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The nitrogen-vacancy (N-V) center in diamond provides a robust, solid-state platform for magnetic
field measurements at room temperature. To harness its potential in inspecting inaccessible regions, here
we present a compact endoscopic configuration of a N-V diamond–based magnetometer. The endoscopic
magnetometer was developed by integration of a large-core optical fiber with a bulk N-V diamond for
laser excitation and photoluminescence (PL) collection. The diamond and fiber were specially shaped to
enhance PL collection through the fiber. Additionally, a three-dimensionally-printed endoscope head was
used to facilitate alignment of the bias magnetic field along the N-V axis. A magnetic field sensitivity of
approximately 3 nT/

√
Hz at 20 Hz was achieved by continuous-wave magnetometry measurements. The

endoscope diameter was restricted to 10 mm to match the dimensions of most commercial endoscopes.
The magnetic field nonuniformity caused by the small separation between the diamond and the magnet in
the endoscope head limited the overall sensitivity. It could be further improved to 0.85 nT/

√
Hz at 20 Hz

by use of a magnet placed at a sufficient distance outside the endoscope head. Our endoscopic design
is mechanically stable and provides additional opportunities for integrating other functionalities into the
probe head as needed.

DOI: 10.1103/qhwp-kf51

I. INTRODUCTION

The negatively charged nitrogen-vacancy (N-V−) cen-
ter in diamond has been extensively investigated for
high-sensitivity sensing of magnetic fields [1–4], temper-
ature [5–7], and electric fields [8,9], as well as for use
in gyroscopes [10], and quantum information process-
ing [11–13]. In magnetic field sensing, extensive work
has been conducted to improve detection sensitivity and
spatial resolution. To achieve higher sensitivity, various
measurement configurations based on pulse sequences
[14–17] have been developed. A magnetic field sensitiv-
ity of 0.5 pT/

√
Hz has been achieved with an ensemble

of N-V centers [18]. For spatial resolution, single N-V
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center–based sensing techniques have led to nanoscale res-
olution [19–21]. However, most of these high-sensitivity
or high-resolution designs are often realized with the use
of high-end instrumentation and are thus better suited
to benchtop operation in isolated environments [14–21].
This may limit the applicability of N-V centers to sens-
ing magnetic fields from sources in spatially confined or
inaccessible environments. For such purposes, a portable
magnetometer with a mobile probe head is highly desir-
able.

For the realization of portable N-V diamond–based
magnetometers, fiber-integrated configurations have been
developed [22–33]. In these configurations, the N-V dia-
mond is generally integrated on the apex of an optical
fiber, and microwaves are delivered via a nearby attached
loop or wire. Multiple approaches, such as the use of a
cuboctahedral microdiamond [22], the incorporation of a
parabolic condenser lens and fiber collimator [23], and
the use of photonic crystal fiber [25], have been con-
sidered in previous work. Magnetic field sensitivity in
the subnanotesla range has been reported for such fiber-
integrated magnetometer configurations [22,23]. Optical
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fiber tapering [27,28], microlens fabrication on the fiber
facet [29], and reflective coatings [30] have been demon-
strated as effective approaches to improve fluorescence
collection in fiber-coupled N-V sensors. Compact probes
that integrate optical delivery and microwave control at the
fiber tip have also been demonstrated [31]. A fiber-coupled
ensemble N-V magnetometer using a compact sensor head
has achieved an unshielded sensitivity of approximately
30 pT/

√
Hz [32]. While a fully integrated, portable con-

figuration with subnanotesla magnetic field sensitivity has
also been developed [33], its use in typical endoscopic
applications may be limited due to its design constraints.

A compact endoscopic configuration having all the
essential components fully integrated into a probe head is
desirable for practical applications ranging from the clin-
ical sector to the industrial sector. In the present study, a
simple and mechanically robust endoscopic magnetometer
is developed for applications in difficult-to-access regions.
The endoscopic configuration is based on the integration
of a bulk ensemble N-V diamond and a large-core (diam-
eter 1.5 mm) optical fiber. Both the diamond and the fiber
were shaped to improve photoluminescence (PL) collec-
tion through the fiber. A three-dimensionally (3D)-printed
endoscope head was used to integrate a permanent mag-
net to apply a bias field and a microwave delivery coil in
the endoscopic probe. The details of the endoscopic design
are presented in Sec. II. A magnetic field sensitivity of
around 3 nT/

√
Hz at 20 Hz was obtained by continuous-

wave (cw) magnetometry measurements. Although the
sensitivity obtained is lower than that for some previously
reported fiber-based systems, the primary objective of this
study is to explore the feasibility of a compact and simple
endoscopic configuration.

