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ABSTRACT

The nitrogen-vacancy (NV) center in diamond has been developed as a promising platform for quantum sensing, especially
for magnetic field measurements in the nano-tesla range with a nano-meter resolution. Optical spin readout performance
has a direct effect on the signal-to-noise ratio (SNR) of experiments. In this work, we introduce an online optimization
method to customize the laser waveform for readout. Both simulations and experiments reveal that our new scheme optimizes
the optically detected magnetic resonance in NV center. The SNR of optical spin readout has been witnessed a 44.1%
increase in experiments. In addition, we applied the scheme to the Rabi oscillation experiment, which shows an improvement
of 46.0% in contrast and a reduction of 12.1% in mean deviation compared to traditional constant laser power SNR opti-
mization. This scheme is promising to improve sensitivities for a wide range of NV-based applications in the future.
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1 Introduction

The sensing of weak signals with high spatial resolution
is of great importance in diverse areas ranging from
fundamental physics and material science to biological
sciences. The nitrogen-vacancy (NV) center in diamond
is one of the major platforms in the emerging field of
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quantum technologies because of its remarkable stability,
long coherence time, and excellent controllability via
microwave or optical methods. The level structure and
coherence time are sensitive to different physical fields,
which makes it a multi-functional sensor with nano-scale
spatial resolution and high sensitivity. Up to now, it has

been applied in sensing magnetic fields [1-7], electric
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fields [8], temperature [9, 10], stress [11] and magnetic
resonance imaging [12-15].

For NV-based sensing applications, a common control
sequence consisting of spin initialization, manipulation,
and readout is typically followed. Due to the control
imperfections, the performance of current NV-based
quantum sensors is hard to reach their theoretical limitation
[16, 17]. To achieve the potential sensitivities in different
applications [18, 19], further improving the performance
of NV-based sensors is a flourishing and multi-disciplinary
research topic [20-22]. Among these problems, the optical
pumping process that refers to the spin initialization and
readout is of particular importance to improve the signal-
to-noise ratio (SNR) of sensing applications. Many
efforts have been made to optimize the optical pumping
process via changing the laser shape or power. For
example, Song et al. [23] found that extremely short
laser pulses are beneficial for electron spin polarization
when it is repetitively applied. Liu et al. [24] performed
the readout SNR analysis via the construction of a rate
equation model of the NV center, and utilized functional
analysis to estimate the optimal time-varying laser
waveform for spin readout. However, these works highly
rely on the modeling of the NV excited-state level structure
and the transition rates between the levels, for which
the corresponding parameters are difficult to be precisely
determined and are susceptible to environmental influences
in different applications. Therefore, these semi-theoretical
optimization methods are generally not effective, leading
to a hard-to-reach optimal performance in practice.
Recently, Oshnik et al. [25] proposed a two-step opti-
mization strategy to improve the sensitivity of NV
magnetometry by optimizing the squared-shape laser.

Here, we propose a Hooke-Jeeves algorithm-assisted
online optimization (OLO) method as a universal and
efficient way to improve the performance of NV spin
initialization and readout by customizing amplitude-

modulated lasers. The scheme is inspired by the hybrid
quantum-classical approach (HQCA) [26-28] where the
target spin acts as a provider of feedback information,
and is controlled by a classical computer that runs an
optimization algorithm in real-time. Since the scheme
makes decisions directly based on feedback from target
spin, it neither requires an accurate model of the target
quantum system nor the specific optimization processes
for the system. By applying this scheme to an NV-based
sensor, we demonstrate an optimized photon time traces
measurement and show a 44.1% improvement in the
SNR compared with the traditional scheme. As an appli-
cation of this method, we improve the contrast and
mean deviation of the Rabi oscillation experiments by
46.0% and 12.1%, respectively. These experimental
results demonstrate the feasibility of this scheme with
state-of-the-art NV-based quantum sensing technologies
and the scheme may also be applied to other quantum
systems such as NV ensembles.

