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Fast Wide-Field Quantum Sensor Based on Solid-State

Spins Integrated with a SPAD Array

Guoqing Wang,* Francesca Madonini, Boning Li, Changhao Li, Jinggang Xiang,

Federica Villa, and Paola Cappellaro*

Achieving fast, sensitive, and parallel measurement of a large number of
quantum particles is an essential task in building large-scale quantum
platforms for different quantum information processing applications such as
sensing, computation, simulation, and communication. Current quantum
platforms in experimental atomic and optical physics based on CMOS sensors
and charged coupled device cameras are limited by either low sensitivity or
slow operational speed. Here an array of single-photon avalanche diodes is
integrated with solid-state spin defects in diamond to build a fast wide-field
quantum sensor, achieving a frame rate up to 100 kHz. The design of the
experimental setup to perform spatially resolved imaging of quantum systems
is presented. A few exemplary applications, including sensing DC and AC
magpnetic fields, temperature, strain, local spin density, and charge dynamics,

1. Introduction

The second quantum revolution describes
all those new technologies that are en-
abled by the use of quantum mechanics,
not only to describe the physical world, but
to address, control, and detect individual
quantum systems. For example, observing
the behavior of individual atoms or pho-
tons enables the realization of phenom-
ena such as quantum superposition and
entanglement.[!! Nowadays, innovation is
pushed in four main directions: quantum
communication,? to transmit data more
securely; quantum simulation,! to repro-

are experimentally demonstrated using a nitrogen-vacancy ensemble
diamond sample. The developed photon detection array is broadly applicable
to other platforms such as atom arrays trapped in optical tweezers, optical

lattices, donors in silicon, and rare earth ions in solids.
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duce physical dynamics in well-controlled
systems; quantum computation,*! to speed
up computations; and quantum sensing,!]
to improve measurement performance. De-
spite great advances, it is still challenging to
achieve high-fidelity control of scalable and
low-noise quantum systems.[®”7]

Just in the field of measurement, the need to address single
quantum particles, rather than a macroscopic sample, requires
detectors with high sensitivity (e.g., single-photon sensitivity
for optical measurements).[®?! Moreover, to scale up quantum
systems for more powerful quantum information processing,
it is desirable to achieve the simultaneous measurement of a
larger number of quantum particles. Exemplary application
scenarios include wide-field quantum sensing with solid-state
spins,[1% large-scale quantum computation with Rydberg atom
arrays,’! and quantum simulation with optical lattices."! In ad-
dition, quantum error correction requires fast and high-fidelity
measurements!'?] to enable feedback on the quantum platforms
based on the detected results.

Single-photon avalanche diodes (SPADs) integrated in CMOS
technologies are widely used today to detect single photons,
providing good overall performance with the typical advantages
of microelectronic technologies, such as reliability, robustness,
and compactness. Their relatively high photo-detection efficiency
(PDE), along with the digital-like output (every time at least a pho-
ton is absorbed) and the absence of readout noise, makes them an
arguably suitable choice for applications requiring single-photon
counting or time-of-flight (TOF) evaluation. In particular, SPADs
are well suited to the realization of large-format arrays for imag-
ing applications since they allow single-photon sensitivity to-
gether with high frame rates and spatial resolution.['*) CMOS
Active Pixel Sensors (APS) are high-speed devices, but they do
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Figure 1. MPD-SPC3 SPAD camera.

not perform internal amplification, thus suffering from low sen-
sitivity. Electron-multiplying charged coupled devices (EMCCD)
and intensified CCDs (ICCD), although having high sensitivity
and possibly millions of pixels, are bulkier, slower, and more ex-
pensive than SPAD arrays.['*]

In this work, we present the development of an advanced de-
tection system based on the MPD-SPC3 SPAD camera,['51] tar-
geting light extraction from single photon emitters that can be
used as quantum sensors. In comparison to state-of-the-art pho-
ton detection such as single-pixel commercial photodiodes, or
spatially resolved CCD cameras in case of bulk measurements,
our work is the first integration of an array of SPADs with an en-
semble of nitrogen-vacancy (NV) centers in diamond, providing
micrometer-scale spatial resolution and fast measurement rate
(100 kHz). We build an optical microscope setup with flexible
magnification factors to map the top layer of a bulk diamond to
the 64 x 32 array of SPAD pixels. We achieve efficient transmis-
sion and processing of the fast-generating (> 10 Mbps) SPAD
data. We benchmark our new system by demonstrating proof-of-
principle examples of sensing AC and DC magnetic field, tem-
perature, strain, local spin density, and charge dynamics with the
NV ensemble. Its quantum applications for broader solid-state
and atom array platforms are discussed in the outlook.

