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Columnar excitation fluorescence
microscope for accurate evaluation
of quantum properties of color
centers in bulk materials
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Color centers in wide band-gap semiconductors, which have superior quantum properties even at
room temperature and atmospheric pressure, have been actively applied to quantum sensing devices.
Characterizing the quantum properties of the color centers in the semiconductor materials and
ensuring that these properties are uniform over a wide area are key issues for developing quantum
sensing devices based on color centers. In this article, we have developed an optics design protocol
optimized for evaluating the quantum properties of color centers and have used this design approach
to develop a new microscopy system called columnar excitation fluorescence microscope (CEFM).
The essence of this system is to maximize the amount of fluorescence detection of polarized color
centers, which is achieved by large-volume and uniform laser excitation along the sample thickness
with sufficient laser power density. This laser excitation technique prevents undesirable transitions
to undesirable charge states and undesirable light, such as unpolarized color center fluorescence,
while significantly increasing the color center fluorescence. This feature enables fast measurements
with a high signal-to-noise ratio, making it possible to evaluate the spatial distribution of quantum
properties across an entire mm-size sample without using a darkroom, which is difficult with typical
confocal microscope systems.

Color centers such as NV centers in diamonds are expected to be an important tool for quantum sensing because
they are qubits that can be operated at room temperature and atmospheric pressure' . In addition to NV centers
in diamond, various other color centers, such as silicon vacancies in SiC*S, are beginning to be used depending
on the sensing target application’. Magnetic sensing using quantum properties of NV centers has achieved the
sensitivity of less than 1 pT/sqrt (Hz) by applying a large sensor volume®’. Increasing the number of color cent-
ers increases sensor sensitivity, but increasing the density of donors such as color centers and nitrogen increases
dipolar coupling, limiting sensitivity. To improve sensitivity, achieving a large sensor volume with high uniform-
ity and weak dipole coupling is necessary'?. Furthermore, equalizing the quantum properties of each sensor is
crucial for multi-quantum sensor systems such as gradiometers , and it further enhances the performance of the
sensors' 12, Therefore, for even higher sensitivity, uniform, high-quality sensor materials that allow large sensor
volumes are required, and the methods for their evaluation are also important.

Confocal microscopy (CFM), wide-field imaging, and electron spin resonance (ESR) are methods capable of
measuring the quantum properties of color centers. Each method and the CEFM proposed in this study play a
significantly different role. CFM is a measurement technique with excellent spatial resolution, making it ideal for
evaluating a small number of color centers. However, the small detection volume limits the fluorescence signal,
extending each point’s measurement time. Consequently, using CFM to measure the spatial distribution of quan-
tum properties across the entire sample requires sampling a limited number of points in the spatial distribution
and predicting the characteristics outside the measurement area. Wide-field imaging allows single-observation
spatial distribution measurements'*-'7. Measuring quantum properties requires pulse measurements that need
higher laser and microwave power density than continuous wave (CW) measurements (see “Supplemental mate-
rial” for details). The measurement area for the pulse measurements is typically limited to a square, with each side
approximately 100 um long'®-%, necessitating stage movement for larger areas. Moreover, because fluorescence
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is split into individual pixels and stray light reduction is challenging, the signal-to-noise ratio per pixel is less
than that of methods using a single detector in conjunction with a pinhole or optical fiber. ESR is a method that
evaluates the quantum properties of the entire sample as an average value and is not suitable for evaluating the
spatial distribution of quantum properties. To obtain a guideline for improving sensitivity, a method that can
evaluate the spatial distribution of quantum properties in the sensor materials within a millimeter-order spatial
range is desired.

