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The ability to measure the passage of electrical current with high spatial and temporal resolution is
vital for applications ranging from inspection of microscopic electronic circuits to biosensing. The abil-
ity to image such signals passively and remotely is of great importance, in order to measure without
invasive disruption of the system under study or the signal itself. A recent approach to achieving this
utilizes point defects in solid-state materials; in particular, nitrogen-vacancy centers in diamond. Acting
as a high-density array of independent sensors, addressable opto-electronically and highly sensitive to
factors including temperature and magnetic field, these are ideally suited to microscopic wide-field imag-
ing. In this work, we demonstrate simultaneous spatially and temporally resolved recovery signals from
a microscopic lithographically patterned circuit. Through application of a lock-in amplifier camera, we
demonstrate micrometer-scale imaging resolution with a millimeter-scale field of view with simultane-
ous spatially resolved submillisecond (up to 3500 framess~') recovery of dc to kilohertz alternating and
broadband pulsed-current electrical signals, without aliasing or undersampling. We demonstrate as exam-
ples of our method the recovery of synthetic signals replicating digital pulses in integrated circuits and

signals that would be observed in a biological neuronal network in the brain.

DOI: 10.1103/PhysRevApplied.17.064051

I. INTRODUCTION

Microscopic electrical transport underpins both syn-
thetic systems such as integrated circuits as well as bio-
logical processes including the functioning of the human
brain and nervous system. Operating at high speed and
relying on transport down to single electronic charges,
these systems require advanced inspection tools, in order
to monitor transport performance and diagnose faults. In
the case of a synthetic circuit, faults arising from fac-
tors including poor insulation and electromigration [1] can
reduce the device lifetime, requiring intervention before
failure. Equivalently, in a biological system, faults at the
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microscopic level arising from disease (e.g., Alzheimer’s)
can have serious consequences if left undetected.

Key to microscopic inspection are techniques capa-
ble of simultaneously spatially and temporally resolving
electrical transport, ideally noninvasively, without caus-
ing damage to the current path or surrounding material.
Existing methods for integrated circuit inspection such as
laser voltage probing [2], electron microscopy [3], tera-
hertz spectroscopy [4] and electrophysiology probes [5], or
fluorescence microscopy [6] for biosystems require unim-
peded local access and direct active interaction with the
target system. This active sensing has the potential to inter-
fere with the target signal or, at worst, induce damage in
the system under study.

What is desirable is an inspection tool that is passive,
remote, and noninvasive. In recent years, a technique has
emerged for this purpose, utilizing point defects in solid-
state materials. Located in a solid material at a distance
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from the signal source under study, these can act as
atomic scale (quantum) sensors to remotely and passively
probe factors including the electric field [7], the temper-
ature [8], the pressure and/or strain [9], motion [10,11],
and, in particular, the magnetic field [12—14]. State-of-
the-art measurements are based on negatively charged
nitrogen-vacancy (N-F) centers in diamond [15]. Consist-
ing of a substitutional nitrogen dopant paired with a lattice
vacancy, these defects have an energy-level structure that
is highly sensitive to environmental factors. Sensing using
N-V centers can be performed by monitoring the fluores-
cence output of a single N-J or an ensemble of N-V’s in
a diamond under a green laser and microwave irradia-
tion via optically detected magnetic resonance (ODMR)
spectroscopy [16,17]. Acting as a high-density array of
independent sensors, N-J centers are ideally suited for
wide-field imaging using fluorescence emission, particu-
larly imaging of the magnetic field arising from electrical
circuits [18,19], electronic transport in graphene [20,21],
ferromagnetic geological samples [22], and in biological
systems [23-25] and the passage of signals in a living
biological neural network [26,27].

However, state-of-the-art imaging with N-J centers suf-
fers from two disadvantages. The first is that the level
of state-of-the-art per-pixel sensitivity realized experimen-
tally is as yet insufficient to resolve the picotesla- to
nanotesla-level signals necessary for these applications,
although theoretical camera limits indicate that measure-
ment of fields in this range should be possible [28]. This is
compounded by restrictions in the field of view as well as
artifacts and background noise [29]. The second disadvan-
tage is that limitations in measurement methods prohibit
the simultaneous spatial and temporal resolution of the
desired signals, required to recover key properties capable
of giving new systematic insights, including the temporal
shape, relative size, and latency of the signal. In particular,
limitations such as low camera frame rates constrain the
temporal bandwidth of recording, prohibiting the recov-
ery of broadband (pulsed) signals typical of applications,
with frequency components spanning the dc to kilohertz
range. Imaging has therefore been limited to slow (20200
Hz) or static field measurements, including the temperature
[19,30] or the dc magnetic field from ferromagnetic mate-
rials [31-33], or has relied on signal aliasing [34], which is
unsuitable for accurate time-resolved signal recovery.

In this work, we solely address the second of these
limitations. Through application of a lock-in amplifier
camera (Helicam, Heliotis AG [28,35,36]), we image N-V/
centers in diamond to simultaneously spatially and tem-
porally resolve the absolute magnitude of the magnetic
field induced by electric current in a lithographically pat-
terned microcircuit. We demonstrate the viability of our
technique to image current in the circuit with a wider
field of view (millimeter scale) than previously realized,
with micrometer-level resolution, while recording spatially

resolved signals with high (submillisecond) temporal res-
olution. We show that this can be done with a simple con-
stant laser and microwave (continuous-wave, cw) method
and that we can overcome inhomogeneity; in particular,
nonuniform laser illumination at the Brewster angle for
diamond. We demonstrate imaging of single-frequency ac
signals up to 1.5 kHz and recover these signals with simul-
taneous submillisecond resolution in the time domain.
These signals are significantly faster than those imaged
and recovered in equivalent state-of-the-art experiments
in the field. We demonstrate signal recovery above the
single-pixel noise floor in image regions of the diamond
both directly adjacent to and well away from the patterned
wire. Finally, we exemplify our technique by recording
broadband signals that replicate digital pulsed signals in
integrated circuits and current signals of the shape of
field-excitatory postsynaptic potentials (fEPSPs) in the
hippocampus of the living brain.

II. METHODS

A simplified schematic of our setup is shown in Fig. 1.
We use a2 x 2 mm? electronic grade diamond (Element 6)
with a top 1 um {100}-oriented chemical-vapor-deposition
(CVD) overgrown layer with approximately 99.99% !2C
and 10 ppm (parts per million) >N doping. The diamond is
irradiated with He™ at 1.8 MeV, using a dose of 10'> cm~2,
followed by annealing at 900 °C. We measure the N-J con-
centration to be in the range 0.1-1 ppm. The fluorescence
emission of this diamond, measured using a photodiode
power meter (Thorlabs S120C) in place of the camera,
is measured to be Py = 152 W under 1.8 W of green-
pump-laser power, a relatively low level as compared to
state-of-the-art schemes [37].

We fabricate the circuit on either Si or glass substrate,
patterned using ultraviolet-mask-aligned photolithography
and metalized by deposition of Ti-Au. The track widths are
30 pum, decreasing to 6 wmin a 30 x 30 wm? square region
at the center of the cross. We mount the diamond and cir-
cuit on a printed-circuit-board (PCB) microwave antenna
with a hole through which laser light can be directed into
the diamond, which is mounted directly onto the PCB
using Kapton tape. We mount the diamond with the N-
V center layer at the surface adjacent to where we attach
the circuit, using a small amount of acrylate glue or a 3D-
printed plastic holder. The separation between the diamond
and the circuit is measured to be 10 um, by adjusting the
imaging focal plane between the circuit and the bottom
facet of the diamond using a micrometer optomechanical
stage.