2 Energy levels and optical pumping
processes of NV center

The NV center is a kind of point defect in diamonds
consisting of a lattice vacancy and an adjacent nitrogen
substitution [29, 30]. A simple model of the negatively
charged NV center energy-levels is shown in Fig. 1 [31].
The transition between the ground triplet state 34, and
the excited triplet state 3 enables optical addressability
of NV centers with our homebuilt confocal microscopy
system [32]. The ground state NV center is excited with
a 532 nm laser, while the excited state releases fluorescences
by radiative relaxation to the ground state with the spin
conserved [33]. However, the population on m, = +1
state has a higher probability than on m, =0 to non-
radiatively cross over from the triplet into the singlet
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Fig. 1

Tllustration of algorithm-assisted OLO method for NV-based metrology. On the left is a schematic of the experimental

setup, which mainly includes an AOM driven by the AWG and a 532 nm continuous-wave laser modulated by the AOM.
The modulated laser is used for optical pumping of the electron spin in diamond. A detector records the fluorescences emitted
by the spin system and feeds the photon time traces to the classical computer on the right. SNR is extracted from the feedback
information, and subsequently utilized to generate a new set of laser parameters u = [u1,u2,...,u,] by the algorithm. These
parameters are then performed in new experiments for the next-round feedback information.
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state, which is called intersystem-crossing (ISC) [34].
After being shelved for about 250 ns on the metastable
state 1, the spin preferentially returns to m, = 0 of the
ground state [35]. The key here for spin-state optical
readout is that, the NV center on m, = 0 state fluoresces
more photons than on m, = +1 state. During the readout
process, the NV center is also installed to m, =0 state
after several optical cycles.

Conventionally, a squared-shape laser is used to
initialize and read out the spin state [see Fig. 2(a)]. The
typical photon time traces of ms = 0 and ms = 1 are
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Fig. 2 Analysis of optical pumping for the electron spin in
diamond. (a) Pulse sequence of the electron-spin initialization
and readout. The microwave operation only acts on the
preparation of spin states other than m,=0. (b) Photon
time traces of spin states initialized at m, =0 (dark green
and dark red dotted lines) and ms =1 (light green and light
red dotted lines), measured with 10® repetitions. The red and
green lines covered by the shadow are their differential
signals, namely, signal photons. The inset plot shows the
detailed comparison between signal photons at different time
and power of laser. (c, e) Theoretical SNR of the traditional
scheme as a function of the pumping rate and duration for
global optical pumping (including initialization and readout)
and initialization, respectively. (d, f) SNR of the traditional
scheme as a function of pumping rate in simulations or
power in experiments under optimal duration conditions for
global optical pumping and initialization, respectively.

shown in Fig. 2(b). Usually, they are detected within an
appropriate detection offset after turning on the readout
laser to reduce the photon counts from the initialized
NV center (electron-spin state readout noise), and are
accumulated with multiple measurements to suppress
the particle nature of photons (photon shot noise). The
reliability of an optical spin-state readout for the NV-
based sensors, designated as the SNR, is a common
metric to evaluate sensing performance and compare
different readout methods. The SNR for an optical
measurement distinguishing the two possible spin projec-
tions my; =0 and m, = +1 of the NV center is defined as
[36]

Lo — 14
v/ L +L1.

Here, Lo(L;) is the total number of the collected
photons in the detection offset when preparing the NV
center in the spin projection my, =0 (m,=41). The
difference Ly — L; represents the amount of signal
photons, while the photon shot noise is the square root
of the total number of collected photons, denoted by
VLo + Ly [37, 38].

Adequate initialization, which is a prerequisite for
high-quality subsequent manipulations, coupled with
high readout SNR during the optical pumping guarantees
an excellent sensing sensitivity. Given that the effect of
initialization will eventually be reflected in the performance
of readout, we consider merely the metric of readout
SNR during optical pumping. Here, we analyze the
effects of power and detection offset of the laser on optical
pumping. On the one hand, it can be seen from Fig. 2(b)
that the photon time traces of m, = 0 and m, = 1 gradually
coincide as the spin system is optically polarized, which
leads to a gradual decrease in the number of signal
photons. On the other hand, the increased laser power
can lead to more photon counts and an issue of charge
state instability due to ionization, but not necessarily
more useful signal photons, because the readout noise
(including photon shot noise and electron spin state
readout noise) is proportional to the laser power. The
physical picture of the mechanism of our model can be
explained as follows: Due to the ISC mechanism, the
laser used for pumping will increase the readout noise
when NV center is on the excited state or metastable
state. Thus, an amplitude-modulated laser can reduce
unnecessary laser illumination, meanwhile lowering the
readout noise.

