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Hybrid diamond quantum sensor with submicrokelvin resolution under ambient
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Nitrogen-vacancy (N-V) centers in diamond are promising quantum sensors due to their ultralong
coherence time under ambient conditions and multimodal sensing capability. N-J centers are strongly
coupled to magnetic fields, leading to unprecedented sensitivity in magnetic field sensing. However, the
coupling strengths between N-J centers and other crucial parameters, such as temperature and pressure, are
not as strong as that of the magnetic field, resulting in a relative low sensitivity. A previous study showed
that the temperature sensitivity of a diamond quantum sensor could be largely improved by magnetic
criticality enhancement. Here, we propose and demonstrate a hybrid quantum thermometer composed of
bulk diamond with ensemble N-J centers and a gadolinium magnetic flux concentrator. In addition to the
magnetic criticality enhancement of gadolinium, our scheme leverages the magnetic flux concentration
and ensemble N-7 centers, achieving a temperature sensitivity of about 251.5 nK/+/Hz. Near the criti-
cal point, the spin resonance to temperature (df1./d7) reached 57.3 MHz/K under an external magnetic
field of 1.213 G, which is about 774 times enhanced compared with that of bare N-V centers. The submi-
crokelvin temperature resolution of our hybrid thermometer can be used in the calibration of a reference
point of temperature, integrated marine environmental surveys, laser-frequency stabilization, aerospace
high-stability temperature-control systems, and many other practical applications on a macroscopic

scale.
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I. INTRODUCTION

Precise temperature detection plays a crucial role in
various scenarios. In addition to nanoscale temperature
monitoring [1], e.g., in living cells or nanocircuits, ultra-
sensitive temperature detection at the macroscopic scale
is also essential, such as the calibration of a refer-
ence point of temperature [2], ultrasensitive temperature
monitoring in satellites [3], laser-frequency stabiliza-
tion, and integrated marine environmental surveys [4].
Macroscale thermometers with or beyond pwK/+/Hz sen-
sitivity include fiber-based thermometers (fiber-loop mir-
ror [5] and polarization-maintaining fiber [6]), resonator-
based thermometers (such as whispering-gallery-mode
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resonators [7—9] and Fabry-Perot resonators [10,11]), and
resistance thermometers [3]. However, the fabrication of
fiber-loop mirrors and Fabry-Perot resonators is compli-
cated and expensive; the best temperature-stabilization
range of a polarization-maintaining fiber is only 10 pK;
whispering-gallery-mode resonators require precise posi-
tioning to couple the light into the resonator, limiting
their applications in liquid or other complicated environ-
ments; a resistance thermometer requires complex circuits
and usually suffers from electromagnetic interference [12].
Hence, a thermometer that has ultrahigh sensitivity, easy
operation mode, a wide working-temperature range, and
good compatibility under ambient conditions is highly
desired.

Nitrogen-vacancy centers (N-V centers) [13—15] in dia-
mond are already demonstrated to be excellent quantum
sensors due to their ultralong coherence times, even under
ambient conditions [16], and capability of multimodal
sensing, such as magnetic fields [17-21], temperature
[22-30], electric fields [31,32], and pressure [33—37]. N-V
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thermometry has been attractive for the past few years due
to its nanoscale spatial resolution; good biocompatibility;
and more importantly broad working conditions, which
include a large working-temperature range from cryogen-
ics to 1000 K [38—40], pressure range from vacuum to
140 GPa [36], and magnetic field range from zero field
[41-43] to 4.2 T [44]. The N-V center in diamond is a
kind of defect center, which consists of a nitrogen atom
and a substitutional vacancy. The two unpaired electrons
compose a spin-1 system. Due to the spin-spin interac-
tion, there is a zero-field splitting, Dgs = 2.87 GHz, of the
ground state between m; = 0 and m; = £1, which has a
temperature dependence of dDgs/07T = —74 kHz/K [22].
By using dedicated pulse sequences and a N-V center with
a good coherence time in ultrapure diamond, the sensitivity
of a single N-V center is about mK /+/Hz [24-26]. For nan-
odiamonds that can work in living cells, the sensitivities

are limited to about several K/+/Hz [45-47]. All optical
methods based on detection of the Debye-Waller factor
of the N-J fluorescence spectrum avoid the employment
of microwaves, but the sensitivities are also at the level of
about K/+/Hz [48-50].