Up to 1.8 W of green pump light can be supplied
to the diamond at the Brewster angle using a diode
pumped solid-state laser (Cobolt Samba). Light is directed
to the diamond via a focusing lens (Thorlabs LB1676),
defocused slightly in order to achieve more uniform
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FIG. 1. A simplified side-on and camera-perspective
schematic of the experimental setup (not to scale). The litho-
graphically patterned circuit cross on a Si or glass substrate
(a) is placed adjacent to the diamond (b) and affixed using
either acrylate glue or a three-dimensionally (3D) printed plastic
holder. The diamond and circuit are then affixed to a printed-
circuit-board (PCB) microwave antenna (c) with a hole to allow
pump laser (d) to reach the diamond at the Brewster angle
and fluorescence collection (e) via a translatable microscope
objective (f). The fluorescence is focused (g) into the lock-in
camera (h) to produce an image of the circuit. Current (i) is
applied through the circuit using contacts soldered to the circuit
chip. The view from the perspective of the camera is detailed in
(j), with the diamond on the center of the cross tracks. We apply
a static offset field Bog from behind the diamond front face (x,y),
oriented off the z axis but with a majority component in z, in
order to split the resonances of the four different N-J" axes.

illumination across the diamond. Fluorescence collection
is achieved using a long-working-distance microscope
objective (Motic, 10X/0.28, working distance 33.5 mm)
placed in front of the diamond N-V layer and mounted
on a micrometer translation stage (£10 mm travel) to
achieve focus control, with a second coarse-adjustment
stage to control lateral optical alignment and a screw post
for vertical alignment. Light collected by the objective
is passed through a long-wavelength pass filter (Thorlabs
FELH0600) mounted in a beam tube to remove the 532-
nm pump-laser light, leaving only the emitted N-J center
fluorescence. A second lens (Thorlabs LA1484) with a
300-mm focal length placed in the beam tube 30 mm
behind the objective focuses this light into the aperture
of the camera (infinite conjugate configuration), with the
camera placed at the end of the beam tube 145 mm behind
the tube lens. For fluorescence detection, we use a lock-
in amplifier camera (Heliotis Helicam C3 [35]), running
at a rate of up to 3500 framess~'. Although heat sunk
to the optical table and capable of 3800 framess™!, we
run the camera at this reduced frame rate due to concerns
regarding overheating during long-period acquisitions.

In the Supplemental Material [38], we include a com-
plete step-by-step breakdown of our circuit-measurement
procedure. As a first step, we use the intensity mode of the
camera to align and focus onto the circuit and diamond.
In intensity mode, the camera operates like any conven-
tional digital camera, with the recorded signal from each
pixel depending on the intensity of light that pixel receives.
We find that the fluorescence emission of the diamond is
sufficiently bright to clearly see the circuit, without addi-
tional external illumination. Our field of view projected
onto the (300 x 300)-pixel sensor area (292 x 280 usable,
surrounded by edge test pixels) with a 10x objective
is approximately 1.5 x 1.5 mm?, with each pixel cover-
ing an area of the circuit and diamond of approximately
5 x 5 um?. The magnification can be increased if required
by the simple replacement of the microscope objective and
eyepiece lens.

For subsequent measurements, we use the camera in
lock-in mode. In this mode, the camera produces a square-
wave reference signal fi,0q at a user-defined frequency (up
to 14 KHz in this work). This is connected to a microwave
generator (Stanford SG380), supplying amplified (Minicir-
cuits ZHL-16W-43+) microwaves of frequency fiyw to the
diamond via a PCB antenna. We use the reference signal
to frequency modulate the microwaves supplied to the dia-
mond, with a modulation deviation of amplitude f4, from
fvmw. When at a microwave frequency corresponding to
a N-V center resonance, the microwave modulation pro-
duces modulation at f;,,q of the fluorescence light emitted
by the N-V centers, by driving the N-J centers on and off
the dip in fluorescence output associated with the ODMR
resonance.

In lock-in camera mode, each individual pixel captures
this variation in fluorescence intensity and the camera
demodulates it against the reference signal fp,04. This gives
a 10-bit digitized value p, proportional to the amplitude of
the modulated fluorescence signal, defined by the contrast
of the ODMR resonance at a given fyw. Fundamentally,
this principle of the camera operation is identical to the
method of bulk sensing using a single photodiode and
integrating all fluorescence emission from the diamond
[12,37]. Each pixel effectively acts as if it was a single
independent photodiode, lock-in amplifier, and digitizer.
However, each pixel is only illuminated by N-J fluores-
cence from one part of the diamond, allowing spatially and
temporally resolved imaging of changes in fluorescence
emission, produced by the magnetic field from the circuit at
the diamond. The lock-in camera allows significant rejec-
tion of noise from sources away from f.q, particularly
pump-laser dc and low-frequency technical noise.

Using the lock-in mode, we measure the ODMR
spectrum by averaging p, over all image pixels while
sweeping microwave frequency fyw = 2700 — 3100 MHz
in 0.5-MHz steps. This is performed first without an off-
set field and then with a several-millitesla static magnetic
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field Bog to split the N-JV resonances in microwave fre-
quency for each of the four N-J~—center crystallographic
directions (eight resonance frequencies in total) [22,39,40].
This field is applied using a 1.5-in.-square neodymium
permanent magnet behind the diamond circuit assembly
and is approximately 4 mT (122-MHz ODMR resonance-
frequency shift) in magnitude in the projection of the
N-V axis used for measurement. Through repeated ODMR
scans while adjusting the magnet, we align the magnet
with the diamond and optimize the offset magnet position
to also minimize the field gradient, measured as a shift
in resonance frequency across the imaged region of the
diamond.

We then optimize the modulation frequency deviation
faev to give the maximum contrast and slope dp,/dfuw
in the all-pixel average ODMR spectrum. Maximization
of the slope ensures the greatest possible change in flu-
orescence and signal p, as a result of any additional
magnetic field from the wire circuit, maximizing the exper-
imental sensitivity. We find the optimum f3., =2 MHz
peak-to-peak (£1 MHz amplitude, centered on fyw), a
value ultimately defined by the line width of the ODMR
resonance.

We then select a single N-J resonance in our ODMR
spectrum, defining a single axis for our measurements. The
possible axes and measurement direction in this work are
detailed in Fig. 3 of the Supplemental Material [38]. We
use the resonance with the maximum frequency shift pro-
duced by the static offset field with respect to the zero-field
resonance frequency (2.88 GHz), in the direction of the
microwave antenna central resonance frequency (2.6-2.7
GHz) in order to maximize the microwave power transmis-
sion to the N-V centers. To precisely identify the frequency
fMw = fmax corresponding to the maximum ODMR slope
dp, /dfyiw, we then perform a high-resolution ODMR scan
centered on this resonance +0.5 —2 MHz in 0.1 MHz
steps. All subsequent circuit magnetic field imaging is then
performed at this microwave frequency f.x, delivering the
maximum overall sensitivity. By recording p,, as a function
of furw for all pixels separately in our high-resolution scan,
this procedure allows us to recover in detail the full ODMR
spectrum for each pixel and allows recovery of the mag-
netic field in tesla units for each pixel, using the conversion
factor df /dB = 28 HznT~! [41].

