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ABSTRACT

We present a robust, fiber-based endoscope with a silver direct-laser-written structure for radio frequency (RF) emission next to the optical
fiber facet. Thereby, we are able to excite and probe a sample, such as nitrogen-vacancy (NV) centers in diamond, with RF and optical signals
simultaneously and specifically measure the fluorescence of the sample fully through the fiber. At our targeted frequency range of around
2.9 GHz, the facet of the fiber core is in the near-field of the RF-guiding silver structure, which comes with the advantage of an optimal RF
intensity decreasing rapidly with the distance. By creating a silver structure on the cladding of the optical fiber, we achieve the minimal possible
distance between an optically excited and detected sample and an antenna structure without affecting the optical performance of the fiber.
This allows us to realize a high RF amplitude at the sample’s position when considering an endoscope solution with integrated optical and RF
access. The capabilities of the endoscope are quantified by optically detected magnetic resonance (ODMR) measurements of an NV-doped
microdiamond that we probe as a practical use case. We demonstrate a magnetic sensitivity of our device of 17.8 nT/v/Hz when measuring the
ODMR exclusively through our fiber and compare the sensitivity to a measurement using a confocal microscope. Moreover, the application
of our device is not limited to NV centers in diamonds. Similar endoscope-like devices combining optical excitation and detection with radio
frequency or microwave antenna could be used as a powerful tool for measuring a variety of fluorescent particles that have so far only been
investigated with bulky and large optical setups. Furthermore, our endoscope points toward precise distance measurements based on Rabi
oscillations.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0100330

I. INTRODUCTION Usually, solid-state color centers are investigated optically in
a microscope with an additional microwave setup.'” Therefore,

During the last two decades, the nitrogen-vacancy (NV) center a variety of fiber-tip integrations have been developed relaxing
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in diamond has been extensively studied for magnetic field
sensing”’ and thermometry in bio-medical applications® as well
as quantum information processing.” As a sensor, this solid-state
system can be addressed, manipulated, and read out harnessing
optical and microwave (MW) fields’ and reaches sensitivities in
the order of < 1 nT/\/E.(‘ Furthermore, it has been observed
in host crystals as small as 5 nm”® and has been introduced
into living cells.” This extreme miniaturization and compatibil-
ity goes well beyond the capabilities of, e.g., alkali vapor cells,’
which have been shown to exhibit even improved sensitivities of

n<1fT/v/Hz.""

the need for bulky measurement apparatus. However, in most of
these applications, the microwave fields, which are crucial for spin-
manipulation, were supplied by an external antenna located at a
comparatively large distance in the order of a few millimeters to
the host diamond."”"* In order to reduce the overall MW powers
applied to an examined sample in close proximity, which are typi-
cally in the range from mW to several W,”” and to simultaneously
sustain the driving field strength needed for vector magnetometry
with NV centers, a coupling of the magnetic near-field component
to the spins is necessary. Here, we present the prototype of a fiber-
tip antenna that allows MW manipulation as well as optical control
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of NV centers simultaneously. A schematic drawing and two images
of the fabricated device are shown in Fig. 1. It consists of a com-
mercially available multimode fiber and two attached silver wires
which are fixed in position with epoxy resin. The wires are con-
nected by an Q-shaped antenna fabricated using metallic direct laser
writing (mDLW) in a silver-based photo-resist on the fiber facet’!
and conductivity is increased in a galvanic post process. Such anten-
nas are widely applied for magnetometry with NV centers due to
their homogeneous magnetic field in the center.”” The diameter of
the prototype has a size of d = 2.5 mm in order to use commercially
available tools for fiber processing and to fit into fiber caps for stor-
age. We emphasize that the diameter can be further reduced without
changing the general production steps. The length of the prototype’s
fiber is I = 1.4 m, and the unprocessed side of the fiber is connected
to the optical setup used for optical access and readout. The MW sig-
nal is fed from a microwave source to the silver wires with a standard
SMA-jack. We describe our presented device as an endoscope since
it is designed to be able to detect ODMR measurements in space-
constrained areas, which we can realize by the flexible optical fiber
and an RF emitting structure on the tip featuring a diameter of the
tip of d = 2.5 mm.

We point out that the application of the device presented
here is not limited to magnetometry using NV centers. Harnessing
the coherence properties of the NV-center, we show the working-
principle of the fiber-tip antenna as a distance sensor based on the
measurement of the Rabi frequency Q in a pulsed ODMR mea-
surement. Moreover, the device could also be employed in the
coherent microwave control of Silicon-Vacancy (SiV) centers in
diamond,”*** Boron-Vacancy centers (VB™) in hexagonal Boron-
Nitride (hBN),”” or Divacancies in Silicon-Carbide (SiC).”® Further-
more, the fiber-tip antenna presented here could also be a powerful
tool for precise microwave control of cold gases inside”” or in close
proximity to an optical fiber’® as well as for the excitation of spin
waves.”’

In the following, we detail the device fabrication using mDLW
on the fiber facet. Moreover, we measure the antenna characteristics
by means of scattering parameters and show that a high coupling
of the magnetic field in close proximity is achieved. Finally, we
investigate the device’s sensing capabilities by applying it as an NV
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magnetometer and distance sensor using cw and pulsed ODMR and
compare it to a conventional microscope setup.