Recently, hybrid temperature-sensing schemes were
proposed and demonstrated. By using the magnetic criti-
cality of a single magnetic nanoparticle, a hybrid nanother-
mometer composed of a single magnetic nanoparticle and a
single nanodiamond realized a sensitivity of 11 mK/+/Hz
[28]. Using a single N-V center in a diamond pillar with
both bright photon counts and good coherence, the poten-
tial sensitivity of such a hybrid nanothermometer could
realize about WK /+/Hz. This configuration was achieved
experimentally with a sensitivity of 76 wWK/+/Hz at the
nanoscale [29]. The main concept of the hybrid scheme is
to transfer the temperature variation to the magnetic field
to which the N-V center is most sensitive. As for N-V
magnetometry, in recent work, a magnetic flux concen-
trator (MFC) was proposed and demonstrated to further
improve the sensitivity of the magnetic field by a factor
of 472 [51,52] and realized a distinguished magnetic field
sensitivity of (195 & 60) fT/+/Hz.

Based on these results, we developed a hybrid sensor by
combining bulk diamond containing ensemble N-J centers
and a couple of magnetic concentrators made of gadolin-
um (7¢ ~ 290 K). The hybrid thermometer leverages the
magnetic criticality enhancement, magnetic field concen-
tration effect, and the large photon counts of ensemble
N-V centers. Near the ferromagnetic-paramagnetic phase
transition of gadolinium, the temperature sensitivity was
improved by 4 orders of magnitude compared with sin-
gle N-V centers in bulk diamond, resulting in a sensitivity
of about 251.5 nK/+/Hz. The MFCs amplify the magnetic
flux along the N-J axis by a factor of about 14.84, achiev-
ing a dc magnetic field sensitivity of about 31.67 pT/+/Hz
as well.

II. RESULTS

A. Experimental setup and sensing principle

To investigate the temperature sensitivity and magnetic
field sensitivity of our hybrid system, we put the whole
system in a temperature chamber, as shown in Fig. 1(a).
The temperature chamber was controlled by a series of
thermoelectric coolers and monitored by a Pt100 temper-
ature sensor. A Helmholtz coil was utilized to generate
external magnetic fields. The configuration of the hybrid
thermometer is illustrated in the inset of Fig. 1(a), which
is composed of bulk diamond with ensemble N-J centers
(N-V density estimated to be about 0.3 ppm, by comparing
it with the photon current of a reference diamond sam-
ple with known density) and a couple of MFCs made of
gadolinium (Curie temperature ~290 K). The Curie tem-
perature, T¢, is determined as the temperature where the
magnetization susceptibility reaches its maximum value
[53] (details in Sec. IV). To perform the optically detected
magnetic resonance (ODMR) [13—15] measurements, we
used a 532-nm green laser to excite the spin state from the
side of bulk diamond and collect the photoluminescence at
the other side by a photodetector (PDA100A2, Thorlabs),
which is connected to a lock-in amplifier (MFLI-500 kHz,
Zurich Instruments). Laser fluctuations were recorded by
another photodetector with a variable neutral-density filter
(VNDF) for noise cancellation. The microwaves generated
by the arbitrary waveform generator (AWGS5202, Tek-
tronix) or signal generator (SSG-6000RC, Mini-Circuits)
were amplified by an amplifier (ZHL-16W-43+4, Mini-
Circuits) and then fed into the system by a PCB board
to control the spin states. The reference frequency of the
lock-in amplifier (LIA) generated by AWGS5202 in the
experiment was set to 1 kHz in our experiments for a
better signal-to-noise ratio. The geometry of the MFCs is
shown in Fig. 1(b). The distance (2d) between the two
MFCs is 0.70 mm, the length (s) of the top square cross
section of the rectangular cuboid is 4 mm, and the height
(Ly) of the rectangular cuboid is 10 mm. For the con-
ical frustum, the radius of the top () and bottom (R)
and the height (H;) are 5, 30, and 90 mm, respectively.
The MFCs concentrate the magnetic flux in a specific
area. The magnification effect of MFCs depends on the
shape design, the magnetic permeability of the material,
and the relative position to the MFCs. For a given shape
and gadolinium magnetic permeability, we could obtain
the magnification factor (¢) as a function of the rela-
tive permeability, as discussed in Sec. IV. Then we used
a finite-element analysis method (FEM) to simulate the
magnification distribution of the transection area of the
dashed line denoted in Fig. 1(b) under a relative permeabil-
ity of wu, = 30. The simulated magnetic field distribution
is uniform in a large area, as shown in Fig. 1(d). The
bulk diamond (3 x 3 x 0.5 mm?) is located in this uniform
region.
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Three factors contribute to the final temperature sensi-
tivity detected by N-V centers. First, the MFCs concentrate
and magnify the magnetic flux at the diamond location.
Second, near the ferromagnetic-to-paramagnetic phase-
transition point, the magnetic permeability of gadolinium
changes significantly with temperature. Consequently, the
magnification factor (¢) changes sharply with temperature,
and the susceptibility |0e/dT| will reach a maximal value
near the critical point. Hence, a small temperature varia-
tion can be transduced to a large magnetic field change via
both MFC magnification and magnetic criticality enhance-
ment. In addition, the sensitivity is further improved by
using bulk diamond with condensed N-V centers instead
of single N-J centers in bulk diamond for their brighter
photon-count rates [15].