Note that the pixel values acquired from the camera in
lock-in mode are offset by an intrinsic hardware value spe-
cific to each pixel. We measure and subtract this offset by
taking a reference image well off microwave resonance (at
JSmw = 2600 MHz) and with the circuit grounded through
a switch box, ensuring no signal. This is performed after
obtaining the ODMR spectrum. All values of p, reported
in this work have this hardware offset subtracted.

Imaging of the circuit is performed at different
microwave modulation frequencies (foq = 2.5 kHz to 14
kHz) and camera frame rates (650—-3500 framess~!). For

each measurement, we take 500 continuous frames (the
maximum memory capacity of the camera), giving a time
series for each camera pixel. The data are then transferred
to a personal computer (PC) via USB 2.0, taking up to 8
s per 500-frame acquisition. Each time series can then be
processed individually, to show the presence of the desired
pulsed signal in the time domain, or fast Fourier trans-
formed to recover the frequency and magnitude of the ac
signal. When necessary, we can apply noise-filtering tech-
niques derived from our bulk—N-FV—sensing experiments
[29,42] to these time series, allowing the reduction of back-
ground magnetic noise, in particular the primary and 3rd
harmonic of electrical mains at 50 Hz and 150 Hz (60
Hz/180 Hz in North America) without the need to magnet-
ically shield the setup. Either the ac or the pulse magnitude
recorded by each pixel can then be used to generate an
image of the total magnetic field seen by the N-V centers
across the field of view.

Signals are generated in the cross circuit using a current
source (Keithley 6221), supplying leads soldered to four
pads patterned on the circuit substrate. The current source
is used to generate ac square-wave signals as well as pulsed
and synthetic biosignals using an in-built arbitrary wave-
form generation (AWQ) capability. Currents ranging from
1 mA up to 100 mA are applied to the circuit. No visible
drift in resonance frequency associated with the temper-
ature increase due to resistive heating is observed in the
ODMR traces. We use a voltage trigger (NI-DAQ 6221)
that sets a constant (zero) phase for the applied ac sig-
nals at the start of each 500-frame acquisition, ensuring
a fixed phase for repeated acquisitions for signal averag-
ing. Although not implemented in this work, we could also
recover signals of arbitrary phase by obtaining separate in-
phase and quadrature value (/ and Q) components from the
camera, with p, = \/I? + 0°.

To provide the hippocampus biosignal to be replicated
in our circuit, brain slices are obtained from adult (4—8
weeks) C57BL/6 mice (Janvier, France). Briefly, follow-
ing isoflurane anesthesia, mice are decapitated and their
brains dissected, submerged in ice-cold carbogen- (95%
0,-5% CO,) saturated sucrose-substituted artificial cere-
brospinal fluid (sACSF), containing sucrose (200 mM),
NaHCOj; (25 mM), glucose (11 mM), KCI (3 mM), CaCl,
(0.1 mM), MgCl, (4 mM), KH,PO4 (1.1 mM), sodium
pyruvate (2 mM), myoinositol (3 mM), and ascorbic acid
(0.5 mM). 300-um-thick sagittal brain slices are cut in
ice-cold sACSF using a VT1200s Vibratome (Leica, Ger-
many). The slices are allowed to recover for at least 90 min
in an interface-type holding chamber, continuously bub-
bled with carbogen, kept at 28 °C and filled with regular
ACSF, containing NaCl (111 mM), NaHCO; (25 mM),
glucose (11 mM), KCl1 (3 mM), CaCl, (2.5 mM), MgCl,
(1.3 mM), and KH,POy4 (1.1 mM).

Individual slices containing the hippocampus are
transferred to a custom-made submerged-type recording
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chamber continuously perfused with carbogen-saturated
ACSF. The fEPSPs are evoked by stimulating the Schaffer
collaterals at 0.05 Hz using 0.05-ms current pulses deliv-
ered through a twisted Pt-Ir wire electrode, connected to
an A365 stimulus isolator (WPI, USA) and placed in the
stratum radiatum at the border between the CA3 and CA1
regions. The fEPSPs are recorded using an ACSF-filled
glass electrode (4—6 M), connected to a CV-7B head-
stage (Molecular Devices, USA) and placed in the stratum
radiatum region of CAl. The fEPSP signals are ampli-
fied using a 700B amplifier (Molecular Devices, USA)
and digitized for recording (NI-DAQ 6221). Examples
of these measurements are detailed in the Supplemental
Material [38].

1. RESULTS
A. Intensity and ODMR

We first align and focus the camera and collection optics
to give a clear centered image of the circuit. This is
achieved by a simple recording of the N-J fluorescence
intensity at 50 framess~' while adjusting the alignment.
Figure 2(a) shows the circuit imaged using the intensity
of the N-J fluorescence emitted by the diamond without
using the lock-in capability (camera intensity mode), with
the conductive Ti-Au tracks of the circuit brighter due to
the fact that they reflect more of the fluorescence gen-
erated in the adjacent N-J layer. By performing ODMR
spectroscopy in intensity mode, we estimate the all-pixel
average contrast on microwave resonance to be 1.2—1.6%.
As detailed in Sec. II, we then use the lock-in capa-
bility of the camera, with frequency modulation of the
microwaves supplied to the diamond, to perform ODMR
spectroscopy. Selecting a single microwave resonance with
the strongest response (the greatest frequency shift) to
the majority out-of-plane static offset magnetic field, we
then perform a detailed step scan (0.05-MHz step, 500
frames per point) across the frequencies with the maxi-
mum ODMR spectral slope dp, /df\rw for each pixel. The
response, obtained by averaging the ODMR spectrum from
all pixels can be seen in Fig. 2(b). For each pixel, a slightly
different ODMR spectrum is recorded due to local broad-
ening effects including strain or variations in the offset
field, resulting in the less-than-smooth slope in the figure.
Examples of measured single-pixel ODMR spectra can
be seen in the Supplemental Material [38]. The degree
of resonance-frequency variation is < 0.2 MHz across the
image. This allows us to extract dp,/dfuw for each pixel
using an ODMR scan of 1-2 MHz across the resonance
and to remain sensitive (close to the maximum slope) for
the majority of pixels using only a single fixed microwave
frequency (fmax = 2758.7 MHz).