Il. DEVICE FABRICATION

In order to fabricate a compact, robust endoscope with an inte-
grated RF antenna on an optical multimode-fiber as an optical access
port, we chose a design for the endoscope head that is similar to a
typical fiber ferrule with a diameter size of 2.5 mm. The fabrication
starts with a polytetrafluoroethylene (PTFE) mold in a cylindrical
shape with 25 mm height and a diameter of 20 mm as shown as
a half section schematic in Fig. 2(a). A bore hole with a drill dia-
meter of 2.5 mm and a depth of around 22 mm is added centered
in the lid surface of the cylinder. From the other side of the cylin-
der, three holes with a 0.3 mm drill are added, where one hole is
also centered, and the two other holes are drilled in a 0.5 mm dis-
tance left and right from the center such that the three holes are
aligned along the diameter of the cylindrical holder. Since PTFE is
a relatively soft material, the actual size of the 0.3 mm bore holes is
slightly smaller and perfectly fit a 200 ym silver wire (99.99% silver)
and a 125 pm cladded fiber with a 50 um core diameter (Thorlabs
FGO050LGA) without significant clearance. The silver wires are sub-
sequently added into the mold and taped to the sides to achieve a
slightly V-shaped path such that cables are not in physical contact
avoiding a short circuit. In the next step, a partially stripped fiber is
added such that the end of the stripped part is roughly in the cen-
ter of the mold. The 0.3 mm holes are sealed up with a removable
gum-like glue (Fixogum) and filled with epoxy resin and hardener
HT2 from R&G. During the 24 h curing process at room temper-
ature, the fiber is fastened in a centered position at the top of the
mold. A schematic half section image of the filled mold is shown in
the left part of Fig. 2(a). After curing, the PTFE mold is sliced in
half by sawing from both sides until the mold can carefully be bro-
ken and the epoxy with the fiber and silver cables is extracted. To
improve the stability and avoid breaking of the fiber for the following
process, shrink tubing is added to increase the stiffness and ensure
electrical insulation between both silver wires. In the next step, the
facet of the sensor head is polished on diamond polishing paper for
optical fibers in a bare ferrule fiber polishing puck (D50-F) from

FIG. 1. Schematic of the fiber-tip endoscope antenna (a). A silver-based mDLW antenna is fabricated on the facet of an optical fiber and connected to additional silver wires.
The MW signal is supplied to the cables via an SMA-jack, which is soldered to the silver wires. Optical access for excitation and read out of NV centers is provided by the
multimode fiber. An image of the whole sensor including a one euro coin as a size reference is shown in (b). In (c), a microscopic image of the final silver structure on the

sensor tip is depicted.
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FIG. 2. The production of our endoscope starts with a PTFE mold for silver wires and fiber, which is shown in the left and central image in (a). The result after extraction and
polishing of the sensor tip is shown in the right section of (a). (b) shows the geometrical construction and dimensions of the silver structure drawn over an image of the fiber
facet, which is planned to be directly laser written on. The geometrical shape and size of the structure is adapted to the actual position of silver wires and the optical fiber
core by taking images with the microscope system of the PPGT using the 20x, 0.5NA objective. For a scale reference, the calibrated stage of the PPGT is utilized. The red
circle has an inner diameter of 100 m and an outer diameter of Die = 120 um with a gap distance at the bottom of Lgap = 30 um and is centered around the fiber core.
As a connection between the circle and the outer silver wires, a taper structure (yellow) is created. The blue part of the structure marks the overlapping area between the
taper structure and the silver wires. The values of the relevant sizes are Lizper. =469 ym, Ligperr =393 pm, and Dyire = 200 um. After creating the antenna structure, the
fiber stays mounted in the special mount (c) for the DLW process, which was also used for taking the microscope images of the sensors tip with the PPGT. The resulting
structure is shown in (d). Since this is a not well enough conducting structure a galvanization post process (e) is realized. The final structure is shown in (f).

Thorlabs preparing a flat surface for the direct laser writing pro-
cess. The sensor’s surface after polishing is shown on the right side
in Fig. 2(a).

With the geometry given after polishing, we design an
Q-shaped antenna structure consisting of a circle with a gap
connected by two tapers to the silver wires, as shown in Fig. 2(b).
For the direct laser-writing process of such a structure, we employ a
2D silver resist consisting of silver-perchlorate, water, and trisodium
citrate.”’ A special mount for the fiber, shown in Fig. 2(c), is holding
the fiber in position during the writing process at a small distance
of around 100-150 ym above a glass substrate with the silver resist
on top of it. In order to reduce the evaporation of the silver resist,
an additional ring around the fiber and the silver resist is added
and sealed with Fixogum. The writing process is carried out on a
commercial Nanoscribe system (Photonic Professional GT, PPGT),
which uses a femtosecond 780 nm laser for two-photon reduction.
Using an air objective (20 x 0.5NA, Nanoscribe), we write the struc-
ture in three slices with a slicing distance of 1.5 ym and hatched in
0.3 pm steps with a writing speed of 200 ym/s. The two additional
slices improve the structure density, where less silver was deposited
due to the surface roughness of the fiber tip during the writing pro-
cess or microscopic holes and cracks in the surface. The final silver
structure consists of elementary silver and is developed by rinsing
water over the sensor head and blow-drying with compressed air.
The DLW structure connecting both silver wires and forming the
antenna on the fiber facet is shown in Fig. 2(d). In general, the loop
design for the mDLW antenna is given by two major considera-
tions. First, the loop diameter is chosen such that it does not block