In the following, we analyze the sensitivity in detail.
The ground state of the N-V center is a spin triplet with
a zero-field splitting of Dgs &~ 2.87 GHz between m; = 0
and m; = £1, even under zero field, as shown in Fig. 1(c).
The spin transitions of N-V centers are shifted under mag-
netic fields. The simplified Hamiltonian of N-} centers can
be written as

H = DgsS? + y.B- S, (1)

where S =(S,,S,,5.) is a spin operator, B is the
external magnetic field amplified by MFCs, and y, ~
2.803 MHz/G is the electron gyromagnetic ratio. Note that
the strain effects are ignored here as for N-V centers in bulk
diamond, the strain effects are much smaller than MHz
[54-56]. To measure the temperature and magnetic field
simultaneously, here we use the continuous-wave (cw)
method with the lock-in technique [51,52,57]. Hence, the

FIG. 1. Principle of the hybrid thermometer.
(a) Tllustration of the experiment device. Whole
system is put into a temperature chamber con-
trolled by thermoelectric coolers (TECs) and
monitored by a Pt100 temperature sensor with
proportional-integral-derivative (PID) controller
with a temperature stability of 4+0.05 K. Exter-
nal magnetic field is controlled by a Helmholtz
coils. SG (signal generator) and AWG5202 are
microwave sources for measurements. PD, pho-
todetector; HWP, half-wave plate; BS, beam-
splitter; CI, coaxial isolator; LPF, low-pass fil-
ter. (b) Magnified view of the hybrid sen-
sor. Couple of MFCs made of gadolinium, the
Curie temperature of which is about 290 K.
Bulk diamond with ensemble N-J center (N-
V' density ~0.3 ppm) located at the center of
the two MFCs, dashed gray line. (c) Energy
levels of the ground states of N-V centers.
(d) Simulation of the magnification distribution of
the central region (transection area of the dashed
gray line) under relative permeability u, = 30.

sensitivity of temperature is evaluated as follows [51,52]:

AL
(dG Ccos Q/dT)BextyeLv\/ 2f '

New = 8TVt = 2)

where 67 is the minimum detectable temperature, ¢ is
the corresponding measurement time, AL is the minimum
detectable signal intensity measured under nonresonant
conditions, € is the magnification factor of the MFCs, Bey
is the magnetic field applied by Helmholtz coils along the
MFC symmetrical axis, € is the angle between the mag-
netic field and the z axis of the N-V centers, L, is the
maximum slope in the cw spectra, and f* is the equivalent
noise bandwidth of the system (50 Hz in our experiments).