SNR = (1)

3 Framework

To improve optical pumping for NV-based metrology by
suppressing the readout noise and maximizing the usage
of spin-related fluorescence, our new method is inspired
by the HQCA to customize the laser waveform. The
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HQCA exploits the particular advantages of quantum
processors and classical computers to jointly perform
gradient-based optimizations, which has been demon-
strated in many quantum information processing tasks,
such as enhanced quantum metrology [39], many-body
state preparation [40, 41] and quantum state tomogUraphy
[42]. Specifically, the cost function and gradient compu-
tations are accomplished on the quantum processor,
while the remaining is done on a classical computer.
Unlike the normal HQCA applications, gradient calcula-
tions are not involved in our optimization process, therefore
the task of the target spin system is to return the feedback
information to the classical computer.

In experiment, we consider two schemes to customize
laser waveform for initialization and readout, and use
SNR as the evaluation criterion. Here, we only focus on
two parameters of the laser, namely, power and duration.
In the first scheme (traditional scheme), lasers used for
initialization and readout are of constant power, i.e.,
squared-shape laser. Considering the different purposes
of initialization and readout, the second one uses different
amplitude-modulated lasers for the two optical dynamic
processes. The duration of the laser pulse is roughly
determined by the first scheme. Then, the laser pulse is
equally divided into multiple pieces, and the power of
each piece is independently customized.

Since the regulation of laser is achieved by controlling
the driving signal of the AOM, we use the amplitude
parameters of the driving signal instead of the power
parameters. In addition, we stipulate that the laser is
always turned on within the detection offset, that is, the
duration is equal to the width of the detection offset
mentioned above.

As depicted in Fig. 1, the algorithm-assisted OLO
method primarily consists of the quantum system to be
optimized and a classical computer to compute the SNR
from the feedback information and perform iterations.
Specifically, on the one hand, the AWG receives the
amplitude parameters u = [u1,us, ..., u,] from the classical
optimization algorithm and outputs the corresponding
driving signal f(u) to AOM, thereby realizing a modulated
laser. On the other hand, the electron spin in the NV
center is initialized and read out using the amplitude-
modulated laser. The end of the overall update means
the beginning of the next round of iterations. As the
iterations progress, the step size o to update parameter
gradually decreases, the SNR gradually converges to an
optimal value, and the optimization is completed. It
should be noted that each iteration cycle contains SNR
queries and parameter updates with at least n + 1 and
up to 2n times. The number of laser pieces n and experi-
mental repetitions together largely determine the time
overhead require for optimization. Photon time traces
strongly associated with spin states are recorded by the
detector and transmitted to the classical computer as a
feedback for calculating the SNR. The algorithm deter-

mines new amplitude parameters based on the SNR.
Through the multiple iterations of the closed-loop
process described above, the SNR eventually converges
to some optimal value, at which the optimal laser waveform
is determined. In practice, we can use many different
learning algorithms [43-45], ranging from simple direct
search algorithms [46] to more complex evolutionary
algorithms [47]. Here, the classical Hooke—Jeeves direct
search algorithm [48] is used to assist the OLO scheme
with the optimization task for optical pumping. The
entire online optimization process can be summarized as
follows: In each iteration, the algorithm independently
adjusts the parameter of each piece wu;,i=1,2,..,n
sequentially and then an experiment is conducted to
query the SNR. After the adjustment of all parameters,
there is an overall update for the parameters, the direction
of which is determined by the starting parameters of the
round iteration pointing to the current optimal parame-
ters. The details of the Hooke-Jeeves algorithm are
shown in the supplementary information.

4 Simulation and experimental results

To fully explore the effect of laser parameters on optical
pumping, the method of parameter traversal is employed
in the first scheme. We perform parameter traversal for
the pumping rate and duration in simulations, power
and duration in experiments to obtain the best laser
waveform for SNR. Using the pumping rate instead of
power in the simulation is reasonable because it is difficult
to numerically correspond the pumping rate to the
power, and they are positively correlated and proportional
in a short range of steady-state. Figure 2(c) shows the
theoretical relationship between laser parameters and
SNR in the traditional scheme. For better visualization,
the two-dimensional plot is projected onto the pumping
rate to obtain the optimal SNR under different pumping
rates, as shown in the blue curve in Fig. 2(d). The optimal
SNR with traditional scheme in simulation and experiment
is 298.2 and 308.6, respectively. From the blue theoretical
curve and the pink experimental dots in Fig. 2(d), both
theoretical and experimental results are consistent in
showing that the SNR acquires an optimal value as
pumping rate in simulations or power in experiments
increases, which is due to the increasing proportion of
the readout noise.