2. MPD-SPC3 SPAD Camera

A SPAD is a p—n junction that is reverse-biased well above its
breakdown voltage.['”] Under this operating condition, the ab-
sorption of a single photon generates an electron-hole pair,
which is accelerated by the high electric field across the junc-
tion. The energy of the charge carriers is eventually sufficient
to trigger a macroscopic avalanche current of few milliamperes
through the device. The SPAD front-end electronics, namely the
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quenching circuit, can be integrated on the same silicon chip.
The quenching circuit senses the avalanche current, quenches it,
and resets the SPAD to its initial state. The avalanche is quenched
by decreasing the voltage across the SPAD junction below break-
down for an adjustable time (hold-off), that ranges from few
nanoseconds to few hundreds of nanoseconds. The SPAD bias
voltage is then restored to the initial state, and thus it is ready
to detect the next photon. The total time required to restore the
initial state of the SPAD after the detection of a photon is named
dead time. During the dead time, no photons can be detected.
Due to the dead time, the SPAD has a linear working range
(i-e., the number of detection events within a defined time pe-
riod (T) depends linearly on the illumination intensity) only at
low or moderate photon fluxes. At large photon fluxes, the num-
ber of detected photons deviates from linearity and saturates to
a constant value, which is the reciprocal of the dead time. The
measurement of light signals by a SPAD has several advantages
concerning the signal-to-noise ratio. No analog measurement of
voltage or current is needed, since the detector acts like a digital
“Geiger-like” counter. It follows that no electronic noise is added
by analog-to-digital converters or amplifiers while measuring the
signal. Additionally, the detector is less sensitive to electromag-
netic interference or electrical noise generated by external equip-
ment, differently from CCDs.

The “MPD-SPC3”1*%] as shown in Figure 1 is a multipurpose
single-photon counting image sensor, based on a 0.35 pm, 64 x
32 SPAD pixel array. Each smart pixel comprises a very low noise
(100 cps) round SPAD with 30 pm active area diameter, a low area
occupation analog quenching circuit, and digital processing elec-
tronics. The quenching front-end provides a digital pulse to the
following counter block every time at least a photon impinges
on it. Three 9-bit linear feedback shift register (LFSR) coun-
ters are employed to deliver 2D intensity information through
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photon counting in either free-running (down to 10-ps integra-
tion time) or time-gated mode. Free-running is the default op-
eration and consists in continuously counting all SPAD pulses
without any temporal filtering. Conversely, in time-gated mode,
each of the three integrated binary counters is enabled only in-
side a user-defined temporal window (gate signal). The LFSR
topology grants high-speed operation and low area occupation.
Three in-pixel memory registers store the content of the respec-
tive counter, simultaneously for the whole array, thus allowing
global shutter operation. The array readout time is proportional
to the number of counters in use. In case a single counter per
pixel is used, this time is equal to the time needed to read the 2048
pixels, which is 10.40-ps. The devised pixel has a pitch of 150 pm
and a fill factor of 3.14%. For imaging applications, microlenses
can improve the fill-factor to about 78%. The SPAD camera fea-
tures high photon-detection probability (PDP) in the visible and
near-UV spectral region with a peak of almost 50% at 410 nm.
The minimum dead time is 50 ns, ensuring a maximum count
rate of 20 Mcps. The dark count rate, that is, the rate of avalanches
not caused by photon detection and mainly related to thermal car-
rier generation, is very low even at room temperature (100 cps per
pixel).