B. Magnification of the MFC near phase transition

First, we investigate the magnification-temperature
dependence and measure the magnification at different
temperatures experimentally. All the measurements are
performed after the temperature inside the chamber is sta-
ble. Temperature is calibrated by the thermometer in the
vicinity of the diamond. The external magnetic field gen-
erated by the Helmholtz coil current is calibrated by a flux-
gate magnetometer. To obtain the magnification factor at a
certain temperature, we measure the resonant frequencies,
f+, of ODMR spectra at different external magnetic fields.
The resonant frequencies under an external magnetic field

024053-3



MUSANG GONG et al.

PHYS. REV. APPLIED 21, 024053 (2024)

are described as follows [28,58]:

2¢2R 2
Jf+ &~ Dgs & Ye€Bext cOS 9\/1 + )/ez‘—e)‘ttan2 0 sin26
G

Dgs>
3 )/ezezBext2
2Dgs

sin. 3)
In our experiment, the external magnetic field is paral-
lel to the [100] orientation. Hence, the angles between
the z axes of all four N-V orientations and the external
magnetic field are the same, namely, 6 ~ 54.7°. By fitting
the resonant frequencies as a function of magnetic fields
with Eq. (3), we obtain the amplified axial magnetic field,
which is parallel to the N-V z axis (B, = €Bex cosf). At
a specific temperature, the measured axial magnetic field
(B;) increases linearly with the increasing applied exter-
nal magnetic field, as depicted in Fig. 2(a). The slope of
the linear curve fitting gives the axial magnification factor
() = e cosf) of the MFC at the corresponding temper-
ature. The measured axial magnification factors (¢j) at
different temperatures are summarized in Fig. 2(b). The
magnification factor is associated with many parameters,
such as the shape of the MFC, the relative permeabil-
ity of the material, and the leakage coefficient (which is
not a simple function when relative permeability is lower
than 100), just to name a few. More details are shown
in Sec. IV. In our case, the relative permeability changes
with temperature due to demagnetization and is lower than
100, as shown in Fig. 5(d). Hence, we employ a sig-
moidal function to fit the axial magnification factor as a
function of temperature, as represented by the red line
in Fig. 2(b).

To avoid destruction of the ODMR contrast caused
by a large misaligned magnetic field [59], we carried
out measurements under a small external magnetic
field (Bext = 1.213 G). We measured the ODMR spec-
tra at different temperatures and selected data are
presented in Fig. 3(a). In Fig. 3(a), the resonant
frequencies of both my=—1<«m; =0 (blue data
and lines) and my;=+41<m; =0 (red data and
lines) change significantly with temperature at around
290 K, indicating the significant enhancement of
our hybrid scheme. The differences of the measured
resonant frequencies (fy —f_) under different tempera-
tures are plotted as black dots in Fig. 3(b). Since we have
obtained the axial magnification factor as a function of the
temperature in Fig. 2(b) (the sigmoidal fitting function),
the difference of the resonant frequencies (f; —f_) as a
function of temperature can be fitted based on Eq. (3) with
the given €|(7) and 6. The fitting curve is shown as a
black line in Fig. 3(b). The deviation of |d(f. — f_)/d7T],
obtained from the fitting curve [red line in Fig. 3(b)],
reaches the maximum value at 290.2 K with a value of
114.5 MHz/K, which is about 774 times enhanced com-
pared with that of bare N-V centers (—74 kHz/K). Note
that the most sensitive temperature is 290.2 K, which is
slightly different from the measured Curie temperature
(Te = 289.9 K) obtained by a vibrating sample measure-
ment (details are given in Sec. IV). We attribute such a
minor difference to the fact that the magnification fac-
tor of MFCs does not change linearly with the increasing
relative permeability, resulting in the temperature corre-
sponding to the maximum susceptibility of the resonant
frequencies’ difference (f, —f_) being higher than the
Curie temperature of Gd.
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FIG. 2. Temperature dependence of magnification factors. (a) Magnification factors measured by N-V centers at specific tem-
peratures. (b) Summary of the measured axial magnification factor as a function of temperature. Error bars indicate standard
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ODMR measurements at different temperatures with an external magnetic field of 1.213 G. (a) ODMR spectra at different
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as a function of temperature. Deviation of d(f,. — f_)/dT is illustrated as a red line. Absolute value of |d(f; — f_)/dT]| reaches the

maximum value at 290.2 K. Error bars indicate standard errors.