Based on the optimal laser parameters given by the
traditional scheme, initialization and readout for NV-
based metrology are optimized with the OLO scheme. In
fact, the amplitude-modulated laser with multi-piece is
not indispensable for initialization, which focuses on
polarization rather than noise suppression. So we pay
more attention to the optimization of spin readout,
setting the number of laser pieces n =1 for initialization
and n = 20 for readout in experiments. Figure 2(e)
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shows that the theoretical and experimental relationship
between the laser parameters used for initialization and
the SNR in the OLO scheme. Similarly, the two-dimen-
sional plot is projected onto the pumping rate to obtain
the optimal SNR under different pumping rates, as
shown in the blue line in Fig. 2(f). It can be seen that
the experimental results (pink dots) are roughly identical
to the simulations.

With the optimal parameters used for initialization, a
random starting parameters (duration, pumping rate or
amplitude) for readout optimization in simulation and
experiment is chosen to be (920 ns, 0.01 GHz) and
(390 ns, 0.2 V), respectively. Here, only one value of
pumping rate or amplitude is given because the initial
value is the same for each pieces. Note that the duration
does not change during optimization. It is used in optical
pumping with the starting pumping rate or amplitude
(denoted as u°) to query the initial SNR. Then, by feeding
both the starting pumping rate or amplitude and SNR
into the Hooke-Jeeves algorithm, we can systematically
produce new pumping rate or amplitude parameters.
The pumping rates in simulation and the amplitude
parameters in experiment vary in the range of [0.0, 0.5]
(GHz) and [0, 1] (V). We emphasize that the entire
procedure was fully automated, such that this procedure
can proceed ad infinitum without intervention till stopping
conditions are met. The dotted lines in Figs. 3(a) and (b)
show the theoretical and experimental optimization
process by the algorithm-assisted OLO method, respec-
tively. The searched optimal parameters [see Figs. 3(c)

(a)

—_
<)
~

=10 0.16 ~
440 - S gl —m;=0 =
gooooosoosooe | X m,=1 r0.129
2 4007 / £ Lo.0s &
»n / 3 49 o
360 A o )
/ § 21 F0.04 é
o ]
W JE_  to&
0 4 8 12 0 200 400 600 800 1000
Iteration No. Time (ns)
(b) (d)
460 20
= F1.6 _
440 ; : X 154 >
o / P F1.2 3
a1 5 =
4004 / g 7] 04
S /
0_ 1 L
380 L & UL, : —
0123 456 0 150 300
Iteration No. Time (ns)

Fig. 3 Simulation and experimental results of the OLO
scheme for readout. (a) and (b) show the optimization
process for simulations and experiments, respectively. The
dotted lines represent the optimal SNR achieved at each iter-
ation. (c) and (d) plot the final optimal laser waveform
(shaded area) and photon time traces of the ms =0 and
ms = 1 for simulations and experiments, respectively.

and (d)] induce a final SNR of 421.9 in simulations and
444.7 in experiments, which are 41.5% and 44.1% higher
than using the constant waveform (the traditional
scheme), respectively.

5 Application

Here, we apply the OLO method to the Rabi oscillation
of an electron spin driven under resonant microwave
(MW) magnetic field, which is a scheme to measure
both the strength and orientation of the MW magnetic
field [49, 50]. In Rabi oscillation measurement, the spin
state can be oscillated from the m, = 0 ground state into
the my, =1 state under the action of MW. Figure 4
shows the standard Rabi oscillation curves and the fluo-
rescence data are normalized in units of m, =0 state
fluorescences. The measurement of each point on the
curve involves the optical pumping processes related to
initialization and readout. In Rabi experiments, a
common metric used for determining laser parameters is
contrast, which is defined as [51]

_ Lo— Ly

C
Lo

(2)