II. METHODS

A. Construction of the endoscope

The endoscopic magnetic sensor developed in this study
uses a (100)-cut single-crystal diamond (DNV-B14, Ele-
ment Six) with a N-V center concentration of approx-
imately 4.5 ppm. The N-V diamond was attached to a
multimode optical fiber (FP1500ERT, Thorlabs) with a
1.5 mm core diameter and a numerical aperture (NA) of
0.50. This fiber serves as the main body of the endoscope
for excitation of N-V centers and collection of PL. The
magnetic field sensitivity of the N-V diamond magnetome-
ter fundamentally depends on the collected PL intensity
[1–4]; therefore, both the diamond and the optical fiber
were specifically shaped to improve PL collection through
the fiber. The refractive indices of the core and cladding
of the large-core fiber are specified to be 1.458 and 1.365,
respectively. This corresponds to critical angles of 69.5°
for the core/cladding interface and 43.3° for the core/air
interface. After attachment of N-V diamond to the apex
of the fiber, the emission angle of the PL signal from the

diamond (n ∼ 2.42 at 640 nm) into the fiber core ranges
from 0° to 90°. Thus, inefficient total internal reflection
at certain angles in the fiber section can lead to a certain
amount of PL signal loss. This problem can be remedied
by shaping the fiber facet into a curved geometry with
an angle gradually varying from 0° to 43.3°, as shown
in Fig. 1(a). A combination of diamond lapping/polishing
sheets (Thorlabs) and a rotational grinding machine was
used for precisely curving the bare optical fiber at the
desired angle. The thin cladding layer was removed dur-
ing the process, allowing a lower critical angle condition
at the core/air interface. The fiber apex diameter was
reduced from 1.5 to 1.0 mm. In addition, the diamond slab
(1.5 × 1.5 × 0.5 mm3) was polished into a truncated cone
geometry with 1.0 mm base diameter, 0.5 mm height, and
0.5 mm top diameter. The semivertical angle was approxi-
mately 25° (the critical angle for total internal reflection at
the diamond/air interface is 24.6°), as shown in Fig. 1(b).
This design aims to reduce the trapping of the PL signal
inside the high-refractive-index diamond and to efficiently
direct the PL into the fiber. This shaping work was out-
sourced to Almax easyLab, Belgium. The truncated cone
N-V diamond was affixed to the apex with Norland opti-
cal adhesive NOA 146H. A nonmagnetic coaxial cable
(UT-047C-TP-LL, Amphenol CIT) was used to deliver
microwave excitation to the N-V diamond for transitions
between the ms = 0 and ms =±1 spin states.

The diamond-fiber assembly was inserted into an endo-
scopic instrument channel tube with external and inter-
nal diameters of approximately 4 mm and approximately
3 mm, respectively. For demonstration purposes, a com-
mercially available endoscopic clamp tube for the FUJI-
NON EG-590WR gastroscope was used as the instrument
channel. Note that conventional endoscopes commonly
have an instrument channel with a diameter of approx-
imately 3 mm (outer diameter of approximately 4 mm).
The fiber was secured inside the tube with the use of heat-
shrink tubing, which was tightened sufficiently to prevent
unintentional movement, while still allowing manual rota-
tion and repositioning. The inner conductor of a semirigid
coaxial cable was wrapped around the instrument channel
tube precisely at the N-V diamond position. The other end
of the inner conductor was grounded by connecting it to
the outer conductor. In this configuration, the instrument
channel tube protects the microwave wire from accidental
contact with the diamond, providing a stable configuration.

The alignment of a bias magnetic field along one of the
four N-V axes is a typical way of isolating a single N-V ori-
entation [2–4]. The component of the measured magnetic
field along this axis can be extracted from the shifts in the
optically detected magnetic resonance (ODMR) frequency.
For this purpose, a custom endoscope head was specially
designed and fabricated by in-house three-dimensional
printing, as shown in Fig. 1(c). The endoscope head has
a channel for placing the instrument channel tube. In the