3. Sensor Setup Design with Flexible Control and
Readout Options

NV centers in diamond have been one of the most promising
solid-state platforms for quantum sensing,®! with optical ini-
tialization and readout of the spin state, room-temperature op-
erational condition, and nanoscale spatial resolution. Its capa-
bilities of sensing electromagnetic signals,['*-2] temperature,[!]
strain/stress,1??) spin density,[?! charge environment?*! have
been demonstrated in recent years. To further improve the read-
out efficiency and perform simultaneous measurement of dif-
ferent spatial locations, wide-field quantum sensing techniques
have also been developed,['°! where a microscope objective is
used to map out the spatial information, and a camera with mul-
tiple pixels is used for imaging a large number of pixels. In this
section, we introduce the details of our setup design, highlighting
flexible control, and readout options tailored for different appli-
cation scenarios.

3.1. Sample Mounting, Magnetic Field, and Microwave Control

The foundational element in an NV sensing experiment is the
diamond host itself. Tailoring the diamond growth recipe is vi-
tal to obtain the desired amount of NV defects while controlling
the concentration of other paramagnetic centers. The diamond
itself is then mounted to allow for easy access by a 532-nm exci-
tation laser, and for collection of the resulting NV fluorescence.
The diamond mount is designed to minimize thermal gradients,
vibrational noise, and additional strain induced by any adhesive
applied to the diamond. In our setup, the diamond is mounted
over a hole of diameter ~ 1 mm on a printed circuit board (PCB)
with the conducting surface layer finished by immersion gold.
The thickness of the PCB is chosen as 0.4 mm (much thinner
than the typical PCB thickness of around 1.6 mm) to allow more
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photon collection via the objective mounted on the backside of
the PCB board.

For NV experiments not operating at zero-field conditions, a
bias magnetic field is applied to break the degeneracy of the two
spin states |[m, = +1) and spectrally distinguish the |m, = 0) &
|m, = +1) and |m, = 0) & |m, = —1) transitions. We use a pair
of permanent magnets mounted on a stage with x — y — z trans-
lation freedom and rotation freedom. The distance between the
two magnets can also be freely adjusted (shown in the inset (4)
of Figure 2b).

One typical NV sensing method is to scan the frequency of
an applied microwave field to find the NV resonance condition,
which changes depending on the magnetic field to be detected.
Applying resonant microwaves then allows the realization of
more complicated and precise sensing protocols. Typically, a wire
loop is constructed by shorting a coaxial cable, which is placed
near the NV interrogation region. A microwave generator then
generates a field, which is amplified and sent to the wire to drive
the NV transitions. Other microwave delivery schemes include
using a waveguide fabricated directly on the surface of the dia-
mond, which however lacks convenience for sample change. In
our case, the PCB holding the diamond also hosts the microwave
wire loop, formed from the end of a shorted coaxial cable. The
diamond is mounted such that the NV layer (usually near one of
the surfaces of the diamond) is facing toward the loop (actually
touching the loop) to maximize the microwave power delivered
to the NV ensemble.

3.2. Multiple Laser Beam Settings

Optical excitation is necessary to polarize the NV center to the
|m, = 0) state.”] For typical single-NV or small-ensemble vol-
ume experiments based on a confocal setup design, a microscope
objective is used to both apply the optical excitation beam and de-
tect the fluorescence signal. When applying the excitation beam,
the diamond is placed at the output of the microscope objective,
allowing only NVs in the diffraction-limited spot (usually 200 nm
to 1 pm, depending on the numerical aperture and laser wave-
length) to be optically addressed by the laser. For wide-field imag-
ing applications, we use the microscope objective only for fluo-
rescence detection and apply a broad laser beam from the oppo-
site side.

To allow higher experiment flexibility such as the sensing of
charge dynamics, we include two different green (532 nm) laser
beams. Indeed, in standard setups, the optical readout of the NVs
is performed with the same laser used for optical polarization.
The use of two lasers allows the excitation and detection to be
more flexible. For example, by creating a beam with a narrower
focus and a higher power density and a second, broader beam
with a smaller power density, we can explore charge dynamics
by tuning the local electron and hole density using the ioniza-
tion and recombination process of the NV center.[?] The focused
beam can be used for local charge states and electron/hole den-
sity control, while the broad beam can be used for a homoge-
neous readout on the entire area. Besides focused-broad beam
settings, more scenarios can be easily implemented such as mak-
ing the two beams both focused on two different locations.
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Figure 2. Experimental setup design. a) Simplified schematic of the setup design. The NV fluorescence measured under different magnification factors
and laser settings are plotted. The focused laser beam size is characterized by plotting a line cut of the NV fluorescence imaging (inset). The 3D surface
plot shows the measured NV fluorescence intensity under the focused laser beam illumination. b) Setup design and pictures. Two laser beams with
flexible sizes on the diamond are gated by two AOMs. The maximum magnification factor of 125 is realized by two magnification steps (50x and 2.5x).
The second step can be bypassed when only small magnification factors are needed.