nor reflect light guided in the fiber core. Second, the loop is cho-
sen as small as possible to achieve a high field in the center and a
small penetration depth. With such a design, we expect to achieve a
rapid change of the field amplitude (and as we show later, the Rabi
frequency) when varying the distance between antenna and dia-
mond without reducing the fluorescence collection. The thickness
of the DLW structure is approximately on the order of below 1 ym,
because the 2D resist cannot provide higher structures, and a 2.5D
resist failed in producing sufficiently high quality structures due to
overheating. Electrical resistance measurements after the develop-
ment process of the structure show an ohmic resistance in the kQ
to MQ range, which can be explained by the thin silver layer in
combination with microscopic cracks and holes at borders between
different materials and in the surface of the fiber tip. To improve
the conductivity of the structure, an additional galvanization step is
performed as depicted in Fig. 2(e). To this end, a commercial gal-
vanization solution from Marawe is used. The solution consists of
a silver-electrolyte and a surfactant for a smooth surface. The volt-
age in the galvanic solution is set to 0.8 V, and the structure is kept
in the solution for 6 min in total and then rinsed with water. A sil-
ver wire (99.99 %) with a diameter of 200 ym serves as a cathode.
After galvanization, the final antenna structure, which is shown in
Fig. 2(f), has an ohmic resistance of R = 0.51 Q) measured through
both silver wires and the structure itself with a digital multimeter
(Keithley 2100 6 1/2 DIGIT MULTIMETER) after subtraction of the
resistance of the connecting cables. The thickness of the silver struc-
ture z is subsequently measured with an optical microscope setup
described below using an objective with a NA of 0.5. The distance
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z between the focus points of sharp images of the antenna surface
and the fiber facet surface is used to estimate the thickness. Hereby,
a thickness of the structure of about z ~ 5 ym is determined.

For the optimization of the antenna’s resonance frequency, the
length of the silver wires are cut to a multiple of the wavelength Are
at the resonance frequency of fres = 2.87 GHz which corresponds to
Ares & 104.46 mm. This underlines the statement that the sample that
is examined lies in the near-field regime of the endoscope since the
working distance of the endoscope is well below d < 2Ares.”! Subse-
quently, the wires are soldered to an SMA-jack and the resonances
of the antenna are measured with a vector network analyzer (VNA)
MS2038C from Anritsu. The resonance frequency of the antenna is
adjusted by modifying the length of the silver cables and measuring
the frequency response using the VNA. Further shrink tubing and
furcation tubing are then added to the whole cable length to reduce
the flexibility of the device and increase the stability of all compo-
nents and the resonance frequency of the antenna, which can shift
due to external stress on the sensor or bending of the wires. In the
last step, an FC/PC adapter is connected to the end of the optical
fiber enabling a quick connection of the sensor to a laser source via
a fiber coupler.

Ill. ANTENNA CHARACTERISTICS

As a first step for the characterization of the produced antenna
structure the scattering parameter S;1, a value for the reflected power
of the antenna is measured with the VNA. For Sii, a small value
is desirable corresponding to a large fraction of the power irradi-
ated from the antenna. For a two-port measurement, the scattering
parameters determined by the VNA are defined as

by S Sa)(ar
= , (1)

b, Sz Sn) \a

where a represents the incoming wave at each antenna, b the
reflected wave and the index is the number of the port of the respec-
tive antenna. The reflection parameter Sy, in the area of the expected
resonance of an NV center around 2.87 GHz is shown in Fig. 3. We
observe a reduction of the S;; parameter to —22 dB within a band-
width (-3 dB) of Avy_3qp = 6.9 MHz around a resonance frequency
of 1 res = 2.846 GHz of the antenna. Furthermore, we observe shifts
in the order of few 10 MHz in the antenna’s resonance frequency
due to bending of the RF guiding silver wires and due to the pres-
ence of a close by detector, for example, a second antenna in close
proximity, which is shown in Fig. 7 in Appendix A. In the pro-
posed example application of magnetometry with NV centers, the
Zeeman shift due to a magnetic bias-field is typically several orders
of magnitude larger than the bandwidth of the antenna.” Therefore,
in broadband applications such as ODMR measurements with NV
centers, antennas are often driven off resonance and we use the high
field intensity in close proximity to the silver DLW structure to effi-
ciently couple to the magnetic dipole transitions of the spin-states.
We point out that due to the endoscope design, it is necessary to
connect the mDLW structure with comparatively long silver wires
parallel to the optical fiber. Therefore, the antenna including the
connection wires cannot be electrically short, i.e., the length of the
wire is in the order of the wavelength and shows a sharp resonance.

ARTICLE scitation.orgljournal/rsi
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FIG. 3. The dependence of the experimental scattering parameter Sy on the fre-
quency. The minimum occurs close to the aimed frequency to drive the NV centers’
spin transitions at 2.87 GHz.

However, the design idea of the endoscope is to produce a high mag-
netic field on the fiber’s tip in order to drive spin transitions. This is
achieved by a high current flowing through the mDLW structure.
Thus, we have chosen to match the antenna resonance to the cen-
ter of the desired frequency range. This matching strategy ensures
that a current node in the mDLW structure is as far away as possi-
ble in frequency space. Therefore, we achieve a current flow through
the mDLW structure over the maximum possible frequency range
given by the endoscope design. In addition to further measurements
in Sec. V, which determine the microwave’s magnetic field intensity
as a function of distance to the antenna structure, a measurement
of S,1 is shown in Fig. 7 in Appendix A. Since measurements with
a VNA, such as the ones shown additionally in Fig. 7, cannot fully
distinguish between the electrical or magnetic field components and
macroscopic antennas cannot be considered as point-like, we utilize
diamonds containing NV centers and Rabi oscillations as a detec-
tion method to characterize the distance dependence of the magnetic
field intensity emitted by the antenna, which is described in detail in
Sec. V. In the course of these measurements, we have verified that
the antenna properties are unchanged, if powers of up to 40 dBm
are applied in measurements taken over a period of several weeks in
total.