044019-2



FIBER-INTEGRATED N-V DIAMOND. . . PHYS. REV. APPLIED 25, 044019 (2026)
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FIG. 1. (a) Schematic (left) and optical microscope image (right) of the shaped large-core fiber. The fiber core has a refractive index
of 1.458, with a critical angle of 43.3° at the core/air interface. The fiber apex was polished in-house with use of a grinding rotator
motor, gradually varying the angle from 0° to 43.3° near the tip to minimize PL loss. The surface was then finished with a polishing film.
(b) Bulk N-V diamond polished into a truncated cone by Almax easyLab, Belgium. (c) Design of the custom 3D-printed endoscope
head (top and side views), showing dimensions and the magnet configuration for the bias field, along with corresponding photographs.
A magnet placed at its position in the endoscope head can be seen in (c).

head, there is provision for placing a permanent magnet
(3 mm diameter, 1 mm width, N50 neodymium magnet)
aligned toward a preselected N-V diamond position. The
diameter of the endoscope head was deliberately restricted
to 10 mm, which is the typical size of clinically used
endoscopes, for instance, the Endoeye HD II 10 mm from
Olympus. This enables the design’s applicability across a
wide range of applications. The vacant space in the endo-
scope head can be further used to incorporate additional
channels for monitoring, cleaning, etc.

As the endoscopic design demands a narrower diameter
(approximately 10 mm), the distance between the N-V
diamond and a permanent magnet is constrained. Alter-
native approaches, such as attaching a combination of
small magnets directly to the fiber near the diamond,
were also explored to isolate the N-V axis. These meth-
ods proved to be technically challenging and less effective
for achieving precise control of the bias magnetic field
alignment. However, this approach was recently investi-
gated in another study, showing the growing interest in the
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development of a N-V diamond–based endoscopic magne-
tometer [34]. In contrast, our 3D-printed endoscope head
allows a ring-shaped permanent magnet to be positioned in
a dedicated slot angled at 54.74° to the vertical axis, corre-
sponding to the N-V orientation in the diamond lattice. The
fiber fitted comfortably within the endoscope, enabling
precise rotation and axial translation for fine alignment of
the magnetic field along the N-V axis. The diamond-fiber
assembly was also carefully positioned and rotated inside
the instrument channel tube to align the N-V axis with the
magnetic field. This controllable rotation and translation of
the fiber-integrated diamond provides flexibility in select-
ing the N-V axis, in addition to the mechanical stability
provided by the heat-shrink tubing around the fiber.

The back end of the optical fiber was used to deliver
532 nm cw excitation laser light to the N-V diamond and
to collect the PL signal, unless otherwise mentioned. All
other optical components, except the excitation laser, were
integrated into a portable setup (30 × 30 cm2), as depicted
in Fig. 2. The excitation laser was coupled into the setup
through a fiber-coupling arrangement. The 532 nm exci-
tation and the PL signal were separated with the use of a
dichroic mirror, and a 650 nm long-pass filter was used
for selection of the PL of N-V− centers. The microwave
signal was delivered by connecting the amplified output
to the semirigid coaxial cable through an SMA connector
(not shown). This configuration allows the optical setup to
be moved to remote locations.

B. Instrumentation

A continuous-wave 532 nm laser (CNI-MGL-III-
532 nm) was used to excite the N-V diamond. The laser
power at the portable optical setup was 300 mW. Two iden-
tical photodetectors (PDA100A, Thorlabs) operated at the

same gain settings were used to detect the PL and refer-
ence laser signals for balanced measurement. Microwaves
were generated with a Hewlett-Packard E4421B signal
generator and amplified by a Mini-Circuits ZHL-16W-43-
S+ power amplifier. To protect the microwave source, the
line included a microwave circulator/isolator and 50 �

terminations. The internal low-frequency function gener-
ator built into the microwave signal generator provided
the low-frequency signal for frequency modulation. A dig-
ital lock-in amplifier (SR850, Stanford Research Systems)
was used for lock-in detection of the frequency-modulated
signal. The balanced configuration of the lock-in ampli-
fier was used to suppress laser source–induced noise. The
time constant of lock-in amplifier was set to 1 ms, corre-
sponding to a bandwidth of 125 Hz at a filter setting of 12
dB/octave. The signal was maximized using the in-phase
output (X ) of the lock-in amplifier and digitized using an
NI USB-6363 BNC data-acquisition device. A homemade
LabVIEW (National Instruments) program was used for
synchronization and measurement control.

