methods for directionality readout in diamond

2.3.1 Optical diffraction-limited strain spectroscopy

In this section, we discuss using nitrogen-vacancy (NV) centers for micron-scale lo-
calization of the WIMP or neutrino-induced lattice damage. Strain features can occur in
CVD diamond as localized deformations within the crystal lattice because of imperfections
propagated during growth and imperfections in surface processing [189, 299]. A variety
of methods have been developed for measuring and mitigating such strain features in dia-
mond devices [189, 192, 298]. However, these methods rarely meet all the requirements of
the directional dark matter detector proposal (see Sec. 2.1.3). The spatial resolution of bire-
fringence imaging is limited since the signal is integrated over the entire diamond thickness
[224, 246]. Raman spectroscopy suffers from relatively high detection noise oor [25, 136].
X-ray tomography and microscopy involve lengthy data acquisition times as well as access
to synchrotron beamlines [296, 314]. An alternative method is, however, quantum-point-
defect strain spectroscopy, which offers both speed and sensitivity required for directional
dark matter detection. NV ground state spin transitions are sensitive to local strain (see
Sec. 2.2); therefore, spectroscopic measurements can be used to detect local strain features
using NV centers as integrated quantum sensors [95, 246]. Recent developments in NV

strain spectroscopy suggest promising prospects for diamond-based directional dark matter
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detectors [295].

We model strain induced by each vacancy is modeled as a cylinder of uniform strain
10 © with height and radius 30nm, while strain outside the cylinder falls off=ag [297]
(see Sec. 2.1.3). Based on this model, Figure 2.6 shows the fraction of NV centers experi-
encing a given stain for a 10keV recoil, which is 50 induced vacancies (Figure 2.6c). We
consider two scenarios of the damage track localization: resolved volume of abow®
with diffraction-limited 350nm lateral resolution andrin axial resolution (Figure 2.6a);
and resolved volume of dim? with three-dimensionainm resolution (Figure 2.6b). NV
centers are most sensitive to strain projections onto their symmetry axes. Depending on
the relative orientation and location of crystal damage and point defects within the resolved
voxel, the strains projected onto different NV centers could add constructively or average
to zero. In the former case, we compute the mean averaged strain (leading to frequency
shifts), and in the latter case, we calculate the standard deviation of the strain distribution
(leading to line broadening and a reduction in coherence time). A small number of NVs
exhibit considerably higher strain levets 10 °, whose effect on the signal depends on
experimental details. Combining different cases, the voxel-averaged strain signal ranges

between1 10 “and 3 10 ©[297].

Figure 2.6: Fraction of NV centers experiencing a given strain, wigg®: 1 mm? volume andb)
1mm?3 volume from a 10keV nuclear recoi(c) Number of vacancies created as a function of the
recoil energy, as predicted by SRIM simulations [499]. Reproduced from ref. [297].
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NV strain imaging is typically performed using quantum diamond microscopes (QDM)
[282] to detect strain-induced modulations in optically detected magnetic resonance (ODMR)
spectra [95, 246, 282] (see Figure 2.4c and 2.4d). Although the best measurements with this
method demonstrate the sensitivity required to detect WIMP-induced strain, its lengthy
averaging times render it unsuitable for dark matter detection. The implementation of
Ramsey-like measurements in QDM, however, provides fast and sensitive measurements.
The strain Carr-Purcell-Meiboom-Gill (strain-CPMG) sequence, illustrated in Figure 2.7,
is a Ramsey-like sequence that is suitable for strain sensing [295] (and thermometry in
certain applications [254, 265, 325, 442, 461]). The protocol is insensitive to magnetic
inhomogeneities arising from electronic and nuclear spin bath within the diamond lattice,
thereby allowing longer NV ensemble dephasing times and enhanced strain sensitivity.

We describe the spin evolution during the strain-CPMG protocol here. We rst spin
polarize the NV ground state fons= Oi. After that, we prepare an equal superposition
of jOi andj 1i by applying a microwave (MWp=2 pulse resonant with th®i $| 1i
transition. The NV spins accumulate a relative phase with the raiztoM,; @B, (see
eg. (2.1)) during the free evolution of this superposition state. Following that, we apply
triplets of MW p-pulses, switching betwegfi $j 1i andjOi $j + 1i transitions that
collectively swap the NVs from 1i toj+ 1i. Therefore, during the middle free evolution
time t =2 the phase accumulation ratebs+ M, + gB,. Following, we apply a reverse
swap pulse to transfer the spin population frpmii back toj 1i and phase accumulation
continues for anothdr=4 duration. The nal accumulated NV phase is independerg,of
and only sensitive t® + M;. The last MWp=2 pulse projects the accumulated phase onto
NV population difference if0i andj 1i states which we read out using the spin-dependent
uorescence measurement discussed in Sec. 2.2.