IV. TEST SETUP FOR MEASUREMENTS
WITH NV CENTERS

In order to test the device produced, we employ additionally a
microscope for NV magnetometry as depicted in Fig. 4. The sample
examined consists of a glass substrate with 15 um-sized microdia-
monds hosting NV centers with a doping of cnv = 3.5 ppm from
Adamas Nanotechnologies. The NV center is a paramagnetic, opti-
cally active point defect in the diamond lattice composed of a substi-
tutional nitrogen atom (N) and an adjacent vacant lattice site (V).”
This defect features local energy levels in the diamond’s band-gap,
which can be addressed with optical and microwave wavelengths,
as depicted in the level-scheme in Fig. 4. Its ground state splits
into a spin-triplet with D = 2.87 GHz zero-field splitting between
the m; = 0 and degenerate m; = +1 spin states, quantized along the
NV-axis. This ms = 1 degeneracy is split by crystal strain E and
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FIG. 4. Overview of the measurement setup including the level scheme of the NV~ center. A diode laser (DL) is coupled into the optical fiber of the endoscope and
microwaves are applied to the mDLW-antenna at the MW connection wires. The fluorescence light of NV-centers in a single-crystalline microdiamond is either gathered with
the microscope objective into the confocal beam path or with the endoscope. In both paths, the fluorescence light is transmitted to a fiber-coupled single-photon counting
module (SPCM). This setup enables simultaneous detection in both beam-paths and, therefore, a comparison between confocal microscope and endoscope.

the presence of an external magnetic field Bex. In the experimen-
tal setup, we apply a permanent magnet fastened a few centimeters
away from the sample as an external static magnetic field source.
Ground-state splitting and Zeeman shift, caused by the magnetic
field component along the NV-axis, can be described by the spin
Hamiltonian,"”

H =hDS; + hE (S~ S}) + S - Bexts (2)

where h is the Planck constant, § = (S, S, ;)" is the vector of the
Pauli matrices and y = p, g /h is the splitting constant with the Bohr
magneton 4, and Lande-factor g . The optically excited state is ener-
getically separated by 1.945 eV corresponding to a zero phonon line
(ZPL) at Azpy = 637 nm. The line is strongly broadened by phononic
states of higher energy allowing for off-resonant excitation at room
temperature. Thus, the excited states can decay under the emission
of a photon in the phonon-broadened band ranging from 637 to
800 nm. Furthermore, a second decay path via intersystem-crossing
(ISC) into long-lived singlet states and a subsequent second ISC
back to the triplet ground state exists, leading to infrared emission
of 1042 nm outside the measured fluorescence band. The m; = +1-
states preferably decay via this path, and, therefore, optical pumping
leads to spin-polarization into the m; = 0 ground state. The same
mechanism is harnessed for optical magnetic resonance (ODMR)
of the spin states under resonant microwave excitation. Here, the
spin-polarized NV centers are subject to a coherent manipula-
tion of the ground state via microwaves in the range of 2.87 GHz
reducing the optical fluorescence dependent on the spin state
population.””’

The fabricated fiber-tip endoscope is precisely positioned in
close proximity to a single-crystalline microdiamond using the cam-
era of the wide-field microscope in combination with three linear
stages in an x,y,z combination. The optical fiber itself is mounted
in a machined tube for increased stability, which is attached to the
three linear stages. A microwave setup for cw and pulsed excitation
is connected with the Sub-Miniature version A (SMA)-jack of the
antenna produced. For all measurements shown in the main text, we
use a microwave generator from Rhode and Schwarz (SMBV100A)
together with a microwave amplifier from Mini-Circuits (ZHL-
16W-43-S+) with a maximal power output of 16 W. Moreover, a
laser source (DLnsec 520, LABS electronics) with a wavelength of
A =517 nm, which can be operated in cw and pulsed mode is fiber-
coupled to the connection box and coupled into the endoscope with
a dichroic mirror (DMLP 605, Thorlabs). Therefore, the fiber-tip
endoscope can drive optical as well as microwave transitions of NV
centers. Furthermore, the optical response in ODMR measurements,
i.e., the intensity of the fluorescence light, is collected via the fiber-
endoscope as well as with the confocal microscope configuration.
In the confocal beam path, we employ a longpass-filter (FELH650,
Thorlabs) to transmit NV-fluorescence to a fiber-coupled single-
photon counting module (SPCM, Count-T-100, laser components)
for detection. The light collected by the fiber-tip endoscope is guided
back into the connection box, and NV fluorescence is transmitted
through the dichroic mirror and additionally filtered by a longpass-
filter (FELH 650). Furthermore, the fluorescence light is measured
either directly with a photodiode, or by applying a fiber-coupled sen-
sor, which is a second SPCM (Count-T-100, laser components) in
our setup. All optics connected to the fiber-tip endoscope for exci-
tation and read-out of NV centers can be mounted in the small
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connection box and accessed via multiple optical fibers. This leads
to a portable device enabling quick exchanges of individual fil-
ters, excitation lasers, and detectors. The whole configuration allows
simultaneous detection and comparison of the ODMR signal gath-
ered with the fiber and the confocal microscope. Furthermore, all
our experiments were carried out at room temperature under lab
conditions.