We select a single resonance in this manner due to the
significant amount of time required to capture the full
ODMR spectrum covering all N-7 microwave resonances
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FIG. 2. (a) The brightness of fluorescence from the diamond
measured in camera intensity mode in an enlarged region around
the cross-circuit center. Throughout this work, 1 pixel (px) =
5 x 5 pum on the circuit, derived by comparing the image to the
patterned-circuit-feature dimensions. The edge of the diamond
can be seen as the black area in the upper left of the image. The
feature across the upper right is a surface-contamination artifact
(residual glue on the circuit substrate). (b) ODMR spectroscopy
in camera lock-in mode, plotted as the mean of pixel values p,
averaged across the whole image versus the microwave drive fre-
quency fuw. We measure while centered on a single microwave
resonance (single N-JV axis). This reference ODMR could be
used to convert into real (tesla) units of magnetic field for each
pixel. Note that in (b), we average over all pixels in the image,
even those with signal-to-noise ratio (SNR) < 1, which leads
to a mean value of p, less than the minimum digitization level
(= 14).

via the relatively slow data-transfer rate of the camera. If
faster transfer speeds were available, it would be possible
to perform spatially resolved vector sensing in the man-
ner similar to that outlined in the work by Schloss et al.
[43], by recording from each microwave resonance in turn.
However, the use of a single N-J axis gives a simple and
useful measure of the magnitude of the magnetic field at
that point in the image and hence the magnitude of the
current flow in the adjacent circuit. Note that the ODMR
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spectrum is only required for magnetic field unit conver-
sion. For the majority of relevant applications, often only
the relative signal (shape, current path, on-off) is neces-
sary. This can be achieved more simply by taking a fast
ODMR trace to find the point of maximum sensitivity fmax
at the maximum ODMR slope and recording the relative
response in terms of the unitless change in p,.

B. Alternating-current imaging

In Figs. 3(a) and 3(b), we show example images of the
magnetic field, arising from a constant 130-Hz alternat-
ing current passed through the cross circuit in either the
vertical (y) or the horizontal (x) direction. This current
replicates the lower-frequency current typical of trans-
mission in power lines (i.e., 50/60 Hz) and odd induc-
tive harmonics (e.g., 150/180 Hz). We use a microwave
modulation rate of f,,q = 2.5 kHz, close to the slowest

140

120

0 100 200 300 400
& (pm)

FIG. 3.

possible camera modulation rate, and a frame rate of 650
frames s~!, delivering the best average per-pixel signal-
to-noise ratio (SNR) for the target signal. As expected,
we observe the strongest response from the N-J centers
directly adjacent to the circuit, dropping rapidly away from
the wire position. This response is only observed in the
directions through the cross where current flows, this direc-
tion being indicated in the figures by green arrows. We
clearly observe the change in the magnetic field resulting
from track-width reduction in the cross center, in both cur-
rent directions. As we image a projection of the field along
a single (out-of-circuit-plane) N-J axis, the field response
is much greater in the vertical (y) current direction, which
allows higher SNR recovery at lower current than with
current in the horizontal (x) direction.

In order to validate our images, we calculate the relative
strength of the field covering the entire camera field of
view (approximately 1.5 x 1.5 mm?). Modeling as an

B (uT)

1.0

B (norm.)

o

100 200 300 400
x (pm)

(a) The imaged magnetic field resulting from a 130-Hz 4-mA alternating current in the vertical (y-axis) cross direction and

(b) from a 130-Hz 20-mA current in the horizontal (x-axis) direction. The direction of current flow through the cross is indicated by
the green arrow on the figure. We plot the response only from pixels (px) with SNR > 3, in order to clearly distinguish the signal from
background noise in the images. (c),(d) A strong response is imaged from the N-J centers directly adjacent to the current-carrying
wire tracks, which can be qualitatively replicated by first-principles modeling of the expected field strength. The location of the cross
is shown as a dashed line. The higher noise to the right-hand side of the cross in (b) as compared to the left-hand side is an artifact due

to higher noise from a block of camera pixels in this region.
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infinitely long wire of elements d/ carrying current / (full
details are given in the Supplemental Material [38]), we
calculate the field strength projected along an N-J axis
best aligned with the predominantly out-of-plane (z direc-
tion) dc offset field. Figures 3(c) and 3(d) show these plots
of the calculated relative magnetic field, normalized to
the maximum in the modeled field of view, assuming a
circuit-N-V" separation of 10 um. The modeled images
strongly replicate the experimental images, particularly the
central narrowing and the strip of relatively low magnetic
field near the wire track with current in the horizontal (x)
direction, where the magnetic field vector at the N-V layer
points away from the sensitive N-J axis.

To further test the magnetic field recording, we image
the cross at a applied current values in the range [ =
1 —20 mA. In Fig. 4, the amplitude spectrum of the
signal can be seen, extracted from a 500-frame time
series for each pixel and then averaged across the image.
Examples of the spectra for individual pixels across the

120 125 130 135 140
f (Hz)

FIG. 4. The spectrum of the current signal extracted from the
FFT of a 500-frame-length time series, averaging spectra taken
from all usable pixels (292 x 280). Both the 130-Hz primary and
the 260-Hz second harmonic are visible. The signal is observed
to reduce in strength with lower current, as expected for the mag-
netic field from a current-carrying wire. We plot the noise floor
in the spectrum from a measurement at / = 0 mA. This primarily
arises from readout and 1/f" laser technical noise. At 130 Hz, this
floor appears as an artifact offset field of approximately 0.55uT,
when in reality there is no signal. We subtract this artifact from
the data points presented in Fig. 5.

107t

B (uT)

4:{{{ H

0 5 10 15 20
1 (mA)

FIG. 5. The maximum strength of the 130-Hz signal from the
averaged spectra in Fig. 4 as a function of the current. We con-
sider that in the higher-current regime (> 2.5 mA in our setup),
the signal scales linearly with the applied current, as should be
expected from the magnetic field induced by a single current-
carrying wire. In the low-current region, the weaker signal drops
below the noise floor for increasing numbers of pixels, nonlin-
early reducing the camera signal and leading to an underestimate
of the magnetic field B in this regime.

image are given in the Supplemental Material [38]. The
primary (130-Hz) and second (260-Hz) harmonic of the
current signal are both observed and the change in signal
amplitude at 130 Hz as a function of the current can be seen
in Fig. 5. By increasing the camera modulation rate and
frame rate, we are able to acquire ac signals of frequency
up to 490 Hz (at foq = 6 kHz microwave modulation,
1000 framess™') and up to 1.51 kHz (at fyoq = 14 kHz
microwave modulation, 3500 framess™'). Examples of
these can be seen in the Supplemental Material [38].

We expect the ac signal magnitude to scale linearly
with current, as would be expected from a simple model
of a single current-carrying wire. However, the fitting of
a linear trend to our data in Fig. 5 implies an unphysi-
cal nonzero signal at / = 0. We consider that this can be
explained by assuming two sensing regimes. In the first,
at higher current, we have a strong signal in the major-
ity of pixels imaging from the wire region, such that the
camera correctly records the magnitude of B and the lin-
ear scaling of the magnetic field with the applied current
1. In the second regime, at low current, technical limita-
tions in the readout method impact the measurement as the
(weaker) signal drops below the noise floor in an increas-
ing number of pixels. In this regime, this leads to increased
readout noise, nonlinear scaling of B versus /, and an
underestimate of the magnetic field magnitude. In the Sup-
plemental Material [38], we present a simple model of this
behavior, estimating the point at which the technical limits
of the camera readout begin to impact the measurement to
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be at approximately 2.5 mA for our setup. We ensure that
later tests of pulsed sensing are well above this threshold,
to ensure accurate recovery of the magnetic field ampli-
tude. Note that this limit is purely technical and is specific
to our setup, rather than being a physical barrier, and will
be lowered by factors such as enhanced diamond ODMR
contrast. Furthermore, it is only a problem for a measure-
ment averaged over many pixels, as a single individual
pixel will accurate record the field strength until the sig-
nal drops below the noise floor specific to that pixel. We
also note that this is only a problem if the absolute mag-
nitude of the field at very low current is required. In many
cases (e.g., digital logic or in biological neural networks),
it is only necessary to capture the shape or the presence or
absence of a signal pulse in the time domain.