The Strain-CPMG protocol employed on a QDM has enabled us to perform high-

precision strain mapping at micron-scale resolution and with mm-scale eld-of-view [295].
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Figure 2.7: Strain-CPMG measurement protocol. Top: Pulse sequencedenotes microwave
frequencies addressings= 0i $) mg= 1i transition. Bottom: Evolution of the ground state
spin population. See text for details.

The technical details of this work are detailed in ref. [295], but here we summarize the most
important implications for directional dark matter detection. We use an NV-diamond sam-
ple that is a CVD bulk diamond grown by Element Six Ltd., isotopically puri ed with
99.995%!2C, and have NV concentrations of about 0.4 ppm. The strain-CPMG measure-
ments exhibit extended dephasing tifie= 21nms, compared witil, = 7:5nms in basic
Ramsey protocol, which demonstrates strain-CPMG's effectiveness in reducing effects of
inhomogeneous magnetic noise. In the sensing mode, we x the total free evolution time
to 21ms and monitor signal variations at different locations in the diamond. This is then
translated into strain using spin-strain couplings. In the rst step, we employ a confocal
microscope to limit the interrogation volume to micron scale, and characterize the volume-
normalized sensitivity of the method; we obtain an unprecedented volume-normalized sen-
sitivity of 5(2) 10 8" Hz mm 3, surpassing previous work [246] by two orders of
magnitude. To map mm-scale areas, we use wide eld-imaging QDM because confocal
scanning is excessively time-consuming.

Figure 2.8 shows the wide eld imaging results. A mm-scale strain map is obtained by
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registering multiple elds-of-view of 150 150mm? each with one second of data acqui-
sition (Figure 2.8a). We detect strain features of strengttD © at micron-scale. Large
areas of diamond sample with sub-IGstrain variations are observed, indicating promis-

ing prospects for diamonds used to detect dark matter. An example of such a low-strain
region is shown in Figure 2.8b, and a distribution of one-second pixel Allan deviations is
shown in Figure 2.8e. Furthermore, post processing might be performed in order to im-
prove spatially resolving WIMP/neutrino-induced strains; intrinsic strain features can be
spatially Itered, for instance, using high-pass lters or with modern machine learning-
based methods proposed in similar contexts [197]. Because of the fast decay of the signal,
interferometric measurements are less sensitive in pixels with large strain variations. These
pixels, for example, can be found near the center or edge of strain features. In order to
calculate the amplitude of the interferometry curve, we measure the two quadratures of the
interferometry signal (see [295] for details). Figure 2.8d shows an example of how we use
this information to identify pixels with high strain gradients.

Since the QDM used for measurements reported in Figure 2.8 does not impose any
further depth restrictions beyond the focal plane of the objective, suf cient z-resolution
for 3D micron-scale localization remains to be demonstrated. Various methods of achiev-
ing z-resolution are envisaged [297]. Well-established optical sectioning methods such as
structured illumination microscopy [125] and light-sheet microscopy [248] offer promis-
ing pathways, especially since these techniques have already been implemented in NV-
diamond systems [231, 486]; another possibility is z-dependent NV control with engineered
spatial inhomogeneity of the MW drive [500]. In the assumption of a realized z-resolution,
demonstrated strain imaging capabilities in [295] allow for micron-scale localization of
WIMP-induced strain within a mm-scale diamond chip after one day of sensing time. In-
cluding the experiment overhead time, damage localization can be achieved within the

required three-day period.
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Figure 2.8: Strain map generated with a quantum diamond microscope (QDM) using the strain-
CPMG measurement protocgh) Manually-registered array of multiple 150150mm? strain im-

ages, covering a mm-scale area of the NV-diamond sample. Each eld-of-view is acquired in one
second. Since diamond is an excellent thermal conductor [446], the temperature is constant over
the entire sample area for a single measurement, however, temperature drift between multiple mea-
surements causes minor artifacts in the concatenated ir(iagén example of a low-strain region.

(c) Typical intrinsic strain features are detectéd) Interferometry curve amplitude (refer to [295]

for de nition of the visibility parametenyy) in a high-strain-gradient region with degraded dephas-

ing time. (e) Distribution of the pixel Allan deviation after one second of averaging data in the
low-strain region (b). Reproduced from ref. [295].
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