In this study, we describe a design protocol for an optical system that realizes a measurement system capable
of evaluating a wide spatial distribution of quantum properties of color centers and their concentration. We
introduce a newly developed fluorescence microscope system featuring a uniform columnar excitation along
the sample thickness (columnar excitation fluorescence microscope: CEFM) with an instrument configuration
similar to a CFM system. The optical system designed using the method in this study allows for the injection
of a laser beam that is axially uniform throughout the sample and has a relatively large spot size, resulting in
a much larger detection volume. This uniform, significant volume excitation prevents transitions to unwanted
color center charge states and unwanted light, such as fluorescence of unpolarized color centers, surface light,
and background light, enabling sensitive evaluation of the quantum properties of color centers without using
a dark room. Our proposed CEFM method can evaluate the spatial distribution of the quantum properties of
an ensemble of color centers across mm-sized samples in a wide range of concentrations from about one ppb
to more than ten ppm.

Results and discussion

Columnar excitation fluorescence microscope (CEFM)

CEFM is characterized by axially uniform optical excitation throughout the sample with a broader laser spot
diameter than CFM. This feature significantly increases the amount of fluorescence in the color center to be
detected while reducing unnecessary light that drops the signal-to-noise ratio caused by non-uniformity in
optical power density. This unwanted light is emitted for the following reasons. Transitions to color centers with
different charge states are promoted in regions with locally strong optical power density. On the other hand, in
regions where the optical power density is locally weak, the color centers are not polarized, and fluorescence
without quantum state information is emitted. Figure 1 shows a schematic diagram for comparison with existing
color center evaluation methods. The spatial resolution, which correspond to the sample volume to be measured,
of CEFM is inferior than that of CFM while better than that of ESR. In the practical use, CEFM is suitable for
obtaining spatial distribution mapping of quantum properties across the entire mm-size sample. The proposed
method polarizes spin states as efficiently as CFM. In addition, CEFM beam excites a larger area of the sample
surface than CFM, but because it excites uniformly along the sample thickness, the ratio of excitation volume
to surface area is relatively reduced, reducing stray light effects due to impurities on the surface. Eventually, the
measurement time becomes very short when using CEFM. In our paper, we discuss the case of a single photode-
tector, such as an Avalanche Photodiode (APD), in a confocal optical setup. However, by optimizing the optical
power density, as demonstrated in our study; it is also possible to employ an image sensor for measurements. Both
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Figure 1. Comparison of this study with confocal microscopy (CFM) and electron spin resonance (ESR).
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wide-field imaging and CEFM aim to measure the spatial distributions of the target. From a quantum properties
measurement perspective, wide-field imaging excels at high-resolution measurements within a square, with each
side approximately 100 um long. On the other hand, CEFM sacrifices spatial resolution slightly but can cover a
broader range in the millimeter scale with a high signal-to-noise ratio without a dark room. Details of features
of CEFM are described below.

Rayleigh length and excitation volume

First, the optical features of this study are described. Figure 2a shows a schematic comparison of the beam diam-
eter of CEFM and CFM. CFM typically uses a lens system with a high-magnification objective, whereas CEFM
uses a low-magnification objective. This low-magnification lens allows for relatively large laser beam diameters
of approximately 20 um and axially uniform color-center excitation throughout the sample. The Rayleigh length
is used as a measure of laser depth. The Rayleigh length z; is the length from the focal point to the point where
the beam radius is /2 times the waist radius wo which is beam radius at the focal point of the laser. And the
Rayleigh length is defined as

2
=00, M
A
where 1 is the wavelength of the laser (Fig. 2b)?!. Increasing the beam waist radius allows laser irradiation with
a long Rayleigh length.
In this study, the calculations were made by approximating the laser excitation region as a cylindrical shape
[the shaded area in Fig. 2¢] (see “Supplemental material” for details). The average power density of the laser light

passing through this cylinder is %, where Py is the total power of the laser. A 50 x objective lens, which has an