C. Pulsed current

In order to demonstrate the detection of a digital signal
as typical for an integrated circuit, we apply a series of
20-mA current pulses of forward (reverse) polarity and 1-
ms (1-ms) duration, as shown schematically in Fig. 6(a),
separated by 20-ms intervals. In order to record such
short-period signals, we increase the camera frame rate
to 3500 framess~! and the microwave modulation rate to
14 kHz, while still capturing 500 image frames, giving a
142-ms time series for each pixel covering a set of six
applied pulses. We acquire N = 2500 repetitions of 500-
frame-length image sets, extracting from this an average
500-frame-length time series for each pixel.

The relative strengths of the forward-current 1-ms
pulses are shown in Fig. 6(b). As a consequence of the
higher sensing bandwidth (higher frame rate), we capture
more noise, giving a lower image SNR. We also note a
reduction in the signal strength, which we attribute to a
loss of modulation synchronicity between the camera and
our microwave generator, arising from trigger incompat-
ibility at modulation rates above approximately 3 kHz.
Although this technical issue somewhat compromises the
imaged signal strength, we clearly observe the applied
pulsed signal in our magnetic field image, directly adjacent
to the current-carrying track, indicated by a green arrow in
Fig. 6(b).

The recorded magnetic field from the applied pulses
is shown in the time series in Fig. 7, from (a) averag-
ing all pixels with SNR > 3 and (b) for a single example
pixel in the image on the circuit track. The 1-ms pulses
can be clearly detected, with peak magnetic field ampli-
tude 50 uT. Notably, detection is possible with SNR > 3
using data from just a single pixel receiving fluorescence
from N-J centers directly adjacent to the circuit track.
Although the signal is strongest along the current path, we
can still observe the pulses within the images away from
this region. This is demonstrated in Fig. 7(c), in which we
plot the recorded time series for 20 000 pixels in a region

(a) €—> 1ms q t(ms)
+1 4
0 —
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FIG. 6. (a) A schematic of the 1-ms (1-ms) forward- (reverse-)
polarity pulsed-current signal. The signal is repeated every 20
ms. (b) An image map of the strength of the 1-ms forward com-
ponent of the pulsed signal extracted from the pixel (px) time
series over 500 frames (at 3500 framess™'), averaging the six
pulses captured within the acquisition. For clarity, only pixel val-
ues with SNR > 3 are shown, with the remainder set to zero. The
direction of the current through the cross circuit is indicated by a
green arrow.

centered on the current track. Although having a lower
SNR, the pulsed signal is still observable when imaging
N-V center fluorescence up to a distance of at least 53 um
away from the current path.

D. Synthetic biosignal

Finally, we exemplify the acquisition of a biosignal with
the same form as a neuronal signal, as may be found in
the brain or nervous system of a living person or animal.
We replicate the shape of a typical signal acquired from
prior electrical recordings of fEPSPs in the hippocampus
of a mouse [44—46], obtained from living dissected tissue
slices (full details are given in the Supplemental Material
[38]). We apply the signal using the AWG mode of our cur-
rent source, with a maximum forward-current amplitude of
20 mA.

Note that this current is significantly higher in mag-
nitude than the current generated by a signal in a real
living neuron [47]. This is a necessity imposed by our sub-
optimal diamond, as the sensitivity that can be achieved
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FIG. 7. The time series of the acquired signal for the acqui-

sition period (142 ms at 3500 framess™'), taking the average
over 1000 repeated 500-frame acquisitions. (a) The average of
all pixels with SNR > 3, with the signal clearly resolved. (b)
An example time series for a single pixel in a region of the
image close to the current path, where despite the higher noise
level, the signal can still be observed. (c) A sequence of time
series for pixels 20 00040 000, covering a region centered on the
cross-current path. The strongest signal is observed for record-
ing from pixels receiving fluorescence from N-¥ centers adjacent
to the current-carrying track; however, the pulsed signal is still
observable (with a decreasing SNR) away from it.

in our setup is short of that required to record the real
biosignal. Our goal in this work is solely to demonstrate a
method by which such a broadband signal (with frequency
components from dc to kilohertz) could be accurately
recovered in the time domain with simultaneous high-
spatial-resolution imaging. We achieve this goal without
trading spatial and temporal resolution, keeping both high
enough to not only image signal propagation in, e.g., a neu-
ronal network but to also record the signal shape, latency,
and relative size, which are key for physiological study.
The method we outline here is fully compatible with a
more optimal diamond, in terms of a narrower ODMR

line width, increased contrast, and a higher fluorescence
emission up to the saturation limits of the camera.

The strength of the detected signal is demonstrated in
Figs. 8(a) and 8(b), mirroring the equivalent Figs. 6 and 7
for the pulsed current, with the strongest signal again
imaged closest to the current-carrying track. We extract
the synthetic hippocampus signal from averaging the time
series from N = 2500 x 500 frame acquisitions for each
pixel. A plot of this signal as compared to the applied-
current signal can be seen in Fig. 9(a) for 5-pixel steps
across the current track, shown as the blue dashed line in
Fig. 8(b). In pixels recording fluorescence from N-J cen-
ters adjacent to the current track, we observe a strong sig-
nal, which is highly representative of the applied synthetic
signal at a peak magnetic field strength of 15 — 20 uT,
with the signal decaying in strength in the image away
from the current path. In Fig. 8(b), we plot the average sig-
nal acquired for all pixels with SNR > 3. This signal also
replicates the applied current signal, as shown in the red
dashed trace.

E. Noise scaling

A key feature that we note in all our data using the
camera in lock-in mode is the constant reduction in noise
with continual averaging, with a sensitivity consistently
scaling as 1/+/N, where N is the number of acquired 500-
frame image sets over which we average. We highlight that
1/+/N scaling is extremely desirable for the acquisition of
the regular repeating signals present in most biological or
artificial systems, allowing far smaller signals to be tem-
porally averaged and resolved than would be possible for a
single 500-frame acquisition (N = 1, single-shot measure-
ment). This scaling is demonstrated in Fig. 10(a), where
we calculate the all-pixel average standard deviation of the
magnetic field in the time series, taken with zero applied
signal in a 5-ms period between the current pulses. After
N = 2500 acquisitions, we reach a noise level of approx-
imately 200 nT (4.78 nTHz"'/? on a 1.75-kHz Nyquist-
limited sensing bandwidth at 3500 framess™!), averaging
over all 292 x 280 usable pixels in the image. A histogram
of the noise on the individual pixels after 1000 acqui-
sitions is given in Fig. 10(b), peaking at approximately
2.5 — 3 uT. This corresponds to a per-pixel sensitivity of
59 — 71 nTHz /2, or 295 — 355 um3/> Hz~'/?, assuming
that the pixels collect light from a 5 x 5 x 1 um sens-
ing volume. The noise follows a Poisson distribution, as
would be expected for an imaging system. The distribu-
tion is shifted toward the lower-sensitivity peak due to the
nonuniform laser illumination of the diamond, the major-
ity of pixels receiving a strong fluorescence signal, but one
that drops off toward the edges of the field of view.