We use beamsplitters together with half-wave plates to gener-
ate the two laser beams from the same laser source (SPROUT-G,
5 W). Each of them is independently gated by an acousto-optic
modulator (AOM) in combination with an iris. The gating sig-
nals are provided by a pulse blaster (PulseBlasterESR-PRO 500)
such that the laser can be turned on and off in experimental
sequences. The optical paths shown in Figure 2b are designed
to have LASER-1 very focused (30 pm-diameter) and LASER-2
broader (>200 pm-diameter).

3.3. Multiple Detection Options
3.3.1. Side Collection and Far-Field Collection

Due to total internal reflection, for a bulk diamond plate with a
thin thickness in the z-direction, more fluorescence light actu-
ally emerges from the side edges.[?”] We devise a separate piece
of PCB based on the idea of ref. [27], where three photodiodes
(area 2 mm x 2 mm each, with attached a thin customized long-
pass filter to block the excitation light) are placed on the side
of the diamond (shown in the inset of Figure 2b). The instan-
taneous current of the photodiode (Hamamatsu $S8729) is sam-
pled and converted to voltage signal by a variable gain high-speed
(200 MHz) current converter (DHPCA-100), which is then mea-
sured by a National Instrument data acquisition card (NI PCI-
6281) gated by the pulse blaster. With a high signal-to-noise ra-
tio and data acquisition efficiency, the side collection detection
option was mostly used in our previous work where no spatial
information was required.[?8%]

Even though separate pieces of PCB are used for delivering mi-
crowaves and performing data collection as shown in the insets

Adv. Quantum Technol. 2023, 6, 2300046 2300046 (4 of 10)

(2,3) of Figure 2b, the side collection suffers from circuit inter-
ference due to microwave driving and laser heating. Thus, we
also use a microscope objective to collect fluorescence from the
backside of the PCB. The fluorescence signal is then sent to a
variable gain photodiode (PBA36A). Both collection options can
be operated simultaneously, providing better fluorescence collec-
tion efficiency.

To cancel the noise due to laser intensity fluctuation, we add
a 10/90 beamsplitter to sample a fraction of the intensity of ei-
ther of the two laser sources. The signal is then collected by a
separate photodiode (PBA36A), which is useful to characterize
and compensate for the laser noise. When far-field detection is
used for data collection, we can use a balanced photodiode (such
as PDB230A) to perform the laser noise cancellation with even
better performance.

3.3.2. SPAD Array with Multiple Magnification Factors

The wide-field fluorescence collection with MPD-SPC3 camera
shares the same objective (N20X-PF - 20X Nikon Plan Fluo-
rite Imaging Objective, 0.50 NA, 2.1 mm, 10 mm effective focal
length)) as the far-field collection path. To match the SPC3 cam-
era’s 150pm pixel size with the desired spatial resolution ~ 1pm,
and ensure the off-axis light can be well captured by the lenses,
we design a two-stage magnification process to achieve the mag-
nification factor of 125. As depicted in Figure 2b, a first 50x
factor is reached with an achromatic lens with a 500 mm focal
length. A second 2.5x magnification factor is obtained with a cou-
ple of achromatic lenses with focal lengths of 200 and 500 mm.
As a standard rule, mirrors were used to gain centimeter dis-
tances on the limited optical table. In particular, flip mounts were
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Figure 3. Spatial resolution. Spatial resolution measurement with a resolution test target (Thorlabs USAF 1951 R3L1S4P). The fluorescence of an NV

ensemble of a diamond sample is used as the light source.

exploited for mirrors in order to potentially bypass the second
magnification and keep only the first 50x factor indicated by the
white arrow in the insets (1) of Figure 2b. Moreover, by changing
the second lens focal length, and consistently moving the SPAD
camera, it is straightforward to reach a different magnification
value (such as 10x, employed in the experiments described be-
low). Such interchangeable optics ensures a compact and flexi-
ble sensor for spatially resolved images of NV quantum sensor.
In practical experiments, high-throughput measurements allow
a fast pre-screening of the diamond in a much larger spatial range
with a smaller magnification factor before performing finer ex-
periments with larger magnification factors.