effective focal length of 3.6 mm, is gommonly used in the case of CFM systems, as shown in Fig. 2c. When twice
the Rayleigh length 2Z;, is shorter than the sample thickness, a cylinder of length (indicated by “Rayleigh length”
in the Fig. 2) 2 zg and waist radius wy is taken as the excited volume in the calculation. On the other hand, when
twice the Rayleigh length 2Zj, is longer than the thickness of the sample, the calculation was done using the
thickness of the sample as the length of the cylinder. As the laser beam waist radius increases, the laser excitation
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Figure 2. (a) Schematic comparison of this study (CEFM) and a confocal microscope (CFM) system. As we
will show in this paper, matching twice the Rayleigh length 2Z; to the thickness of the sample, corresponding
to a columnar optical excitation to the sample, maximizes effective fluorescence detection. (b) Dependence

of Rayleigh length on waist radius for laser wavelength 532 nm. (c) Excitation volume along the optical axis
direction for focal lengths of 3.6 mm (red) and 30 mm (blue). The effective focal length of 3.6 mm corresponds
to a 50 x objective lens, and the focal length of 30 mm is used in this study. The blue and red colored squares
with twice the Rayleigh length 2Z; and twice the waist radius on each side represent the effective beam areas
with focal lengths of 30 mm and 3.6 mm, respectively.
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volume rapidly increases. In the calculations below, the sample thickness of 500 um and the incident 532 nm
laser beam radius of 450 pm were applied.

The amount of detected light was evaluated to find the optimal laser beam condition for the CEFM. Specifi-
cally, the excitation volume was calculated by changing the Rayleigh length of the excitation laser, and then the
amount of fluorescence emitted by polarized color centers within this excitation volume and the amount of
collected light were evaluated. Here, these calculations were performed using the energy levels of the negatively
charged NV centers in the diamond (Fig. 3) (see “Supplemental material” for details). The values of the transition
rates of the NV center required for this numerical calculation were taken from the reference by*.

The calculation step consists of two parts: one for the excitation of the NV centers and the other for detecting
the fluorescence of the NV centers. We consider the Rayleigh length dependence of all the calculations to compare
the calculation results well. The beam shape and optical power density change as the Rayleigh length varies. We
calculate this effect for the excitation by decomposing the Rayleigh length dependence of the excitation volume,
total fluorescence, and polarization ratio. The focal length of the lens controls Rayleigh length. Therefore, we
calculate the Rayleigh length dependence of the Rayleigh length of the correction rate of the fluorescence of the
NV center. Each of these calculations is described in detail below.

Excitation signal amount
When the waist radius is very large, the Rayleigh length increases but the laser power density decreases greatly,
resulting in a significant decrease in the polarization ratio of the color center. This phenomenon is confirmed
from the numerically calculated amount of fluorescence emitted from the region excited by the laser beam.
Figure 4 shows the calculated results for the NV center.

The amount of fluorescence emitted from the NV center is calculated using the steady-state population in
states |3>and |4 >as

k31 + k3s s kar + kar s
P33 Pig> (2)
k31 4 ksz + k35 ka1 + kap + ks

Icw =

where p35 and p3} are the elements of the steady state density matrix corresponding to the states |3 >and |4 >and
kij is the transition rate from level i to level j (see “Supplemental material” for details)*. Figure 4a shows the
numerical results of the Rayleigh length dependence of the excitation volume at a laser power of 10 mW. The solid
blue line corresponds to a sample with a thickness of 500 pm, and the dashed red line corresponds to a sample
with infinite thickness. As shown in Fig. 4b, the fluorescence per unit volume decreases due to the lowering of
laser beam power density.

The polarization ratio of a color center is an important indicator because a quantum state cannot be manipu-
lated or read out unless it is polarized. The polarization ratio of a quantum state is defined as

p_ PP 3)
P+ P35

where p7} and p3 are the elements of the steady state density matrix corresponding to the states |1 >and [2>. In
Fig. 4c, The polarization ratio at a laser power of 10 mW is calculated. According to the Eq. (1), there is a posi-
tive correlation between the laser beam diameter and the Rayleigh length. The polarization ratio decreases with
increasing beam diameter that can be written with the Rayleigh length because the laser beam power density
becomes lower [Fig. 4c, inset)].