Note that in previous experiments using a conventional
camera without lock-in capability, we have found the noise
level to plateau at a relatively low number (V) of repeated
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FIG. 8. The equivalent of the plots in Figs. 6 and 7 for the
synthetic biosignal. As for the 1-ms pulses, the signal can be
observed clearly for pixels (px) recording fluorescence from N-
V centers directly adjacent to the current-carrying track but can
also be observed at a lower SNR away from this region. The blue
dashed line represents the track of pixels for the data presented
in Fig. 9.

image acquisitions [29]. In Fig. 10, we demonstrate this
effect by running the lock-in camera in intensity mode,
where it functions as a conventional digital camera, with
a signal proportional to the intensity of the fluorescence
reaching each pixel. Here, we find that the noise reaches
a plateau at around 3 — 4 uT, with no further improve-
ment possible by continued averaging. We attribute this
behavior to the inclusion in the images of a high level
of laser technical noise, predominantly as dc power fluc-
tuations and in the range 1025 kHz. When running in
lock-in mode, the Helicam is able to perform common-
mode rejection to eliminate a major part of this noise,
across a frequency range of up to several hundred kilohertz
when running at the maximum frame rate. Note that the
1/+/N sensitivity scaling for the camera running in lock-in
mode is the same as observed in our experiments using
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FIG. 9. (a) The magnetic field signal measured from individual

pixels taking 5-pixel steps along the blue dashed line indicated
in Fig. 8. For each step, we add an offset from the previous by
—20 uT for clarity, with the (scaled) applied synthetic biosignal
shown in red at the top. As expected, the signal is most clearly
observed in the image region closest to the current path, dropping
in strength to either side. (b) The signal recorded from averag-
ing the response of all pixels with SNR > 3, overlaid onto the
(scaled) generated signal (red, dashed). The signal recovered via
the magnetic field imaging matches well with the applied signal,
with no distortion or artifacts.

a common-mode noise-rejecting balanced photodetector
[42]. The lock-in camera thus offers a unique capability to
image and temporally resolve signals far below the single-
shot sensitivity, which is not possible with a conventional
digital camera.

F. Feasibility of biosignal recovery

In our experimental setup, it is necessary to apply
a far larger synthetic biosignal current than would be
realistically produced from neurons, permitting demon-
stration of the methodology for simultaneous spatial and
temporal resolution of signals using a suboptimal diamond
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FIG. 10. (a) The scaling of the standard deviation o (B) of the

magnetic field signal between the current pulses as a function of
the number of 500-frame acquisitions N, as a measure of read-
out noise. We plot the performance of the camera running in
lock-in mode (LIA) and running as a conventional digital cam-
era in intensity mode (IM). In lock-in mode, the noise continually
reduces, with a 1/+/N trend. In intensity mode, the noise reaches
a plateau at around 4 uT, with no further improvement by aver-
aging. (b) The histogram of the individual pixel noise after 1000
acquisitions in lock-in mode, with the majority of pixels in the
low-microtesla noise range.

and N-JV ensemble. In this final section, we theoretically
address the feasibility of performing the same measure-
ments to recover a real biosignal, such as that from a
tissue slice of a brain. We also consider this useful to
more broadly highlight the sensitivity and feasibility lim-
its for lock-in camera imaging using N-V centers for any
applications.

Although we exemplify our technique using a signal
shape as from neurons, there are many other biosignals
covering a similar frequency range and bandwidth (but
with higher amplitudes in the nanotesla range) that would
be desirable to image and record using our technique.
These include compound action potentials in muscle tis-
sue, including from the heart, and in the central nervous
system [48,49]. We could further enhance the biosignal

strength by factors such as reducing the diamond-sample
separation (the 10 um in this work is suboptimal) or by
designing a flux concentrator [50]. Also, our methodology
is not limited to magnetic field sensing, being applica-
ble to temperature and electric field sensing, where strong
biosignals are also possible [51]. Previous theoretical cal-
culations such as the works by Karadas et al. [52,53] have
determined that neuronal signals of up to 1.5 nT are possi-
ble from neurons at a separation of > 50 um between the
diamond and the living tissue. For simplicity, we take an
approximately 1 nT signal as our target minimum signal to
resolve per pixel.

Our previous calculations in Wojciechowski et al. for
cw-ODMR wide-field imaging [28] show that the mini-
mum resolvable signal AB per pixel is linearly dependent
on three parameters: the ODMR contrast C, the resonance
line width I, and the SNR, assuming that optical shot noise
dominates all other sources of noise, scaling as /Py, where
Py is the average total fluorescence power received by the
camera imaging chip. Note that these factors are inter-
related: for example, a higher N-V density will increase
fluorescence emission but at the cost of a broader line
width due to spin interaction between nitrogen dopants.

In order to define what is realistically achievable, we
refer in Table I of the Supplemental Material [38] to
parameters from published state-of-the-art experiments
using a similar configuration, a millimeter-scale illumi-
nation area, and a cw methodology. For N-V densities
in the low parts-per-million range, the collection of 1-10
mW of fluorescence per watt of pump-laser power, with a
0.6—-1-MHz line width and up to 5% contrast, is achievable
[42,43,54-56]. Note that these values represent a realis-
tic picture from state-of-the-art experiments rather than a
hard physical limit. Line widths down to 200 kHz and
below have been realized [37,57] and although presently
unfeasible for large N-J ensembles of many billions of N-
V centers, an ODMR contrast of up to 30% has recently
been realized in smaller ensembles through preferentially
aligned growth [39,58,59].

We can calculate the resolvable signal level using
realistic parameters, for an ODMR contrast C = 5%,
a resonance line width of 1 MHz, and a total Py =
1 mW of fluorescence collected by all camera pixels (12
nW pixel ') on a field of view of approximately 1.5 mm.
As in our previous work, we define the sensitivity of
our recording in terms of the minimum signal AB per
pixel that can be resolved per frame in each 500-frame
acquisition. For these parameters, this is 360 nT pixel ™!
(Table I), corresponding to a bandwidth-normalized level
of 825 nTHz !/?pixel”! when running at the maxi-
mum imaging frame rate of 3800 framess~!. For a pixel
receiving light from a 1-um-thick N-V'layerina 5 x 5 um
region in our image, this equates to a volume-normalized
per-pixel level of 41.25 nT um?/? Hz~'/2, comparable to
values used for biosensing [54]. Note that in this work,
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we calculate our integrated per-frame noise using the
Nyquist-limited sensing bandwidth on our 500-frame-per-
pixel time series rather than the noise per imaging frame
from averaging 3800 frames in a 1-s acquisition. Our AB-
per-pixel values in this work thus differ by a factor of
V2 for the same parameters (C = 5%, Py = 1 mW, and
I' = 1 MHz) as used in our earlier work [28].

A key advantage of running the camera in lock-in mode
is that we are able to maximize utilization of the full well
capacity (FWC) of the camera, as the camera reads and
discharges the pixels at a much faster rate than the image
frame rate (up to approximately 7 MHz) in order to per-
form lock-in demodulation. The camera can accept a far
higher input optical power in lock-in mode as compared
to intensity mode, as long as the number of photoelectrons
generated per exposure time interval does not exceed the
FWC. This equates to Py = 267 mW at f,0a = 250 kHz
(0.14 ps exposure time), far higher than the 1 mW that
would saturate the pixels running the camera in intensity
mode (exposure time 1/3800 s). The difference between
these operational modes is detailed further in the Supple-
mental Material [38]. Although it may be challenging to
achieve this level of fluorescence in practice, for complete-
ness we include the calculation at the FWC in Table I.
Using the same realistic parameters for the diamond, this
gives an improved per-image frame level of 161 nT pixel !
at Py = 10 mW, falling to 31 nT pixel ' at Py = 267 mW.
We include this calculation so as not to preclude alterna-
tive sensing schemes that can direct more light into the
camera, such as imaging the pump light absorption, or
potentially exploiting future alternative defect centers with
higher levels of optical emission.