The diamond emits red fluorescence but also a large amount of
the green laser passes through it. A notch filter (532 and 1064 nm)
is placed after the objective to filter out the green light. Moreover,
a long-pass filter (594 nm) on the SPAD camera eliminates the
remaining green light in favor of red fluorescence.

We experimentally demonstrate the spatial resolution using a
resolution test target as shown in Figure 3. A bulk diamond with
an NV ensemble is used as the light source, which is glued to
the resolution test target (with the NV layer facing towards the
target), and a broad green laser beam of about 100 pm diame-
ter is applied to the group element seven of the test target. The
images of the test target with 50x and 125X magnification op-
tions are shown in Figure 3. A spatial resolution below 2 pm is
thus demonstrated.

The integration time of the SPAD camera is set by its con-
trol interface on the experimental computer, while the timing of
the data acquisition is gated by the same pulse blaster, which is
programmed in each experiment to synchronize and trigger dif-
ferent electronic components including laser excitation (through
AOMs), microwave radiation, and photodiodes’ measurement
(through the data acquisition card). The quickly generated SPAD
data is transmitted to the computer through a USB 3.0 port. Ef-
ficient data processing, especially for data size of tens of giga-
bytes, can be achieved with the memory-mapping method based
on MATLAB.

4. Applications in Quantum Sensing
4.1. Microwave Imaging by Rabi Magnetometry
To sense an oscillating magnetic field with a frequency w,, one

can use the static bias field to tune the NV single quantum (SQ)

Adv. Quantum Technol. 2023, 6, 2300046 2300046 (5 of 10)

transition frequency w, = D +v,B, to this frequency (here y, =
(27)2.8 MHz G™! is the gyromagnetic ratio, D = (27)2.87 GHz
is the zero-field splitting.) When the resonance condition is sat-
isfied w, = w,, the NV center, starting from an initial state |0),
undergoes coherent oscillations between [0) and |-1) (or [+1))

with a frequency Q, = y,B,/ /2, called Rabi frequency. Experi-
mentally, we monitor the time-dependent population P, = (1 +
cos(Q,T))/2, from which we obtain the Rabi frequency and then
the amplitude B, of the target signal (Figure 4a).>]

As a demonstration of the flexibility of the designed setup, we
use Rabi magnetometry to map the microwave field amplitude
generated by the loop structure on our PCB. We use the broad
laser beam to address a large area of the diamond. The mea-
sured Rabi oscillation with different collection options is shown
in Figure 4d. By fitting the oscillation signal to a decaying sinu-
soidal S(T) = ¢, + ccos(w, T + ¢p)e~T/7, we can obtain the coher-
ence time T,, = 7 and Rabi frequency w,. The single-pixel mea-
surement has a longer coherence time (1.40 ps) than the average
signal over all pixels (0.79 ps, both measured under a 50X magni-
fication factor). Similarly, the far-field photodiode measurement
gives the shortest coherence time (only 0.26 ps) shown by the
black data points in Figure 4d because the signal is collected over
amuch larger spatial area (covering almost the whole area within
the loop). In Figure 4c, we choose the 10x magnification option
to image the microwave amplitude in a large field of view. We
combine three frames measured under different y stage positions
and show the microwave amplitude distribution generated by the
loop. The Rabi frequency near the proximity of the loop is close
to 10 MHz, while in the central region it is quite homogeneous
and is close to 5 MHz. In Figure 4e, we combine twelve frames
to measure a large region using the 50x magnification option,
which images the gradient near the edge of the loop.

We note that the discontinuity of the image at the edge of each
individual frame is due to different frequency detuning w, — e,
when measuring different frames. The effective Rabi frequency is

then modified to Q ¢ =

matches may be induced by gradients of the magnetic field, tem-
perature, or strain. The characterization of these gradients will
be introduced shortly in the following sub-sections.