Furthermore, we study the total signal volume effective for quantum state readout. We calculated the depend-
ence of the product of the detection volume (=7 x w,? x sample thickness), the fluorescence per unit volume I,,,
and the polarization ratio P on the Rayleigh length at a laser power of 10 mW (Fig. 4d). The polarization ratio
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Figure 3. Energy level diagram for the NV center in diamond. The green arrow indicates optical excitation
from the ground state of the NV center. The red arrow indicates fluorescence from the excited state of the NV
center. m; is magnetic sublevel of the NV center. k;; indicates the transition rate from level i to level j.
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Figure 4. Numerical calculations for a 532 nm laser with a beam diameter of 0.9 mm at a laser power of 10
mW. (a) Dependence of excitation volume on the Rayleigh length for sample thicknesses of 500 pm (solid
blue line) and infinity (dashed red line). (b) Rayleigh length dependence of fluorescence intensity. (c) Rayleigh
length dependence of polarization ratio. (inset) A wider view of the Rayleigh length region in (c). (d) Rayleigh
length dependence of the product of excitation volume, fluorescence per unit volume, and polarization ratio.
Blue and red circles correspond to the CEFM and CFM cases, respectively. In the case of CEFM, the value is
approximately 36 times larger compared to CFM. (inset) A wider view of the Rayleigh length region in (d).

is good for the short Rayleigh length corresponding to the narrow waist radius, but the detection volume is so
small that this product value becomes very small. The fluorescence intensity increases rapidly until twice the
Rayleigh length 27, reaches near the thickness of the sample, which corresponds to 500 um. Then, as the twice
the Rayleigh length 2Z; increases further, the product’s value decreases, mainly due to the decrease in laser power
density (Fig. 4d, inset). Note that this calculation is for overall fluorescence emission. The focus calculation is
given in the next subsection.

Consideration of detection ratio and selection of optimal objective lens

In the previous subsection, the total amount of emitted fluorescence was calculated in Fig. 4. This subsection deals
with the photon correction efficiency of CEFM system. Practically, we calculate the amount of detected fluores-
cence, taking into account the focusing performance of the objective lens (Fig. 5a). In this calculation, the beam
radius of the incident laser is fixed at 450 um, so the lens’s focal length can be determined from the waist radius
w,. The numerical aperture (NA) was calculated from the focal length and the objective lens radius. The detec-
tion ratio was then calculated by comparing the ratio with NA =1 (Fig. 5b). The amount of detected fluorescence
for a laser power of 10 mW is obtained by multiplying the product of the detection volume (=7 x w,® x sample
thickness), the amount of fluorescence per unit volume I, and the polarization ratio P. Figure 5c shows the
detected fluorescence as a function of the Rayleigh length. This simulation shows that the maximum amount of
the detected fluorescence occurs when twice the Rayleigh length 27 matches the sample thickness d. This result is
always valid even if the sample thickness changes (see “Supplemental material” for details). Our designed system
can be used without concern for laser power because the Rayleigh length at maximum detected fluorescence is
constant in the practical range of laser power (see “Supplemental material” for details).

Based on the results obtained so far, the required focal length of the objective lens for CEFM is
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Figure 5. (a) Schematic of a sample being excited by a laser and its fluorescence being collected. (b)
Dependence of detection ratio on excitation Rayleigh length for a 1-inch lens (blue) and a 0.5-inch lens
(magenta). (c) Dependence of the product of the polarized fluorescence (Fig. 4d) and the detection rate (Fig. 5b)
for a 1-inch lens (blue) and a 0.5-inch lens (magenta) on the excitation Rayleigh length at 10 mW laser power.
The dashed line represents the location where the Rayleigh length is 0.25 mm, and twice this Rayleigh length
2Zy equals the thickness of the sample.