V. DEVICE PROPERTIES
A. CW ODMR

We apply the fiber-tip endoscope to record a spectrum of the
electron spin resonances of NV centers in an arbitrary external mag-
netic field via continuous-wave ODMR, using a cw laser source and
sweeping the microwave frequency across the resonances.

Using the endoscope fiber, we record the fluorescence intensity
I with and without applying the external microwave field through
the endoscope antenna, and calculate the relative fluorescence level
detected with the endoscope and the microscope simultaneously.
The relative fluorescence dependence on the MW frequency fuw is
calculated for each device as

R(fitw) = Dowon, )
Ivwoft
where the index denotes if the state of the microwave source is
turned on or off. The relative fluorescence level dependence on the
MW frequency yields an ODMR spectrum, which is fully excited
and measured through the fiber. Such a spectrum is presented in
Fig. 5(a).

We observe eight resonances corresponding to four
NV-axes with two spin-transitions m;=0 <= m;=-1 and
ms = 0 <= m; = +1 with both detection devices, i.e., the micro-
scope and the fiber endoscope. This verifies that the microdiamond
comprises a single crystal. Furthermore, we observe a feature in the
fluorescence spectrum around 2.80 GHz, which we attribute to the
sharp resonance of the antenna (see Sec. I1I) being in close prox-
imity to the spin resonances and resulting in power-broadening.
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The small shift of the antenna’s resonance frequency with respect
to the resonance frequency shown in Fig. 3(a) might stem from a
different bending of the connection wires and the dielectric glass
substrate placed at a small distance to the antenna. So far, we have
verified that ODMR can be achieved with the fabricated endoscope.
However, the benefit of the DLW structure connecting the wires
for sensing applications has not been discussed. Therefore, we have
compared the fabricated device to another endoscope, where the
DLW process has been omitted, i.e., the two silver wires are not
connected by a DLW structure, in Appendix B. We observe almost
no ODMR signal from such a device when employing a tip of an
endoscope without a silver structure, connecting the two wires, as
shown in Fig. 8(a) to the same diamond under similar conditions.
This observation is in accordance with our expectation that the
current within the metallic DLW structure mainly contributes to
the magnetic field component at the diamond’s position below the
fiber core. We deduce that a high coupling of the magnetic field
component can thus be achieved with the presented device housing
the DLW structure on the fiber-facet.

An important figure of merit to evaluate and compare the per-
formance of the fiber endoscope is the magnetic field sensitivity .
This quantity is usually compared using an individual resonance i
and is defined as™

1 wi
PLgS#B C/R’

where P; = % is a factor for the maximum slope of a Lorentzian
profile, w; is the width and C; is the relative fluorescence contrast
of the respective resonance and R is the photon-count rate. Here,
the width w and relative fluorescence contrast C depend on the
driving-field strengths of the laser and microwave antenna, which
can be optimized to achieve a minimum, i.e., an optimal sensitivity.
The photon-count rate R depends on the laser-intensity and total
photon-collection efficiency. Neglecting the effects of residual fiber
fluorescence and experimental imperfections, we estimate a ratio
of total collection efficiency of 5:1 between confocal setup and
fiber-tip endoscope given by the different numerical apertures

ni = (4)
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FIG. 5. (a) ODMR spectrum of a single-crystalline microdiamond in an external magnetic field measured through the optical fiber. Eight resonances corresponding to the
two spin transitions and four crystal axes are observed. Resonances of the same crystal axis are highlighted in the same color. Additionally, a ninth resonance at the
fiber-tip antenna’s resonance is observed in the spectrum (black dashed line). (b) Calculated sensitivity dependence on Laser and MW power of the resonance at 2.71 GHz

measured through the optical fiber.
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(NAMicroscopeabjective = 0.505 NAEndoscope = 0.22). A direct comparison
between the fluorescence intensity coupled to the microscope objec-
tive and the fiber-tip endoscope shows a ratio of 6:1, measured
directly in the beam path with a power meter. This ratio is close to
the expected value of 5:1, which we calculate in Appendix C. The
subsequent fiber-coupling to the SPCMs, however, is achieved in
two distinct ways. In the microscope beam path, the fiber-coupling
to the SPCM is accomplished by a chromatically corrected micro-
scope objective. By contrast, in the beam path after the endoscope,
conventional chromatically uncorrected fiber-couplers are used to
couple light out of the endoscope fiber and to realize a fiber-coupling
of the SPCM. This leads to a worse fiber-coupling efficiency one
order of magnitude below the coupling with the objective. We
attribute this difference mainly to chromatic aberrations, which are
partially uncorrected in the broad emission range of NV centers
(600-800 nm). In total, the photon count rate is 70.3 times higher
when using the confocal microscope. We emphasize that this vast
difference does not stem from the presented endoscope itself and
could be overcome either by employing chromatically corrected
fiber-couplers or by using non-fiber-coupled detectors. In the fol-
lowing, we did not further improve the coupling efficiency since
both beam paths yield a photon flux well above the saturation limit
of the SPCMs. For instance, additional ND filters (ODicroscope = 7.1
and ODkgndoscope = 5.6) Were used to stay below the saturation limit.
We point out that the fluorescence intensity coupled to the fiber
endoscope from a 15 ym-sized diamond is high enough to be mea-
sured with an inexpensive photodiode as shown in Appendix D.
After optimization of laser and microwave power to the resonance
at 2.7145 GHz, we achieve a sensitivity of ycm = 2.1 nT/\/E using
the confocal microscope and 7y = 17.8 n'T/+/Hz using the fiber-tip
endoscope, respectively. In conclusion, compared with the micro-
scope setup, our endoscope achieves sensitivities that differ by less
than one order of magnitude due to the light coupling efficiency of
both systems.
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B. Pulsed ODMR