C. Magnetic field and temperature-sensitivity
measurements

Then we try to experimentally demonstrate the magnetic
field and temperature sensitivity of our hybrid system.
We use the dual-resonance technique [52] by monitoring
the spin transitions of both m; = 0 <> my; = —1 and my
0 < m; = +1 to measure the magnetic and temperature
fluctuations. The sensitivity is obtained by averaging the
signal fluctuations from 10 to 50 Hz, as shown in Fig. 4(b).
We experimentally measure the magnetic sensitivity at
different temperatures, and then obtain the temper-
ature sensitivity according to the susceptibility of
the spin-resonance-frequency deviation to temperature,
[0(f. —f_)/0T|, at the corresponding temperature and
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external magnetic field, B.y; see the red and black points in
Fig. 4(a). The best experimental magnetic field sensitivity

is 31.67 pT/+/Hz at 290.52 K, and the best experimental
temperature sensitivity is 251.5 nK/+/Hz at 290.52 K.

I11. DISCUSSION

The sensitivity of our hybrid scheme can be fur-
ther improved. First, we can use a [111]-orientated dia-
mond sample to generate a magnetic field flux along the
N-V z axis for higher ODMR contrast, even under strong
magnetic fields. Second, a solid immersed lens can be
fabricated at the side of diamond to further increase the
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FIG. 4. Magnetic field and temperature-sensitivity measurements. (a) Measured temperature sensitivities (black dots) and magnetic
field sensitivities (red dots) near the critical temperature. (b) Noise spectra from 10 to 50 Hz for the best temperature sensitivity
(251.5 nK/+/Hz, black line) and magnetic field sensitivity (31.67 pT/+/Hz, red line) at 290.52 K in (a). Error bars indicate standard
errors.
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Principle of MFCs. (a) Magnification of MFCs as a function of relative permeability by FEM simulation. When the relative

permeability reaches 1000 or more, magnification of MFC approaches saturation. (b) Magnified data of the red dashed box in (a). Slope
changes significantly when the permeability is close to 1. (c) Magnetic moment as a function of temperature under 1.3 G measured
by a physical property measurement system (PPMS). Curie temperature of the gadolinium bulk is 289.96 K from the measurement.
(d) Relative permeability as a function of temperature, which is derived from the curve in (c).

photon-count rate. In addition, we can use a diamond sam-
ple with higher N-V density to further improve the photon-
count rate. Note that beyond a certain density, undesired
interactions between different N-Vs should be considered
as they could result in a rapid decay of the coherence
[15]. While a recent experimental demonstration shows
the feasibility to decouple these interactions with deli-
cate design of pulse sequences [60]. In addition, further
increasing the sensing volume of N-JV centers through
optimizing the laser excitation area and fluorescence col-
lection volume can also improve the sensitivity for a given
N-V density. Furthermore, the magnification factor can be
further improved by decreasing the distance between the
two MFCs with a smaller diamond sample. With these
parameters optimized, the sensitivity, in principle, can be
enhanced up to a level of about 36 nK/+/Hz.

The hybrid thermometer works under ambient pressure
and room temperature, so the optimized hybrid thermome-
ter has broad applications in various fields. For example,
one promising application is for temperature-reference-
point calibration. It can be used to calibrate the resistance
of thermistors and explore a phase-change material near
room temperature. Another promising application is for

use as a prototype temperature-stabilization subsystem
for a space-borne gravitational wave detector [3], laser-
frequency stabilization [61], and aerospace high-stability
temperature-control systems [3].