III. RESULTS AND DISCUSSION

The optical response of the shaped diamond-fiber
assembly was evaluated with a homebuilt confocal micro-
scope. For this, as shown in Fig. S1 in Supplemental
Material [35], the N-V diamond attached to the fiber was
directly excited with an air objective lens (0.6 NA), and
the PL signal collected at the fiber end was approxi-
mately 12 times stronger than that detected through the
same objective. This demonstrates efficient PL coupling
from the truncated-cone diamond into the curved fiber.
Ray-tracing simulations (see Fig. S2 in Supplemental
Material [35]) were performed for both the shaped fiber-
diamond geometry and the unshaped diamond slab–fiber
geometry [36]. The simulations show a PL collection

OD 10 mm
MW cable

around

instrument

channel tube

N-V diamond

on the fiber

apex

f = 25 mm

650 nm LPF

f = 25 mm

PD

532 nm

cw laser

BS f = 100 mm DM

Balanced detection

Heat-shrink

tube

Endoscope

arm30 × 30 cm2

FIG. 2. System configuration of the developed N-V diamond–based endoscopic magnetometer, showing the optical measurement
setup and the endoscope head. BS, beam splitter; DM, dichroic mirror; LPF, long-pass filter; MW, microwave; OD, outer diameter;
PD, photodiode.
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FIG. 3. (a),(d) ODMR spectrum obtained with a bias magnetic field aligned along the N-V axis with a permanent magnet placed (a)
in the endoscope head and (d) at a sufficient distance to provide a uniform field at the N-V diamond. (b),(e) Time trace recorded in
the linear region of the lock-in spectrum [red in (a), (d)] under an applied test magnetic field with a projection strength of 1 μT rms at
20 Hz along the N-V axis. (c),(f) Magnetic field sensitivity derived from FFT analysis of the time traces in (b),(e), showing an average
noise floor of approximately 3 nT/

√
Hz and approximately 0.85 nT/

√
Hz at 20 Hz, respectively. Black and red curves correspond to

the cases with microwave excitation turned on and off, respectively.

efficiency of approximately 30% for our shaped geome-
try, compared with approximately 2.8% for the unshaped
diamond slab–fiber geometry, confirming the significance
of geometry optimization. For reference, the reported PL
collection efficiency is approximately 2% for a diamond
slab with a 0.6 NA air objective and 10% or less with
a 1.45 NA oil-immersion objective [37]. The enhanced
collection achieved with the shaped diamond-fiber assem-
bly highlights the advantage of our design. Moreover, the
optical fiber provides a flexible and portable medium for
both excitation and collection, paving the way for compact
endoscopic N-V diamond magnetometers.

To test the performance of the endoscopic magnetome-
ter, the cw-ODMR spectrum for the magnetic field aligned
along the N-V axis was measured by the lock-in detec-
tion method. The microwaves were frequency modulated
for the lock-in detection with the use of a sine wave
low-frequency reference signal. The frequency modulation
depth was optimized to maximize the slope in the lock-
in signal corresponding to the [111] axis. A representative
ODMR spectrum, measured at a modulation frequency of
5 kHz and a modulation depth of 8.5 MHz, is shown in
Fig. 3(a). The spectrum shows a clear ODMR signal for a
well-isolated [111] axis. The linear region with maximum
slope for the ms = 0 to ms = −1 resonance is marked in red.

The magnetic field sensitivity of the developed endo-
scope was evaluated by application of a known ac test
magnetic field. A homebuilt Helmholtz coil was used to
generate a magnetic field of 1.73 μT rms at a frequency
of 20 Hz along the [100] crystallographic direction at the
N-V diamond position. The component of this field pro-
jected onto the [111] axis was 1 μT rms. Before these
measurements, the Helmholtz coil was calibrated by com-
paring the theoretically calculated magnetic field, based on
the Helmholtz coil configuration, with the magnetic field
values inferred from shifts in the ODMR resonance fre-
quencies. As shown in Fig. 3(b), a time trace was recorded
at a sampling rate of 1000 samples/s over 1 s, within
the linear region of the lock-in signal highlighted in red
in Fig. 3(a). The time-domain signal was analyzed with
use of a fast Fourier transformation (FFT) to obtain the
rms amplitude spectral density. A distinct spectral peak
at 20 Hz, corresponding to the applied test field of 1 μT
rms, was observed, as shown in Fig. 3(c). This analysis
indicates an average magnetic field noise floor of approxi-
mately 3 nT/

√
Hz at 20 Hz. For comparison, the magnetic

field sensitivity with a diamond slab with the same specifi-
cation (DNV-B14) was measured with a homebuilt confo-
cal configuration, yielding a noise floor of approximately
1 nT/

√
Hz. The lower sensitivity in the endoscope case,
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compared with the confocal measurements, is attributed to
broadening of the ODMR linewidth due to the magnetic
field nonuniformity over the illuminated area of the dia-
mond. This suggests that sensitivity could be improved
by optimizing the configuration of the permanent mag-
net within the endoscope head, an approach that will be
explored in future work.