where D represents the diameter of the incident beam. Here, we use the relationship between the focal length and
the waist radius given by F = ntwyD/2A. In our experimental setup, the incident beam diameter of the 532 nm
laser is 0.9 mm, so we chose the most suitable objective lens focal length from the available choices of commer-
cially available 1-inch achromat lenses is 30 mm.This laser beam, focused by the objective lens with a focal length
of F, excites the sample uniformly along the sample thickness and produces a large amount of fluorescence from
polarized color centers. Because of the strong collected signal and larger beam spot size, typically about 20 um,
CEFM can measure the spatial distribution of properties throughout the entire millimeter-scale size sample.

Comparison of CEFM and CFM: experimental setup and detection efficiency

We will describe the experimental setup incorporating the objective lens necessary to realize CEFM as explained
thus far (Fig. 6a). A significant difference from the typical CFM used in color center experiments is the objective
lens we previously showed and the pinhole or the optical fiber functioning as a pinhole. Additionally, depending
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Figure 6. (a) Schematic of the experimental setup. (b)Schematic comparison of excitation and focusing
volumes for confocal microscopy (CFM) and this study. (c) Product of polarized fluorescence and detection rate
at 10 mW laser power (Fig. 5¢) as a function of detection proportion and excitation beam radius. Blue and red
circles correspond to CEFM and CFM cases, respectively.

on the concentration of the color center, the amount of light detected is considerably higher than that in CFM,
which may necessitate a change in the photodetector and counter (see "Method" section and “Supplemental
material” for details). However, except for the items above, all other components are identical to those in CFM.
Switching between CEFM and CFM is possible by simply replacing these.

In conventional CFM, the spatial resolution is enhanced due to the presence of the small pinhole and the
superior numerical aperture (NA) of the objective lens compared to CEFM. However, the amount of collected
fluorescence decreases due to the effect of the pinhole, as indicated by red rectangle in Fig. 6b. The advantage
of CEFM is that the measurement time is shortened by making identical sizes between detection and excitation
regions, which corresponds to a detection proportion equal to one. The drawback is poor spatial resolution. A
large pinhole, which corresponds to optical fiber core in the case of CEFM, makes this large detection propor-
tion possible, as indicated by red and green rectangles in Fig. 6b. The multimode fiber with a core diameter of
200 pum was used in the following experiment.

Compared to CFM with a pinhole diameter of 1 AU, the detected fluorescence of CEFM is more than 10* times
higher (Fig. 6¢). Thus, assuming that the noise levels of both systems are the same, CFM requires 10® times the
measurement time to achieve the same signal-to-noise ratio as CEFM. In addition, the larger detection volume
means that the surface occupies a tiny percentage of the total volume, making it less susceptible to the emission
light from impurities and other substances on the surface. Due to the many photons detected, CEFM has a wide
concentration range of detectable color centers.

Comparison of measurement signals of CEFM and CFM objective lenses

Figure 7 shows the experimental results of a comparison of the effect of the objective lens on the measurement
data using the same measurement system except for the objective lens (see "Method" section for the experimental
setup). In Fig. 7a,b, an objective lens that produces a laser beam that fits CEFM design was used, and in Fig. 7¢,d,
one of the 50 x objectives commonly used in CEM (MPLAPON 50 x from OLYMPUS) was used. Figure 7a,c show
a comparison of pulse ODMR measurements. The solid red lines are Lorenz fittings for the four resonance lines.
The leftmost resonance dip in Fig. 7a is the deepest because this transition frequency is closest to the resonance
frequency of the microwave circuit. Figure 7b,d show the results of Rabi oscillation measurements. The solid red
line is fitting. In the measurement of CEFM, the Rabi contrast is 3%, which is 38 times larger than the standard
deviation indicated by the purple error bars (Fig. 7b). On the other hand, in the measurement of CEM, it is dif-
ficult to fit the Rabi oscillations, but the signal-to-noise ratio is estimated to be around 1. The signal-to-noise
ratio is much lower in Fig. 7¢,d than in Fig. 7a,b due to the decrease in fluorescence of the polarized color centers
shown in the numerical calculations so far and the conversion from NV~ to NV? caused by high laser power
density?**. These effects become more pronounced in the case of stronger laser power, but the experiments are
impossible because the laser damages the objective lens for CFM.
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Figure 7. Comparative measurements of ODMR spectrum and Rabi oscillation with CEFM objective lens
and a typical objective lens used in CFM. The error bar represents the standard deviation calculated from 100
measurements of the same parameter. (a, b) Measurements of ODMR spectrum and Rabi oscillation with
CEFM objective lens. (¢, d) Corresponding measurements with the typical objective lens used in CFM.