Our results demonstrate the capability of our setup in imaging
microwaves with Rabi magnetometry. The coherence time T,,
of Rabi oscillation strongly depends on the spatial range of the
signal collection, which validates the decay mechanism due to

\/ Q2 + (@, — w,)?. These frequency mis-
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Figure 4. Microwave imaging. a) Experimental sequence for Rabi oscillation measurements. b) ODMR measurement of two locations separated by
12 pm. A small bar magnet is placed 1 cm away from the diamond to apply the additional magnetic gradient. 4-by-4 pixel grouping under the 50x
magnification option is used to improve the SNR. c) Imaging of Rabi frequency using the 10x magnification option of the optical path. Three frames
with different x stage positions are combined together. 200 000 experimental repetitions are used to improve the SNR. The same repetition number
applies to other SPAD measurements in this figure. d) Comparison of Rabi oscillation data collected by the far-field photodiode, individual and total
pixels of the SPAD camera under the 50x magnification option. e) Rabi imaging with the 50x magnification option by combining 12 frames.

spatial inhomogeneity of the microwave field proposed in our
previous work.[?®] In comparison to photodiode measurement
giving rise to short coherence time, the SPAD measurement
combines both benefits of long coherence time and spatially re-
solved information.

4.2. Magnetic Field Imaging by Ramsey Magnetometry

To sense a static magnetic field, we can apply an initial /2
pulse to prepare the spin state in the SQ superposition state

10y + |-1))/ V/2. After an evolution time T, a relative phase
@(T) = (@D —y,dB,)T is accumulated, before a final z/2 pulse
and projective optical measurement realizes a population read-
out. Here dD, dB, are shifts of the zero-field splitting and the
static magnetic field in different spatial locations with respect
to their mean values calibrated by an experiment summing up
the whole area. Usually, the final 7 /2 pulse is realized with a
time-dependent phase ¢ = vT with respect to the first 7 /2 pulse,
which adds an additional oscillation at a frequency v to the signal
to better visualize the spin coherence behavior. The sequence is
shown in Figure 5a. When the temperature and strain are con-
stant and homogeneous, SQ Ramsey magnetometry can be used
to measure the static magnetic field dB,.

We choose the 50x magnification option (same for all exper-
iments below) to perform wide-field imaging of the magnetic
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field. The experimental results are shown in Figure 5c, where
a clear gradient along the y direction can be seen. The deduced
magnetic field change fromy = 0to y = 192 pm is about 0.286 G.
Since the NV transition frequency inhomogeneity due to the
magnetic field gradient is much smaller than the Rabi frequency,
such a gradient would not affect the Rabi imaging measure-
ment (Figure 4) too much. Moreover, the characterized gradient
may be used to improve microwave imaging. In Figure 5b we
compare again the photodiode and SPAD measurements. The
shortest Ramsey coherence time T, =~ 0.19 ps is observed in the
photodiode measurement, while the average signal of the SPAD
image gives 0.29 ps and the total signal of a small group of pixels
shown by the red circle in (c) gives a longer 0.35 ps. We note
that the gradient of temperature or strain that leads to variation
in D may also introduce a NV resonance frequency gradient.
The magnetic field, temperature, and strain gradients, as well
as the intrinsic spin bath with magnetic dipolar interactions,
contribute to the decay of the Ramsey signal.l>!:3?]

To further validate that the measured spatial gradient is given
by the magnetic field dB, instead of the shift in zero-field split-
ting dD, we introduce the DQ Ramsey magnetometry, which uses
an initial DQ superposition state (|+1) + [-1))/ V2 prepared by
simultaneously applying resonance microwave driving to both of
the two SQ transitions. The accumulated relative phase at time
T is then ¢(T) = 2y,dB,T, which is twice larger than the SQ
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Figure 5. Quantum sensing with wide-field imaging. a) Experimental sequence for SQ Ramsey, DQ Ramsey, DQ echo measurements. b) SQ Ramsey
experiments with different photon collection options and spatial ranges. The SPAD 64x32 pixels are grouped to 32x16 pixels to improve the signal-
to-noise ratio (same for all the other data in this figure). c) The detuning frequency imaging of SQ Ramsey experiments. The mean fitting uncertainty
of the detuning value is 0.067 MHz. 120 000 experimental repetitions are used to improve the SNR. The same repetition number applies to the SQ
Ramsey measurements in other plots. d) The detuning frequency imaging of DQ echo experiments. The mean fitting uncertainty of the detuning value
is 0.007 MHz. 160 000 experimental repetitions are used to improve the SNR. e) The detuning frequency imaging of DQ Ramsey experiments. The
abnormal spots in the upper right corner are due to the fitting failure in the data processing. The mean fitting uncertainty of the detuning value is
0.095 MHz. 160 000 experimental repetitions are used to improve the SNR. f) The coherence time imaging of SQ Ramsey experiments with the focused
laser beam illuminated as shown in sequence (a). The mean fitting uncertainty of the T value is 0.045 ps. g) The signal contrast imaging of SQ Ramsey