The effect of magnetic field nonuniformity in the
diameter-constrained endoscopic magnetometer was fur-
ther evaluated. For this, a bias magnetic field along the
N-V axis was applied by means of a larger-diameter perma-
nent magnet placed at a sufficiently large distance, instead
of the closely placed endoscopic magnet. This configura-
tion was assumed to provide a uniform magnetic field at
the N-V diamond. In the following discussion, this con-
figuration is referred to as “configuration B,” while the
original design with the magnet integrated into the endo-
scope head is referred to as “configuration A.” The ODMR
spectrum measured with configuration B using the lock-in
detection method is shown in Fig. 3(d). Hyperfine split-
ting was clearly observed, which was absent in the ODMR
spectrum for configuration A. The optimized modulation
depth was approximately 0.6 MHz. This suggests that the
nonuniform magnetic field at the N-V diamond in config-
uration A of the endoscope causes linewidth broadening,
thereby limiting the sensitivity.

Further, the same test field at 20 Hz frequency with 1 μT
rms projected along the [111] axis was applied. As shown
in Fig. 3(e), a time trace was recorded at a sampling rate
of 1000 samples/s over 1 s, within the linear region of the
lock-in signal for the ms = 0 to ms = −1 transition. From
the FFT analysis of the time trace in Fig. 3(e), an average
magnetic field noise floor of approximately 0.85 nT/

√
Hz

at 20 Hz was obtained, as shown in Fig. 3(f).
These results show a significant improvement in the sen-

sitivity compared with configuration A. It is worth noting
that for configuration B further improvement in the sen-
sitivity (approximately 4 times) can be expected through
simultaneous driving of hyperfine transitions and dou-
ble resonance excitation [38]. Configuration B is suitable
for test environments that allow the use of an exter-
nally applied bias field. However, configuration A remains
advantageous in scenarios where the use of an external
magnet is restricted, as is typically the case in endoscopic
applications.

IV. CONCLUSIONS

An endoscopic configuration of a N-V diamond–based
magnetometer was developed. A bulk diamond with a N-
V concentration of approximately 4.5 ppm was attached
to the apex of a large-core optical fiber, which served for
both excitation and PL collection. To maximize PL col-
lection, the diamond was polished into a truncated-cone
geometry with a semivertical angle corresponding to the

critical angle (24.6°) of the diamond/air interface, and
the fiber facet was shaped into a curved geometry based
on the core/air critical angle (43.3°). The diamond-fiber
assembly was inserted into a commercially available endo-
scopic clamp tube (4 mm outer diameter), occupying the
instrument channel of conventional endoscopes. A cus-
tom 3D-printed head was designed to accommodate the
channel tube and to include a slot for a permanent mag-
net, enabling application of a bias magnetic field. Manual
control of the fiber-diamond assembly allowed rotation
and translation for alignment of the N-V axis with the
magnetic field. The total diameter of the endoscope head
was restricted to 10 mm, ensuring compatibility with clin-
ically used endoscopes. A magnetic field sensitivity of
approximately 3 nT/

√
Hz at 20 Hz was achieved by cw

magnetometry. When the bias field was applied with a
magnet placed externally to the endoscope, the sensitivity
improved to approximately 0.85 nT/

√
Hz at 20 Hz. Both

configurations demonstrated here provide practical utility
for magnetic field measurements in otherwise inaccessible
regions.

ACKNOWLEDGMENTS

This work was supported by Institute of Information
and Communications Technology Planning & Evaluation
(IITP) Grants No. RS-2022-II221026 and No. RS-2025-
02215576 funded by the Korean Government (MSIT), and
the Global-Learning & Academic Research Institution for
Master’s · PhD Students and Postdocs (G-LAMP) program
of the National Research Foundation of Korea funded by
the Ministry of Education (Grant No. RS-2023-00285390).

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] A. Gruber, A. Dräbenstedt, C. Tietz, L. Fleury, J.
Wrachtrup, and C. von Borczyskowski, Scanning confo-
cal optical microscopy and magnetic resonance on single
defect centers, Science 276, 2012 (1997).

[2] J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M.
Taylor, P. Cappellaro, L. Jiang, M. V. Gurudev Dutt, E.
Togan, A. S. ZIbrov, et al., Nanoscale magnetic sensing
with an individual electronic spin in diamond, Nature 455,
644 (2008).