It should be noted that these experimental results compare only the effects of the objective lens, eliminating
the influences of signal-to-noise ratio due to differences in photodetectors, among other factors. Therefore, even
when using the objective lens for CFM, it cannot demonstrate the excellent spatial resolution of CFM due to the
very large pinhole size. In order to utilize the high resolution of CFM, a small pinhole diameter is necessary, and
the signal amount in that case corresponds to Fig. 6¢c. While CEM has the advantage of high spatial resolution,
it significantly limits the signal detected, requiring a longer measurement time than CEFM. Also, because CFM
has spatial resolution in the depth direction, the evaluation of quantum characteristics of the entire sample with
thickness must be inferred from the results of a limited measurement area. On the other hand, CEFM, although
it has a lower spatial resolution, can obtain a large amount of fluorescence and evaluate the quantum charac-
teristics across the entire sample, including local defects and distortions, without omission. From these facts,
CEFM is particularly effective in cases where a large number of samples need to be evaluated*>*” or in sensor
systems that use the entire sample*?°.

Measurement of the spatial distribution of the quantum properties

Figure 8 shows the spatial distribution of the quantum properties of NV centers in the diamond. One pixel
size is 50 pm x 50 pm, and the spatial measurement area was up to 350 um x 1050 pm. Here, the x and y coor-
dinates are those shown in Fig. S1b. Figure 8a shows the results of Rabi oscillation measurements at the point
(%, y)=(-200um, 100um) of Fig. 8b, fitted by the function a;exp(—t/az)cos(2maszt + as) + as, where T is the
microwave irradiation time, a; (i=1-5) is a fitting parameter. Figure 8b shows the spatial distribution of the nt
pulse duration that inverts the quantum state. This data was used to correct for differences in 7 pulse duration
due to different positions on the microwave circuit, thereby improving the accuracy of the T, and T, measure-
ments. The /2 pulse was set to half of the m pulse time. Figure 8c shows the results of the energy relaxation time
T, measurement at the point (x, y) =(-200um, 100um), fitted by the function a;exp(—t/az) + as, where tis the
time duration between n pulse and readout, g; (i=1-3) is a fitting parameter. In T| measurement, 7 pulses of
microwaves were irradiated, and the quantum state was read out as a photoluminescence intensity by a 532 nm
laser excitation after a time t. Figure 8d shows the spatial distribution of the energy relaxation time T, The
energy relaxation time over the entire measurement region of the sample was (11.0 +4.0) ms. Figure 8e is the
result of the phase relaxation time T, measurement at the point (x, y) =(-200um, 100um), fitted by the function
arexp(—(t/az)*), where 1 is the time between the 7 pulse and the readout, a; (i=1-3) is a fitting parameter.
The microwave pulse sequence is 11/2 pulse- 7 pulse—m/2, with 71/2 pulse and n pulse separated by time 1. After
an exposure of the microwave pulse sequence, the quantum states were read out with a 532 nm laser. We have
concluded that the deviation from the fitting function might be the revival caused by the spin bus®. Figure 8f
shows the spatial distribution of the phase relaxation time T,. The phase relaxation time over the entire meas-
urement region of the sample was (21.5+ 1.9) us. The value of T,. is gradually decreasing from the left-side area
to the right-side area. This trend of T, spatial distribution corresponds to the trend of the spatial distribution
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Figure 8. (a) Rabi oscillation measurement at the point (x, y) =(-200um, 100um). (b) Spatial distribution of
7 pulse duration. (c) Energy relaxation time T| measurement at the point (x, y) =(-200um, 100um). (d) Spatial
distribution of NV center energy relaxation time T. (e) Phase relaxation time T, measured at the point (x,