Note that these values are calculated for the baseline
Helicam model with a pixel optical fill factor of 6%. An
updated model of the Helicam is available, fitted with
pixel microlenses, which increase the pixel fill factor from
6% to > 50%. Using pixel microlenses, the camera can
achieve the same sensitivity at, approximately, a factor of
10 less input fluorescence power (Table I). As our imaging
is performed on axis using a flat-substrate diamond, with
little need to accept light arriving at oblique angles, such
microlenses are suitable for the N-V imaging methods that
we outline here.

The sensitivity values defined so far are only appli-
cable to a single-shot measurement (a single 500-frame
acquisition, N = 1) of a single repetition (Ny = 1) of the
biosignal. As we show in Fig. 10, multiple acquisitions
(N > 1) can be averaged to reduce the noise and recover
a signal of 1 nT or below. The extraction, comparison,
and averaging of time-synchronized signal repetitions is
an extensively used technique in biophysics (epoching),
for electrical and magnetic recording, including for
bulk—N-J~—center recording, where it has been demon-
strated that signals can be recorded from living specimens
kept alive in vitro for many hours [42,54]. This approach

is made possible by the stable nature of wide classes of
biosignals, which by necessity retain a consistent shape
and amplitude on repeated stimulation. As we detail in the
previous section, a key advantage of the lock-in camera
is that it allows clear 1/4/N scaling of the averaged noise
floor, without reaching a plateau as observed using a con-
ventional camera lacking common-mode rejection of laser
technical noise.

Furthermore, many repetitions of the same biosignal
(Ns > 1) can be stimulated within each 500-frame acquisi-
tion. For neuronal action potentials, this can be at rates of
up to a few hundred hertz [53,62]. For 100-Hz signal repe-
titions at 3500 frames s~!, it is possible to capture Ny = 14
repetitions in each 500-frame acquisition. For the camera
working at the physical FWC limit in Table I that requires
N = 485 to resolve a signal of 1 nT pixel™', this level
could be reached in just N = 485/14 = 35 acquisitions.

As we demonstrate in the previous sections, acquisitions
of N = 2500 over several hours are more than feasible.
The primary limitation on averaging, as detailed in Table I
and in Fig. 14 of the Supplemental Material [38], is the
USB 2.0 transfer time between the camera and the PC.
Assuming the immediate availability of image frames after
capture, by using the GigE interface standard over Eth-
ernet for high-bandwidth data transmission, this transfer
time could be reduced to a few tens of milliseconds. This
would allow the acquisition of significantly more aver-
ages in far less time, minimizing the noise and reaching
the signal level in minutes rather than hours of image
capture.

In the work that we present here, we are far from
the ideal diamond parameters discussed in our previous
work, with a relatively broad line width (approximately
2.3 MHz) and ODMR contrast (1.2—1.6%). To generate
sufficient contrast, it is also necessary to supply a rela-
tively high microwave power (approximately 40 dBm),
meaning that we cannot resolve the !N hyperfine reso-
nances in the ODMR spectrum due to power broadening
[63]. Although the fluorescence emission of our diamond
is intrinsically poor (a maximum of 152 uW full sensor
or 1.7 nW pixel™!), we purposely compromise this fur-
ther in our experiment by spreading the pump laser over
as much of the imaging region as possible to realize a
desirable large field of view. Although a modest reduc-
tion of the sensing area could improve the sensitivity, by
focusing the pump laser and using a higher magnification
and a higher-numerical-aperture objective, N-J charge-
state effects would limit the benefit of this approach toward
the limit of higher intensity [64]. Based on our diamond
parameters, we calculate that we can resolve, at mini-
mum, a signal of 4.55 uT pixel™! (104 nT Hz~'/? pixel !
or 232 nT um®?Hz /2 pixel™"), far short of the neces-
sary sensitivity for neuronal signal recovery but sufficient
for many other applications, including integrated circuit
imaging. Note that this is higher than our measured median
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TABLE 1. The minimum per-pixel resolvable signal AB in pT Hz~!/? and integrated over one image frame in nanotesla for the
Helicam running at 3800 frames s~! in lock-in mode. The calculations are based on the methodology detailed in Wojciechowski et al.
[28]. We vary the ODMR contrast (C, %), the line width (I", MHz), the total fluorescence power at the camera (P, mW), and pixel full
well capacity (FWC). All values are for a single signal repetition (N = 1) in a 500-frame acquisition. We also estimate the number
of 500-frame acquisitions (N) to reach per-frame noise floors of 1 nT pixel™! and 50 pT pixel ! based on +/(N) SNR scaling and the
time (7) to reach N by transfer over USB 2.0 and over Ethernet using GigE. Each of the pixels images a 5 x 5 um? area on a field of

view of approximately 1.5 x 1.5 mm?.

AB per pixel  ABperpixel Number N Number N Time ¢ Time ¢
per frame N =1  per frame acquired acquired to 1 nT to 1 nT
Parameters C (%) I (MHz) Ps(mW)  (pTHz '/?) N=1@T) tolnT to 50 pT  USB 2.0 (h) GigE (min)
This work 1.2 4 0.152 (104 nT) (4.55uT)  2.07x 107 429 x10°  (>week) (>week)
From Ref.
[28]
Py =1mW 5 1 1 8250 360 1.29 x 10°  5.18 x 107 259 284
Py = 5 1 10 2610 113.8 12962  5.18 x 10° 25.9 28.4
10 mW
Py = 5 1 100 826 36 1296 5.18 x 10° 2.59 2.84
100 mW
FWC limit? 5 1 267 505 22 485 1.94 x 10° 0.97 1.06
Optimal " 5 0.2 267 101 443 20 7854 (2.4 min) (2.63 )
Optimal T, 30 0.2 267 42 1.81 3 1309 (36s) (<1s)
C
With 5 0.2 24 101 443 20 7854 (2.4 min) (2.63 s)
microlenses®

aPhysical FWC reached in a single internal frame (1 x 10 framess™! at < 250 kHz modulation).

bIncreases optical fill factor to > 50% from 6%.

value of 2.91 uT pixel ™! (Fig. 10), as our calculations are
based on only an even power distribution over all pixels.

We highlight that although we do not at this time have
the diamond to reach the necessary levels of sensitivity for
recovery of real neuronal signals, no aspect of the mea-
surement method utilizing the lock-in camera is incompat-
ible with future material improvement, including visible-
wavelength color centers in nondiamond materials (e.g.,
SiC [65]). In Table I, we estimate the minimum resolv-
able field based on a range of optimal diamond parameters,
showing that a single-shot minimum detectable field (N =
1) in the low-nanotesla-per-pixel range can be reached,
with a time-averaged noise floor (N > 1) in the tens-of-
picotesla-per-pixel range within a reasonable number of
image acquisitions.