experiments with the focused laser beam illuminated. The mean fitting uncertainty of the contrast value is 0.0007.

Ramsey case when dD = 0. The DQ Ramsey measurement is in-
dependent of the frequency shift in D, thus excluding the poten-
tial contribution from temperature, strain, or electric field, which
mainly affects the NV transition frequency by changing the value
of D. The experimental results are shown in Figure 5e, which are
consistent with the image in (c) (the gradient of the Ramsey de-
tuning frequency in (e) is twice larger than the SQ measurement
in (c)).

The sensitivity of our SPAD setup can be roughly estimated
using the fitting uncertainty of the detuning 6w = 0.067 MHz
for 4-pixels DQ Ramsey measurement, such that the sensitivity

per pixel is n = 22\/NX4X (i +1,) = 058 mT (VHz)™". Here
N = 160 000 x 151 is the total number of experiments, ¢, is the
sequence deadtime and t+ t; ~ 0.3 ms. In Figure 4b, we also
test the capability of our setup in resolving magnetic field gra-
dient, where we show that a 0.53 + 0.21 MHz ODMR shifts (cor-
responding to 0.2 G) over a distance of 12 pm can be resolved.

4.3. Temperature and Strain Sensing by Double-Quantum Echo
(or D-Ramsey)

To sense the shift in zero-field splitting D, the magnetic field cou-
pling term needs to be canceled by the double-quantum spin
echo, which adds a double-quantum # pulse in the middle of
the Ramsey sequence. The method, also called D-Ramsey, has
been used in measuring temperaturel>*** and crystal strain.*!
Different from most previous work where the SQ superposition
state is used as the initial state, here we use a superposition state
[0y + (I+1) + |—1))/\/5]/\/E, which can be prepared by simulta-
neously applying resonance microwave driving to both of the two
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SQ transitions for a duration (half the duration of the initial pulse
in DQ Ramsey, which prepares the state [+1) + |—1)), or by com-
posite SQ pulses (a 7/2 pulse applied to one SQ transition, before
a2cos™! 4/2/3 pulse applied to the other SQ transition). A DQ =
pulse is applied in the middle of the free evolution, which is com-
posed of three SQ # pulses applied to the |0) « |—1), |0) « |+1),
|0) < |—1) transitions.

The measured frequency shift dD, plotted in Figure 5d shows
quite small values (less than 0.01 MHz) in the whole image.
The result demonstrates the homogeneous spatial distribution
of both the temperature (<0.15 K) and strain (<1 ppm).

4.4. Spin Bath Characterization and Charge Dynamics

When analyzing the Ramsey decoherence time of NV centers
within a single pixel (or a small group of pixels) such that the
magnetic field, temperature, or strain inhomogeneity is small,
the dominant noise is then given by the surrounding spins which
are coupled to the NV spin through magnetic dipolar interac-
tion. A simple dimensional analysis predicts that the decay rate
1/T; should be proportional to the local spin density, as re-
cently analyzed.[?*3¢] Thus, characterizing the Ramsey decoher-
ence provides a probe of the local spin density. To create a spin
density gradient in our system, we use the focused beam with
a large power density to quickly drive the cycling transition be-
tween the two charge states NV~ and NV°,[2637] which contin-
uously pump electrons from the valence band to the conduc-
tion band. The generated electrons then combine with positively
charged nitrogen defects (without spin) and convert them to neu-
trally charged nitrogen defects (P1 center, spin 1/2),38) which
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Figure 6. Test on a sparse sample