[3] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-
Hmoud, J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hem-
mer, A. Krueger, et al., Nanoscale imaging magnetometry
with diamond spins under ambient conditions, Nat. Mater.
7, 383 (2008).

[4] J. F. Barry, J. M. Schloss, E. Bauch, M. J. Turner, C.
A. Hart, L. M. Pham, and R. L. Walsworth, Sensitivity

044019-6

https://doi.org/10.1126/science.276.5321.2012
https://doi.org/10.1038/nature07279
https://doi.org/10.1038/nature07278


FIBER-INTEGRATED N-V DIAMOND. . . PHYS. REV. APPLIED 25, 044019 (2026)

optimization for NV-diamond magnetometry, Rev. Mod.
Phys. 92, 015004 (2020).

[5] V. M. Acosta, E. Bauch, M. P. Ledbetter, A. Waxman, L. S.
Bouchard, and D. Budker, Temperature dependence of the
nitrogen-vacancy magnetic resonance in diamond, Phys.
Rev. Lett. 104, 070801 (2010).

[6] D. M. Toyli, C. F. de las Casas, D. J. Christle, V. V.
Dobrovitski, and D. D. Awschalom, Fluorescence ther-
mometry enhanced by the quantum coherence of single
spins in diamond, Proc. Natl. Acad. Sci. U.S.A. 110, 8417
(2013).

[7] N. M. Beaver and P. Stevenson, Selective temperature sens-
ing in nanodiamonds using dressed states, Adv. Quantum
Technol. 7, 2400271 (2024).

[8] F. Dolde, H. Fedder, M. W. Doherty, T. Nöbauer, F. Rempp,
G. Balasubramanian, T. Wolf, F. Reinhard, L. C. L. Hol-
lenberg, F. Jelezko, and J. Wrachtrup, Electric-field sensing
using single diamond spins, Nat. Phys. 7, 459 (2011).

[9] M. Block, B. Kobrin, A. Jarmola, S. Hsieh, C. Zu, N. L.
Figueroa, V. M. Acosta, J. Minguzzi, J. R. Maze, D. Bud-
ker, and N. Y. Yao, Optically enhanced electric field sensing
using nitrogen-vacancy ensembles, Phys. Rev. Appl. 16,
024024 (2021).

[10] A. Jarmola, S. Lourette, V. M. Acosta, A. G. Birdwell,
P. Blümler, D. Budker, T. Ivanov, and V. S. Malinovsky,
Demonstration of diamond nuclear spin gyroscope, Sci.
Adv. 7, 3840 (2021).

[11] T. H. Taminiau, J. Cramer, T. van der Sar, V. V. Dobrovitski,
and R. Hanson, Universal control and error correction in
multi-qubit spin registers in diamond, Nat. Nanotechnol. 9,
171 (2014).

[12] Z. Xu, Z.-Q. Yin, Q. Han, and T. Li, Quantum informa-
tion processing with closely-spaced diamond color centers
in strain and magnetic fields, Opt. Mater. Express 9, 4654
(2019).

[13] R. Katsumi, K. Takada, F. Jelezko, and T. Yatsui, Recent
progress in hybrid diamond photonics for quantum infor-
mation processing and sensing, Commun. Eng. 4, 85
(2025).

[14] A. Tayefeh Younesi, M. Omar, A. Wickenbrock, D. Bud-
ker, and R. Ulbricht, Towards high-sensitivity magnetom-
etry with nitrogen-vacancy centers in diamond using the
singlet infrared absorption, Phys. Rev. Appl. 23, 054019
(2025).

[15] Y. Zhang, Z. Li, Y. Feng, H. Guo, H. Wen, J. Tang,
and J. Liu, High-sensitivity DC magnetic field detection
with ensemble NV centers by pulsed quantum filtering
technology, Opt. Express 28, 16191 (2020).

[16] A. F. L. Poulsen, J. D. Clement, J. L. Webb, R. H. Jensen,
L. Troise, K. Berg-Sørensen, A. Huck, and U. L. Ander-
sen, Optimal control of a nitrogen-vacancy spin ensemble
in diamond for sensing in the pulsed domain, Phys. Rev. B
106, 014202 (2022).

[17] M. Wang, M. Caouette-Mansour, A. Solyom, and L. Chil-
dress, Comparing continuous and pulsed nitrogen-vacancy
DC magnetometry in the optical-power-limited regime, J.
Opt. Soc. Am. B 41, 62 (2024).