IV. CONCLUSIONS

In this work, we demonstrate proof-of-principle pas-
sive and remote imaging of propagating electrical current
in a circuit, using a lock-in amplifier camera. We image
the induced magnetic field produced by the current in the
circuit via variations in the fluorescence emission from
N-V centers in diamond. Using a simple cw method,
we demonstrate (micrometer-scale) high spatial resolution
with wide (millimeter-scale) field-of-view imaging with
simultaneous spatially resolved temporal resolution of

magnetic field signals up to kilohertz frequencies. We
demonstrate broadband recovery of these signals, cover-
ing the dc to kilohertz range, which is key to accurately
recording the signal shape, latency, and relative ampli-
tudes without aliasing or undersampling. We exemplify
our method using single-frequency ac signals (as are typ-
ical in electrical-power-distribution systems), a rapidly
pulsed current (as is typical in integrated circuits), and
a representation of a biosignal (as generated in the liv-
ing brain). We show that significantly faster real current
and magnetic field signals can be resolved than previously

achieved in the literature (3800 framess™! per 1.75 kHz
signal-recovery bandwidth up to the Nyquist frequency is
possible).

We emphasize the importance of the 1/+/N scal-
ing of the sensitivity with continual averaging using
the Helicam, which enables the recovery of far smaller
signals well below the single-shot-measurement noise
limit. This is a significant advantage of the lock-
in camera over conventional cameras, where dc and
laser technical noise can cause the sensitivity to
plateau after a relatively low number of acquisi-
tions (around 3 —4 uTpixel™!). We consider this
feature to be particularly useful in either mapping
repeated consistent fast signals such as electrical trans-
port or magnetism in two-dimensional materials [32],
for wide classes of repeating biosignals including
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neuronal action potentials or for slowly varying
long-period measurements, such as temperature sens-
ing.

The method that we demonstrate can be readily adapted
to a typical inverted-microscope setup used for N-V sens-
ing and imaging [42,54]. We detail how sufficient sensi-
tivity to recover real biosignals could be obtained with
reference to our previous work on lock-in camera sensitiv-
ity [28]. Although our diamond does not allow us to reach
these necessary levels of sensitivity, we detail a clear path
of improvements in material growth and optimization that
could reach a sufficient level. The methods that we demon-
strate here are fully compatible with these advances and
represent a clear means by which such signals could be
resolved. The potential for implementation of pulsed laser
and microwave protocols, recently demonstrated by Hart
et al. [66], also offers an even greater possibility to increase
the sensitivity beyond the cw method.

Although pulsed measurement offers the prospect of
greater sensitivity, we consider that the cw method may
be of use for applications where there is a large degree
of variation in the laser or microwave drive fields and/or
intrinsic diamond parameters. One such example is wide-
field imaging of multiple nanodiamonds in a single field
of view; for example, as temperature probes in cells [67].
For such an application, it will be challenging to apply
microwave and laser pulses of the right power and length
to correctly interrogate every N-J in diamonds scattered
across a wide field of view. The use of the cw method
with the lock-in camera would avoid this problem, recover-
ing the ODMR and any temperature and/or magnetic field
measurement for all nanodiamonds simultaneously.

We highlight that our method allows the full resolu-
tion of ODMR spectra and key parameters for the N-V
centers for each pixel, across a field of view far wider
than the tens of micrometers typical in the literature. This
capability to recover the per-pixel ODMR allows us to pre-
cisely measure inhomogeneities in, e.g., laser power or
resonance detuning across the image, while also ensur-
ing that any effect across the image remains within our
sensing dynamic range (on the ODMR slope and magneti-
cally sensitive). In this work, this enables nonuniform laser
illumination at the Brewster angle for diamond, enhanc-
ing the coupling of pump light into the diamond and
boosting the sensitivity. This capability offers significant
benefits over the common technique in the literature of
imaging with pump excitation through the microscope
objective, in terms of greater fluorescence emission, a
wider field of view, and no saturation of contrast. As the
sensitivity plateaus as a function of repeated averages N
as detailed above, a conventional camera cannot easily
recover the per-pixel ODMR, thus demanding a restricted
highly homogeneous imaging region in terms of the laser
and microwave fields and the N-J contrast and detuning.
The lock-in camera thus enables the wide millimeter-scale

field of view necessary to study signal propagation in
biological neuronal networks or to map current paths in
integrated circuits for fault detection.

By extracting the time-domain data from each cam-
era pixel using our lock-in camera, we can apply time-
and frequency-domain noise-filtering methods that are key
for recovering signals in bulk-diamond-sensing experi-
ments [29,42]. In particular, this allows the elimination
of stationary noise such as 50/150 Hz mains and higher
harmonics and nonstationary noise from pumps and venti-
lation in each pixel. This is a significantly stronger source
of noise than from diamond material inhomogeneity or
from camera-measurement electronics noise, with the 50-
Hz signal of approximately 200 — 400 nT due to ordinary
building mains cabling. This capability is vital for future
weak-signal acquisition, particularly for applications in
an ordinary laboratory or clinical environment without
extensive and costly magnetic shielding.

Note that a disadvantage of our method is that we split
our N-¥ resonances, which means that we are only sensi-
tive in one particular direction at a time. This results in the
component of the field measured being much less than the
absolute magnitude of the vector magnetic field, i.e., if we
are most sensitive in z and the field is mostly in (x,y), we
will only record a weak component of the field. We model
this aspect (full details are given in the Supplemental
Material [38]), matching experimental observations. This
disadvantage can be overcome by adjusting the sample
geometry to align the sensitive axis along the direction cor-
responding to the maximum target signal. This is a method
that we employ in bulk-sensing experiments with addi-
tional contrast and sensitivity gained by resonance overlap
through offset field alignment along the diamond crystal-
lographic [110] direction. Alternatively, it is possible to
select between N-J axes, by shifting the microwave fre-
quency to another resonance. Via rapid sequential switch-
ing, this could also provide vector sensing, which would
be the ultimate solution to recover all components of the
vector magnetic field. There are, however, further com-
plexities that must be overcome to achieve this, including
the loss of sensing bandwidth due to the finite microwave-
frequency switching time and calibration of the translation
between the resonance shift and the field amplitude in each
axis.
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Note added —Recently, we have been informed by the
camera manufacturer that by activating an offset compen-
sation circuit to eliminate more of the unmodulated dc
photocurrent as the camera collects fluorescence in lock-
in mode [60], we can achieve an effective FWC a factor
of 30 higher (1.05 x 107) than the physical value, allow-
ing a theoretical maximum input power in lock-in mode
of Pg~ 4.6 W or at least up to the (unmeasured) cam-
era damage threshold [61]. This can be used to remove
the well-capacity constraint, such that the sensitivity is
only constrained by the amount of fluorescence gener-
ated by the N-J centers. We have also become aware of
contemporary work by Parashar et al. [68], independently
following a similar procedure as we outline in this work,
temporally (but not spatially) resolving ac signals from a
bulk magnetic field applied across the diamond using a
field coil rather than a microcircuit. We have also become
aware of the contemporary work by Turner [69], again
following a similar procedure with a lock-in camera to
achieve high spatial resolution of low single-frequency
alternating current in phantom circuits. These works and
ours highlight the key advantages of the simplicity of
the technique based on the lock-in camera technique and
the limitations, particularly in terms of the possibility of
attaining significantly higher sensitivity through improved
diamond growth and irradiation.
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