We use coherent Rabi oscillations in pulsed ODMR sequences
to measure the coupling strength of the magnetic microwave field
to the NV centers’ spins as dependent on the distance of fiber tip
and microdiamond. The fiber-tip endoscope is precisely positioned,
i.e., the fiber core is centered in x and y directions above a micro-
diamond, with the wide-field microscope setup using an objective
with a 2.1 mm working distance and a depth of field of 4.2 ym at
650 nm. Due to the Zeeman splitting caused by the positioned per-
manent magnet, a single resonance is driven with the microwave,
while all other resonances are far detuned from the microwave fre-
quency such that we can approximate (secular approximation) the
NV ensemble along one crystal axis as a two-level system. We con-
trol the distance between the endoscope’s facet bearing the antenna
and the microdiamond on a glass substrate using the microscope
setup’s motorized stage to infer the distance between sharp images
of the antenna and the diamond. At each distance, we use pulsed
ODMR to measure coherent Rabi oscillations of a single magnetic-
field-split resonance with the sequence depicted in Fig. 6(a). The
envelope of the rectangular microwave pulse is generated with
digital In-phase and Quadrature-modulation (IQ) and the ampli-
tude of the signal is set constant at 37 dBm directly at the output
of the microwave amplifier. Typical measurement data are shown in
Fig. 6(b). We infer the Rabi frequency Q, which is proportional to the
field Bmw produced by the antenna at the microdiamond’s position
from a fit function according to

f(tmw) = yo + A cos(2nQbmw + ¢o) exp(—tmw/7), (5)

of each dataset, where y,, is the offset, ) is the Rabi frequency, ¢ is a
phase offset due to pulse imperfections, and 7 is the dephasing time
of the spin ensemble during the Rabi cycle. The resulting Rabi fre-
quency Q as a function of the distance is plotted in Fig. 6(c). The

FIG. 6. Dependence of the Rabi fre-
quency on the distance of the antenna
to the sample. (a) Pulse sequence of
the Rabi cycle, (b) Rabi oscillations for
a distance of d = 250 ym and fit curve
to extract the Rabi frequency Q, (c)
Extracted Rabi frequencies as a func-
tion of the distance d and exponential
fit; the inset shows a zoom-in to the
measurement setup where the distance
d between the sample and the antenna
is varied. The errors from the fit and
the assumed measurement errors for the
distance are smaller than the size of the
data points. The microwave generator
was set to a frequency of 2.7145 GHz
for the Rabi oscillation measurement
shown, corresponding to a resonance of
the ODMR spectrum recorded.

200 400 600
distance d (um)
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influence of detuning due to neighboring resonances is neglected
since closest resonance frequency in the ODMR spectrum can be
found at 2.77 GHz resulting in an effective cross section smaller than
0~ 1.9 x 107° leading to a negligible amplitude for the excitation of
nearby resonances. We observe a reduction of the Rabi frequency
with increasing distance following phenomenologically an exponen-
tial law for small distances. The measured Rabi-frequency depends
on the magnetic microwave field strength along the NV-axis and
will, therefore, change for other orientations within the crystal. We
point out that the pulsed measurement scheme using Rabi oscilla-
tions could be applied to infer an unknown distance if the device is
calibrated beforehand.

VI. CONCLUSION AND OUTLOOK

In conclusion, we have presented the production of an elec-
trical antenna on the facet of a multi-mode glass fiber using
mDLW. The device combines electrical connections as well as opti-
cal access through the fiber on a diameter of the complete package of
d =2.5 mm. We have investigated the antenna characteristics by
means of scattering parameters and found a high magnetic-field
coupling in the near field. The device has been applied in a micro-
scope setup for microdiamonds containing NV centers as an endo-
scope delivering optical and microwave excitation and guiding the
fluorescence signal.

In comparison to a conventional microscope, the size of the
integrated fiber-tip antenna is reduced by two orders of magnitude
and can be further miniaturized. The magnetic field sensitivity of
17.8 nT/v/Hz is decreased in comparison to a microscope setup
by one order of magnitude due to the coupling, lower numeri-
cal aperture, and losses in the fiber. The sensitivity measured with
the fiber-tip endoscope can be further improved, i.e., decreased, by
increasing the count rate. A simple approach would be to use a fiber
with a higher numerical aperture. Another option would be to use
a lensed fiber facet, which could be created e.g., with DLW of a
low-fluorescent and transparent polymer photoresist. A Fresnel-lens
design could be harnessed to keep a flat surface to employ the fiber
as a distance sensor at small distances. Furthermore, immersion oil
could be used to effectively increase the numerical aperture as used
for oil microscope objectives. In a complementary approach to map-
ping of antenna near fields on a sample plane with NV-centers,** we
have measured the reduction of the magnetic near field for varying
distances in the micrometer regime. Using a pulsed sequence for the
optical detection of Rabi oscillations, the device allows one to mea-
sure distances as a function of the Rabi frequency by mapping a Rabi
frequency, which depends on the RF power at a given RF frequency
to a distance between RF emitting structure and diamond contain-
ing NV centers. We point out that the non-linear increase of the
measured Rabi frequency with decreasing distance leads to higher
precision for smaller distances.