[18] J. F. Barry, M. H. Steinecker, S. T. Alsid, J. Majumder, L.
M. Pham, M. F. O’Keeffe, and D. A. Braje, Sensitive ac and
dc magnetometry with nitrogen-vacancy-center ensembles
in diamond, Phys. Rev. Appl. 22, 044069 (2024).

[19] R. S. Said, D. W. Berry, and J. Twamley, Nanoscale magne-
tometry using a single-spin system in diamond, Phys. Rev.
B 83, 125410 (2011).

[20] W. S. Huxter, M. L. Palm, M. L. Davis, P. Welter, C.
H. Lambert, M. Trassin, and C. L. Degen, Scanning gra-
diometry with a single spin quantum magnetometer, Nat.
Commun. 13, 3761 (2022).

[21] Y. Li, F. A. Gerritsma, S. Kurdi, N. Codreanu, S.
Gröblacher, R. Hanson, R. Norte, and T. van der Sar,
A fiber-coupled scanning magnetometer with nitrogen-
vacancy spins in a diamond nanobeam, ACS Photonics 10,
1859 (2023).

[22] M. Zhao, Q. Lin, Q. Meng, W. Shan, L. Zhu, Y. Chen, T.
Liu, L. Zhao, and Z. Jiang, All fiber vector magnetometer
based on nitrogen-vacancy center, Nanomaterials 13, 949
(2023).

[23] G. Chatzidrosos, J. S. Rebeirro, H. Zheng, M. Omar, A.
Brenneis, F. M. Stürner, T. Fuchs, T. Buck, R. Rölver,
T. Schneemann, et al., Fiberized diamond-based vector
magnetometers, Front. Photonics 2, 732748 (2021).

[24] A. Kuwahata, T. Kitaizumi, K. Saichi, T. Sato, R. Igarashi,
T. Ohshima, Y. Masuyama, T. Iwasaki, M. Hatano, F.
Jelezko, et al., Magnetometer with nitrogen-vacancy cen-
ter in a bulk diamond for detecting magnetic nanoparticles
in biomedical applications, Sci. Rep. 10, 2483 (2020).

[25] I. V. Fedotov, S. M. Blakley, E. E. Serebryannikov, P. Hem-
mer, M. O. Scully, and A. M. Zheltikov, High-resolution
magnetic field imaging with a nitrogen-vacancy diamond
sensor integrated with a photonic-crystal fiber, Opt. Lett.
41, 472 (2016).

[26] I. V. Fedotov, L. V. Doronina-Amitonova, D. A. Sidorov-
Biryukov, N. A. Safronov, S. Blakley, A. O. Levchenko, S.
A. Zibrov, A. B. Fedotov, S. Ya. Kilin, M. O. Scully, V.
L. Velichansky, and A. M. Zheltikov, Fiber-optic magnetic-
field imaging, Opt. Lett. 39, 6954 (2014).

[27] Die Fang, Yibo Wang, Xin Wang, Yaoguo Gao, Zhengfei
Zhang, Mengjia Liu, Shuo Wang, Feng Xu, Zhifei Yu, Jian-
pei Geng, Peng Qian, Jing-Wei Fan, and Bing Chen, Robust
1-μm-resolution magnetic probe enabled by optical trap-
ping of nanodiamonds on a tapered fiber, Nano Lett. 25,
10572 (2025).

[28] D. Duan, G. X. Du, V. K. Kavatamane, S. Arumugam, Y.-
K. Tzeng, H.-C. Chang, and G. Balasubramanian, Efficient
nitrogen-vacancy centers’ fluorescence excitation and col-
lection from micrometer-sized diamond by a tapered optical
fiber in endoscope-type configuration, Opt. Express 27,
6734 (2019).

[29] Man Zhao, Qijing Lin, Qingzhi Meng, Wenjun Shan,
Liangquan Zhu, Yao Chen, Libo Zhao, and Zhuangde Jiang,
Efficient fluorescence coupling microlens integrated fiber
magnetometer probe based on nitrogen vacancy centers,
Opt. Lett. 48, 4045 (2023).

[30] Shao-Chun Zhang, Hao-Bin Lin, Yang Dong, Bo Du, Xue-
Dong Gao, Cui Yu, Zhi-Hong Feng, Xiang-Dong Chen,
Guang-Can Guo, and Fang-Wen Sun, High-sensitivity and
wide-bandwidth fiber-coupled diamond magnetometer with
surface coating, Photonics Res. 10, 2191 (2022).