However, changing the laser parameters in the tradi-
tional scheme cannot optimize contrast while ensuring
the reliability of readout. As shown in Fig. 4, the
contrast of purple Rabi curve (contrast optimized)
reaches 15.2%, while that of orange Rabi curve (SNR
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Fig. 4 Rabi oscillation measurements (left axis) and their
deviation (right axis) with different optimizations. The fitted
contrast of the OLO scheme (green, solid line), the traditional
scheme optimized by SNR (orange, dashed line), and the
traditional scheme optimized by contrast (purple, dash-dot
line) are 16.5%, 11.3%, and 15.2%, respectively. Columns are
deviations of Rabi measurements, defined by differences
between the data points and the best fitted lines. The means
of deviations on each Rabi oscillation, are 0.00538 (OLO
scheme by SNR), 0.00612 (traditional scheme by SNR), and
0.04794 (traditional scheme by contrast), respectively. Both
contrast and deviation are improved by our OLO scheme.
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optimized) drops to 11.3%, but the data points in
orange Rabi curve are much better aligned on a sinusoidal
curve. For better visualization, Fig. 4 displays the differ-
ences between the points and the best fitted lines. The
data deviation can originate from readout noise, MW
pulse errors, spin-mixing, and so on. The general reduction
in the data deviation indicates a more accurate spin
state readout. With the algorithm-assisted OLO scheme,
the contrast of Rabi experiments is improved by 46.0%
and 8.6% compared to the traditional method that aims
to improving SNR and contrast, respectively. Meanwhile,
the mean deviation has been witnessed a 12.1% and 88.8%
reduction compared to the traditional method.

6 Experiment setup

To demonstrate, we use a home-built optically detected
magnetic resonance (ODMR) system to address and
manipulate the single NV center in a 12C-purified single-
crystal diamond, where the density of NV center is on
the order of 10'2 cm=3. The single NV center used for the
experiments is located at depth of 7 pm and its dephasing
time Ty is about 10 ps. As shown in Fig. 1, the 532 nm
green laser beam is modulated by a 200 MHz acoustic-
optic modulator (AOM) before passing through a 100X
oil objective and focusing on the NV center. Different
from the normal driver, the AOM is driven by a 2.6 GS/
s arbitrary wave generator (Tektronix AWG610) with
an output bandwidth over 800 MHz, which is capable of
generating laser pulses as short as 4 ns. The fluorescence
is emitted through the objective and collected by an
avalanche photodiode (APD). The output signal of APD
is detected by a time tagger for a time-resolved measure-
ment. A static magnetic field around 50 mT is applied
along the NV axis to split the sub-levels and the associated
nitrogen nuclear spin is polarized at the excited-state
level anticrossing as well. The microwave source (Rohde
& Schwartz SMIQO03B) is used to manipulate the elec-
tron-spin state for general purpose measurements. An
impedance-matched copper slot line with an Q-type ring
is used to radiate the microwave fields. All the electronic
and microwave devices are synchronized by a 10 MHz
atomic clock source.

7 Discussion and conclusion

In summary, by combining the classical algorithm, an
online optimization method (algorithm-assisted OLO
method) of optical pumping is proposed to enhance the
sensitivity of quantum metrology. To improve the polar-
ization and suppress readout noise during optical pump-
ing, a single laser pulse is divided into multiple pieces,
and the power of each piece is independently determined
by the algorithm-assisted OLO method. This method
requires additional hardware that supports waveform

editing to realize an amplitude-modulated laser. In addition
to the arbitrary waveform generator (AWG) used in our
experiments, the low-cost direct digital synthesizer chip
(DDS) can also meet the needs of the OLO method.
Compared to the traditional optical pumping scheme,
our new scheme improves the SNR of NV metrology by
44.1%. In addition, we achieve 46.0% increase in
contrast and 12.1% reduction in mean deviation in the
Rabi measurement with the OLO method. High readout
contrast and short total overhead time contribute to
realizing high sensitivity. Considering the total overhead
in experiments, our method requires an extra time cost
of approximately a few microsecond to perform the laser
pulses compared with the traditional scheme. In most
NV-based applications, such as magnetic signals sensing
and quantum register, the interrogation time ranges
from hundreds of microseconds to a few milliseconds
[52-54]. The increase in initialization and readout overhead
(< 1%) has little effect on sensitivity compared with
increased readout contrast due to the enhanced perfor-
mance in initialization and readout.

In this work, we pay more attention to the improvement
of the readout, so only simple optimization is made for
initialization. A previous study [23] shows that using
repeatedly applied short laser pulses to initialize electron
spin will further improve the electron spin readout effi-
ciency. To conclude, our new method is beneficial to
optimizing the NV metrology and other high-precision
measurements. Thanks to the closed-loop optimization
process in the method, we do not need to know the
specific model of the system to be optimized in advance,
so it can be easily extended to other quantum sensing
platforms such as NV ensembles.
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