Furthermore, we have shown one possibility of tuning our
antenna’s resonance frequency by changing the length of the silver
wires. Having such a sharp resonance, which is predominantly given
by the design choice, can be especially favorable in systems where
RF excitations in a small bandwidth are needed. Specifically, such a
fiber-integrated antenna could extend the work on fiber-based cold
atom studies”””* by microwave near fields for hyperfine manipula-
tion. However, we conclude from the ODMR spectra measurements

ARTICLE scitation.orgljournal/rsi

in Figs. 5, 8, and 10 that even if the sample is excited off-resonantly
to the antenna’s resonance, an excitation is possible at usual powers.
We find from our results that having an electrically guiding structure
in the near field of a diamond containing NV centers can overcome
or at least reduce the need for having an antenna emitting in a broad
band. Simultaneously this enables endoscopic measurements on dia-
monds containing NV centers as presented in this work. Further
optimization of the mDLW structure, the galvanization, and con-
nection wires could allow enhancements of the bandwidth for this
purpose.
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APPENDIX A: TWO-PORT MEASUREMENTS
WITH TWO ANTENNAS IN CLOSE PROXIMITY

In addition to the S;; parameter measurement, shown in Fig. 3,
we also measure the scattering parameters Si; and Sy; in a two-port
measurement for varying distances between the fiber-tip antenna
produced (1) and a reference loop antenna (2) with a circumference
of I = Amw » 10 cm and resonance frequency of v3 res = 2.87 GHz,
which is shown in Fig. 7. Specifically, S»; represents the transmitted
power from the antenna produced into the reference loop antenna.

Rev. Sci. Instrum. 93, 095104 (2022); doi: 10.1063/5.0100330
© Author(s) 2022

93, 095104-8

10:51:01 ¥20¢ Iudy 62


https://scitation.org/journal/rsi

Review of

Scientific Instruments

(a) distance (mm)

S11(dB)

So1(dB)

2.70 2.80 2.90 3.00
frequency (GHz)

ARTICLE scitation.orgljournal/rsi

~
o
~

0.8 |-

0.6

0.2

Transmitted Power at resonance (%)
o
'
T

0.0

| | | |
0 10 20 30

distance (mm)

FIG. 7. Experimental scattering parameters. (a) Dependence of S11 and Sy¢ parameters on the distance between the manufactured antenna on the fiber-tip to a reference A
loop antenna. (b) Dependence of transmitted power at the resonance of the fiber-tip antenna on the distance. The inset shows the measurement setup and relative antenna
alignment. Both antennas are oriented such that the taper- and omega-structure of the produced antenna and the antenna connected to port two meet each other at the tip,

while the taper- and omega structure is parallel to the wire of the antenna of port two.

A schematic of the measurement setup for both antennas is pre-
sented in the inset of Fig. 7(b). The smallest distance between both
antennas spans the positions of the highest current at the reso-
nance frequency in each antenna. Therefore, the coupling of the
magnetic near field is expected to be the dominant contribution
to the measured transmission, i.e., the S;; parameter. The distance
between both antennas was set to zero by bringing both antennas
to a visible contact where only the coating of the second antenna
around the copper wire separates both antennas. We measure the
S21-parameter for varying distances between both antennas to track
the distance dependence of the transmitted power in the near field.
The measurement data are shown in Fig. 3(a), the data points at
the resonance frequency vy, res = 2.846 GHz are plotted vs the dis-
tance in Fig. 3(b). We observe a rapid reduction of the transmitted
power with increasing distance at small distances. We, therefore,
conclude that the produced fiber-tip antenna transmits a relatively
high amount of the power in close proximity to the antenna. How-
ever, at such small distances both antennas cannot be assumed to
be point-like magnetic dipoles. Hence, this measurement is prone
to errors in comparison to the proposed application, where only
the magnetic field component emitted by the antenna drives a spin
transition.

APPENDIX B: COMPARISON TO A DEVICE
WITHOUT DLW STRUCTURE

In order to analyze the benefit of the DLW structure connecting
the silver wires of the fiber-tip endoscope, we compare it to a device
lacking the DLW step in production. In Fig. 8(a), we show the facet
of such an endoscope.

We have measured the reflection coefficient S;; of the fiber
without the metallic DLW connection and show the measurement
data in Fig. 8(b). The resonance frequency is vres = 2.909 GHz, and
the minimum value for the reflection coefficient is S;1(f) = —14 dB.
The bandwidth amounts to Avyes —3qp = 21.8 MHz. In comparison
to the endoscope featuring the DLW connection (see Sec. I1I), the
resonance frequency is also in close proximity to the NV centers’
resonance. Moreover, the scattering parameter S;; does not show
such a strong reduction and a slightly larger 3 dB-width. We con-
clude that the electrical resonance of the antenna is mainly given by
the silver wires.