IV. METHODS
A. Setup

In our setup, the lateral face of diamond was glued
onto a compound parabolic concentrator (CPC). The CPC
[20,51,62] is a nonimaging optical component that can
collect the photoluminescence emitted from the entire dia-
mond sample. A lens (AC254-200-A, Thorlabs) is used to
focus the 532-nm laser and the focused laser-spot radius is
about 50 wm with a depth of field of 26.5 mm longer than
the side length (3 mm) of diamond. The collection volume
is therefore limited by the laser-spot radius, which is esti-
mated to be m x 3 x 0.05> mm>. The laser power used in
our experiment is 50 mW (a power density of 2 wW/um?),
which is much lower than the saturation power excitation
(1 mW/um?) to minimize the laser heating effect. The
whole setup is put into a homemade temperature chamber.
A thermoelectric cooler (TEC) controlled by an AI-516
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FIG. 6. Parametric FEM simulation of MFCs. (a) Magnification factor as a function of length (s) of the square cross-section side.
Different lines correspond to different values of height (L) of the rectangular cuboid. (b) Magnification factor as a function of top radius
(r) of the conical frustum with different height (H,) of the conical frustum. (c) Magnification factor as a function of top radius () of the
conical frustum with different bottom radius (R) of the conical frustum. (d) Magnification factor as a function of relative permeability
with different distance (2d) between the two MFCs. Star in each figure is the value chosen in our magnetic flux concentrator.

PID controller (Yudian Automation Technology, China)
was used to control the incubator at a preset temperature;
the incubator was wrapped in polyurethane foam thermal
insulation panels. The heat is transferred from the TECs
to a liquid cooling system. The homemade Helmholtz coil
driven by the TD1605 (Suzhou TASI, China) stable current
source was used to generate the magnetic field parallel to
the MFC axis. The cw ODMR measurements were per-
formed by using a signal generator. For magnetic field
and temperature-sensitivity measurements, the AWG5202
was used to generate a high frequency to modulate the rf
signal and reference signal for LIA at the same time. To
achieve a higher sensitivity to magnetic field and temper-
ature, different experiment settings were tested and 1-kHz
modulation frequency with 1-MHz modulation depth were
chosen finally.

B. Design of MFCg

The MFCs are generally made from high relative
magnetic permeability materials, such as permalloy, the

relative permeability of which is higher than tens of thou-
sands [51]. The magnification factor, €, of MFCs of conical
frustum shape can be written as [63]

7 R?

§2

_ B %
(I + N (ur — 1))

: “)

where By is the external magnetic field along the z axis; B.
is the amplified magnetic field along the same direction;
and N, and pu, are the demagnetizing coefficient (along
with the z direction) and relative permeability of the MFC,
respectively. 8 is the leakage coefficient, s is the length of
the square cross-section side, and R is the bottom radius of
the MFC. Given the geometry of the MFC shown in Fig.
1(b), the magnification factor of the MFC depends on its
relative permeability, as illustrated in Fig. 5(a). The mag-
nification factor saturates when the relative permeability
reaches 1000 or more. And it changes sharply when the
relative permeability of the MFC is smaller than 100, as
shown in Fig. 5(b). Here, we chose gadolinium as the MFC
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material. Figure 5(c) shows the magnetic moment versus
temperature [m(7)] curve determined by vibrating sample
measurements using a PPMS. The measured Curie temper-
ature is 289.96 K. The relative permeability is related to
the magnetic moment through w, =1+ M /H, where M
is the volume magnetization and H is the strength of the
applied magnetic field. Therefore, w,(7T) could be derived
from m(T), as shown in Fig. 5(d). The relative permeabil-
ity of Gd in the temperature region from 250 to 330 K
is lower than 100, which is in the region where the MFC
changes sharply with u,. Hence, the sharp magnification-
factor variation, together with the sharp magnetic moment
variation, contributes to the huge changes of the magnetic
field at the N-J location, making gadolinium suitable for
the temperature sensor in our case.

Then we consider the contribution of the demagnetiza-
tion coefficient () to the magnification factor, which is
determined by the shape of the MFC. We use FEM to
simulate the magnification factors with different size
parameters (L, Hi, R, 2d, s, r), as depicted in Fig. 6.
Considering the experimental conditions, which require a
uniform magnification in the diamond area and enough
space for loading the CPC at the same time to achieve the
highest magnification factor, the optimal parameters of our
MFC are denoted as black stars in Fig. 6.
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