[31] Stefan Dix, Jonas Gutsche, Erik Waller, Georg von Frey-
mann, and Artur Widera, Fiber-tip endoscope for optical
and microwave control, Rev. Sci. Instrum. 93, 095104
(2022).

044019-7

https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1103/PhysRevLett.104.070801
https://doi.org/10.1073/pnas.1306825110
https://doi.org/10.1002/qute.202400271
https://doi.org/10.1038/nphys1969
https://doi.org/10.1103/PhysRevApplied.16.024024
https://doi.org/10.1126/sciadv.abl3840
https://doi.org/10.1038/nnano.2014.2
https://doi.org/10.1364/OME.9.004654
https://doi.org/10.1038/s44172-025-00398-2
https://doi.org/10.1103/PhysRevApplied.23.054019
https://doi.org/10.1364/OE.392279
https://doi.org/10.1103/PhysRevB.106.014202
https://doi.org/10.1364/JOSAB.502566
https://doi.org/10.1103/PhysRevApplied.22.044069
https://doi.org/10.1103/PhysRevB.83.125410
https://doi.org/10.1038/s41467-022-31454-6
https://doi.org/10.1021/acsphotonics.3c00259
https://doi.org/10.3390/nano13050949
https://doi.org/10.3389/fphot.2021.732748
https://doi.org/10.1038/s41598-020-59064-6
https://doi.org/10.1364/OL.41.000472
https://doi.org/10.1364/OL.39.006954
https://doi.org/10.1021/acs.nanolett.5c02307
https://doi.org/10.1364/OE.27.006734
https://doi.org/10.1364/OL.492891
https://doi.org/10.1364/PRJ.462851
https://doi.org/10.1063/5.0100330


SATBIR SINGH et al. PHYS. REV. APPLIED 25, 044019 (2026)

[32] S. M. Graham, A. T. M. A. Rahman, L. Munn, R. L.
Patel, A. J. Newman, C. J. Stephen, G. Colston, A. Nikitin,
A. M. Edmonds, D. J. Twitchen, M. L. Markham, and
G. W. Morley, Fiber-coupled diamond magnetometry with
an unshielded sensitivity of 30 pT/

√
Hz, Phys. Rev. Appl.

19, 044042 (2023).
[33] F. M. Stürner, A. Brenneis, T. Buck, J. Kassel, R. Rölver,

T. Fuchs, A. Savitsky, D. Suter, J. Grimmel, S. Henges-
bach, et al., Integrated and portable magnetometer based
on nitrogen-vacancy ensembles in diamond, Adv. Quantum
Technol. 4, 2000111 (2021).

[34] A. J. Newman, S. M. Graham, C. J. Stephen, A. M.
Edmonds, M. L. Markham, and G. W. Morley, Endo-
scopic diamond magnetometer for cancer surgery, Phys.
Rev. Appl. 24, 024029 (2025).

[35] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/qhwp-kf51 for analysis of the optical

response of the shaped diamond-fiber assembly using a
homebuilt confocal microscope and ray-tracing simula-
tions.

[36] S. Singh, H. Lee, N. A. Nguyen, S. Kang, J. H. Shim,
S. Oh, and K-G. Lee, Ray tracing PL collection simula-
tions_COMSOL, Zenodo, https://doi.org/10.5281/zenodo.
18030226 (2025).

[37] D. Le Sage, L. M. Pham, N. Bar-Gill, C. Belthangady,
M. D. Lukin, A. Yacoby, and R. L. Walsworth, Effi-
cient photon detection from color centers in a dia-
mond optical waveguide, Phys. Rev. B 85, 121202
(2012).

[38] S. Oh, S.-J. Lee, J. H. Shim, N. W. Song, and T. T. Hien,
Quantum diamond microscopy with optimized magnetic
field sensitivity and sub-ms temporal resolution, J. Appl.
Phys. 133, 204402 (2023).

044019-8

https://doi.org/10.1103/PhysRevApplied.19.044042
https://doi.org/10.1002/qute.202000111
https://doi.org/10.1103/znt3-988w
http://link.aps.org/supplemental/10.1103/qhwp-kf51
https://doi.org/10.5281/zenodo.18030226
https://doi.org/10.1103/PhysRevB.85.121202
https://doi.org/10.1063/5.0142448

	I. INTRODUCTION
	II. METHODS
	A. Construction of the endoscope
	B. Instrumentation

	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