Furthermore, we have applied both endoscopes as an antenna
for measuring an ODMR spectrum in the absence of a magnetic
field. In this case, we used the microscope setup for optical excitation
and detection. We only applied the endoscope as an antenna to rule
out an impact on the results due to other differences in excitation or
detection efficiency. We used the same laser power, MW amplitude,
and distance between fiber facet and diamond for this comparison.
The resulting ODMR spectra are shown in Fig. 8(c). We observe the
expected two resonances in the absence of a static magnetic field for
the endoscope with a DLW structure. For the endoscope without
such a structure, we observe an almost flat line and no reduction
of fluorescence within the noise of the measurement. We have fur-
ther increased the MW amplitude to 40 dBm (by a factor of 6.3) and
repeated the measurement. In this case, a very small reduction of
the intensity can be observed, which is still much less than observed
with the endoscope housing the DLW structure. We, therefore, con-
clude that the current in the DLW structure is mainly contributing to
the microwave’s magnetic field component for such small distances.
This enables an efficient microwave excitation of spin states due to
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FIG. 8. (a) Facet of a fiber-tip endoscope without DLW structure. (b) Scattering
parameter Sy; of such an endoscope measured with a VNA. (c) Comparison of
ODMR-spectra taken with the endoscope featuring the DLW connection (blue) and
without such a structure at different microwave power (orange, green).

the metallic DLW structure reducing the applied microwave power
needed to drive the spin states.

APPENDIX C: PHOTON COUNT RATE

When comparing the produced endoscope with the microscope
setup, the main difference in performance is given by the photon
collection efficiency. In the following, we detail the calculation of the
theoretical ratio between the coupling efficiencies of the fiber and the
microscope objective as shown in the sketch in Fig. 9.

)
1]

FIG. 9. 2D sketch showing the calculation of coupling efficiency into the fiber and
objective.

ARTICLE scitation.orgljournal/rsi

First, we treat the microdiamond as an isotropic and point-like
emitter. Both assumptions do not strictly hold since a microdia-
mond has an average size of 15 ym and the emission pattern of an
NV ensemble in a single crystal diamond is given by two crossed
dipoles perpendicular to each NV axis,” which are unknown for
the diamond under investigation. Second, we assume that the fiber
with core radius r is positioned at a small distance d to the point
source such that the numerical aperture NA¢ = 0.22 limits the collec-
tion efficiency into the fiber. This distance dya fimit» below which the
numerical aperture is the limiting factor, is calculated by solving

,
VPR + &

for the distance d. We calculate dna fimit < 110.9 ym, which can be
achieved experimentally. At the same time, we assume that the point
source is in the focal spot of the microscope objective such that the
numerical aperture of NA, = 0.50 limits the collection efficiency in
the microscope beam path. Under the assumption of isotropic emis-
sion, the ratio of coupling efficiencies « is then given by the ratio of
the spherical caps’ surface defined by the numerical apertures. This
amounts to

NA¢ = sin 6 < (Cy

1- in(NA 1
x = cosarcsin(NAsver)) o103 1 ()
1 — cos(arcsin(NAqpjective) ) 5.47

We have measured this ratio also experimentally by inferring the flu-
orescence intensity with a power meter in the setup shown in Fig. 4.
The power was measured in front of the fiber coupling to SPCM 2
and in front of the fiber coupling to SPCM 1. The 50:50 beam splitter
for white-light illumination was removed from the beam path dur-
ing this measurement. Taking the 90:10 beam splitter into account,
we observe an experimental coupling ratio of

Pr 2.072uW 1
Kewp = - = =B L0157 8 —. (C3)
Py 0326p)W 6.36

In this measurement, the power meter was set to a wavelength of
Apm = 680 nm, which is approximately the maximum wavelength in
the fluorescence spectrum of NV centers. The additional losses in
the measurement using the SPCMs can, therefore, be traced to dif-
ferent fiber coupling efficiencies in the subsequent fiber couplings.
As mentioned in the main text, these losses were not further opti-
mized since power needed to be further reduced in order to avoid
saturation of the SPCMs.

APPENDIX D: ODMR MEASUREMENT
WITH A PHOTODIODE

Instead of using an SPCM with several gray filters to avoid
saturation of the device, we also applied a photodiode to detect
the NV centers’ fluorescence of a single microdiamond. The exci-
tation laser light and MW signal are supplied continuously, and
the MW frequency is ramped linearly from 2.7 to 3.0 GHz in 1.5 s
and is limited by the minimal time step of the microwave generator
[SynthHD (v2) from Windfreak Technologies]. The generated RF
signal is amplified by an RF amplifier from Mini-Circuits (ZHL-
16W-43-S+). For this measurement, a different diamond sample
from the same type of microdiamond (15 pym) was utilized. The
magnet was positioned slightly differently, resulting in a different
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FIG. 10. ODMR spectrum taken with a photodiode (DET36A/M from Thorlabs).
The parameters for the sweep of the microwave were stepping time tse, = 4 ms
and step width Wyeq = 0.8 MHz.

static magnetic field strength and thus, a different Zeeman splitting.
The photodiode signal (voltage) measuring the spin-dependent flu-
orescence is monitored on an oscilloscope. The measured ODMR
signal is shown in Fig. 10. We observe the typical eight reso-
nances produced by a single crystalline diamond. To correlate the
time-dependent x-axis to a frequency-dependent axis, the distances
between the corresponding resonances m; =0 to +1 and m; =0
to —1 are fitted for each NV-axis as a time difference. With the
chosen step time and step width, we convert the time distance
between resonances to frequency differences leading to a frequency-
dependent x-axis with an unknown offset. By modeling all possible
resonance frequencies for all NV-axis orientations and external
magnetic field orientations and subsequently comparing the dis-
tance between the resonance positions (measured and modeled), we
are able to find fixed points for the resonances. These are then used
to calculate the offset of the frequency-dependent x-axis.
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