y) =(-200um, 100um). (f) Spatial distribution of phase relaxation time T, at the NV center.

of fluorescence from the NV~ center, as shown in Fig. S1(b). Figures 8f and S1b indicate that T, is decreasing in
increasing density of nitrogen and NV~ center as a decoherence source.

Conclusion

In summary, we have developed a method to rapidly measure the sample information such as quantum properties
of an entire millimeter-scale sample by constructing a fluorescence microscope with columnar excitation by a
long Rayleigh length focused beam. By considering the excitation volume, the polarization ratio of the quantum
state, and the detection efficiency, we found that matching twice the Rayleigh length 2Z; to the thickness of the
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sample produces the highest amount of detected signal. The detected signal is about 10* times larger than the
conventional ideal confocal microscopy. CEFM uses an identical microwave setup with conventional confocal
microscopy to evaluate color centers. Thus, it is possible to use these microwave pulse sequences for CEFM,
such as evaluating NV center density using instantaneous diffusion®*2. Density evaluation of spin defects in the
quantum material, usually performed on the entire sample by ESR*?, can be accomplished using CEFM, with
additional information on spatial distribution. In addition, this method can be used not only for the evaluation of
existing color centers, but also for the discovery of new color centers, as it can take advantage of the high signal-
to-noise ratio to increase the speed for measuring photoluminescence spectra of unknown color centers**?>.

Method

A diamond sample containing NV centers was placed on the microwave resonator?. The resonator is fixed to a
motorized stage with a movable range of 13 mm. A permanent magnet to fix the quantization axis was placed
behind the resonator. The strength of the magnetic field was approximately 2.5 mT. The fluorescence from the
NV centers was collected through the objective lens (AC254-030-AB-ML; Thorlabs) and detected using an
avalanche photodiode (APD410A/M; Thorlabs). An oscilloscope (MDO34; Tektronix) recorded the signal from
the avalanche photodiode and analyzed it to distinguish the spin state of the NV centers. Using an arbitrary
waveform generator (M3202A; Keysight) to generate the laser and microwave pulse sequence, we controlled
an acousto-optic modulator (#35 250-0.2-0.53-XQ; Gooch & Housego) and a transistor-transistor logic (TTL)
switch. After the microwave pulse sequence, a 180 ps measurement laser pulse of 532 nm laser (gem 532; Laser
Quantum) for measurement with 12 mW was irradiated to the NV centers in the diamond. The diamond {111}
single crystal grown by high-temperature/high-pressure (HPHT) synthetic method was used in this study*. The
HPHT samples were irradiated with a 2.0 MeV electron beam with a total fluence of 5.0 x 10'7 cm™ for creating
vacancies in the crystal and then annealed at 1000 °C for 2 h in vacuum to create NV centers (see “Supplemental
material” for details).

Alternatively, the detector can be an imaging camera if high spatial resolution is needed, although we used an
APD in this study. However, an imaging camera requires a dark room and excitation light shielding because the
optical fiber used in this system cannot block stray light. In addition, the detected fluorescence per unit pixel is
much lower than with a single APD. These effects result in a more extensive setup, increased measurement time,
and a lower signal-to-noise ratio. Note that the excitation beam diameter must follow the calculation protocol in
this study. Otherwise, unpolarized color center fluorescence reduces the signal-to-noise ratio. For example, this
effect can be observed by reduced Rabi contrast (see “Supplemental material” for details).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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