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An integrated quantum probe for magnetic field imaging is proposed, where the nitrogen—vacancy (NV) center fixed
at the fiber tip is located on the periphery of flexible ring resonator. Using flexible polyimide (PI) as the substrate medium,
we design a circular microstrip antenna, which can achieve a bandwidth of 140 MHz at Zeeman splitting frequency of
2.87 GHz, specifically suitable for NV center experiments. Subsequently, this antenna is seamlessly fixed at a three-
dimensional-printed cylindrical support, allowing the optical fiber tip to extend out of a dedicated aperture. To mitigate
errors originating from processing, precise tuning within a narrow range can be achieved by adjusting the conformal ampli-
tude. Finally, we image the microwave magnetic field around the integrated probe with high resolution, and determine the

suitable area for placing the fiber tip (SAP).

Keywords: nitrogen—vacancy center, conformal antenna, integrated probe, magnetic field imaging

PACS: 42.50.Ex, 07.55.Ge, 03.65.Yz

1. Introduction

As a superior magnetic sensing platform, the negatively
charged nitrogen—vacancy (NV) center in diamond has at-
tracted extensive attention, primarily owing to its nano-scale
spatial resolution and high magnetic sensitivity.[!3! Using the
optically detected magnetic resonance (ODMR) technology,
the electron spin can be initialized, manipulated, and measured
by using optical excitation and microwave,* which lays a
foundation for quantum information processing and precision
measurement. [

In conventional experiments, optical components such as
objectives, lenses, and dichroic mirrors are employed to guide
light for initialization and detection. However, this approach
have the disadvantages of being bulky and inconvenient to
carry.[”) In order to solve these problems, the idea of using
optical fiber to excite the NV center in diamond and collect its
fluorescence for optical fiber sensing has been proposed. [8-10]
This innovative design opens up possibilities for reaching pre-
viously inaccessible fields in traditional NV-based sensors. An
exemplary demonstration of this concept comes from the work
of Dong!!''l and Duan,!"?) who introduced a diamond micro-
crystal containing a nitrogen vacancy center fixed at a fiber
tip. The configuration showcases the symbiotic relationship
between the NV center in diamond and the flexibility and com-
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pactness of the optical fiber.

In NV-based sensing systems, microstrip antennas and
their various derivatives serve as prevalent microwave trans-
mission technologies. The development trend of microstrip
antenna for NV center is to broaden bandwidth!!3 and control
resonance through the change of physical size.!'*!3] However,
these designs are typically based on the concept of separating
the optical fiber probe from the microwave antenna. Cumu-
lative experience highlights several drawbacks: for one thing,
owing to the thickness of the PCB board, an inevitable gap
exists between the NV center and the sample, so the fiber dia-
mond probe fails to be close enough to the device under test;
for another, intricate adjustments are required for the precise
positioning of the probe and antenna, increasing the risk of
fracturing the fiber diamond probe.

In the present study, we demonstrate an integrated method
that combines a fiber-optic probe with a flexible microstrip an-
tenna, establishing a direct correlation between antenna size
and resonant frequency. Our method is divided into the fol-
lowing three key steps:

(i) Design a circular patch antenna on a polyimide (PI)
substrate with a resonant frequency of 2.87 GHz and a band-
width of 140 MHz, which is tailored specifically for experi-
ments involving NV center.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

054202-1


https://doi.org/10.1088/1674-1056/ad2bf6
mailto:duguanxiang@njupt.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 054202 (2024)

(ii) Install the above flexible antenna onto a 3D-printed
rigid support and integrate it with an optic-fiber coupled with
diamond NV center to create a unified probe.

(iii)) Conduct ODMR experiments to validate the an-
tenna’s efficacy in manipulating spin states. Carry out high-
resolution scanning imaging on the plane near the integrated
probe and determine the suitable area for optical fiber place-
ment (SAP).

This method can contribute to achieving better efficiency
in microwave field generation required in fiber diamond quan-
tum sensor.

2. Basic theory and experimental setup

The diamond NV center, characterized by its distinctive
fluorescence properties, arises from nitrogen atoms replacing
carbon atoms and neighboring vacancies. It exists in a triplet
state system with electron spin S = 1 (mg = —1,0,+1).[16:17]
Figure 1(a) shows the outline of its energy level structure, and
the Hamiltonian is defined as!!'®!

H=D-S;+E-(Sx—S})—%-B-S. (1)

Here, D = 2.87 GHz is the room-temperature natural ground-
state between sublevels mg = +1 and mg = 0. Due to the
difference in crystal strain and surface state among differ-
ent diamond samples, the temperature-dependent parameter D
(dD/dT) has different values.!'®! The parameter D is typically
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determined through real-time Gaussian fitting of the sharp dip
portion in the zero-field splitting ODMR spectrum.?") E de-
notes the horizontal zero-field splitting coefficient, indicative
of electric field strength. The stress field and electric field dis-
tribution can be deduced theoretically from changes in the E-
value. Under the condition without external magnetic fields,
the ground state mg = +£1 is degenerate. In the presence of an
external magnetic fields, the energy level mg = &1 undergoes
Zeeman splitting,[>!1 where the electron spin magnetic ratio
% is 2.8 MHz/Gs (1 Gs=10"* T). B represents the applied
magnetic field and S is the electron spin operator, with Sy, Sy,
S; being the components of S along the X, Y, Z axes, respec-
tively. By using the crystal axis azimuth measurement method,
the NV axis can be rotated to a specified direction, sensing the
vector magnetic field component. 2%

Figure 1(b) gives the outline of key elements of experi-
mental setup. The designed scanning magnetic imaging sys-

tem comprises two primary modules: (%3]

an optical module
and a control module. A 532-nm pulsed laser, mirrors, objec-
tive lens, an avalanche photon diode (APD) and other optical
components are incorporated into an optical module, which is
used to complete the transmission and conversion of optical
signals. The control module consists of a pulse generator, a
microwave signal source, a spectrum analyzer, and a computer
to achieve data acquisition, analysis, and processing of op-
toelectronic signals. Additionally, a motorized displacement

stages is used for implementing the micron scanning imaging.
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Fig. 1. (a) Energy diagram of diamond NV center and (b) schematic diagram of experimental setup.

The experimental procedure begins with the initialization
of the NV center electron spin state through using a 532-nm
green laser. A permanent magnet is used to induce the splitting
of its magnetic sub-levels. When the microwave signal res-
onates with the energy level, a notable reduction in the fluores-
cence signal, corresponding to the energy gap between the two
spin states, is observed on the oscilloscope. This technique can

be used to accurately detect the resonant frequency relating to

the ground state energy level of the NV center, which enables
the inferring of the magnitude of the external magnetic field.

3. Simulation design of conformal antenna

The traditional microstrip antenna used for NV center ex-
periment is based on printed circuit board (PCB). However,
due to the inherent rigidity of the PCB material, it poses chal-
lenges in terms of space efficiency. Additionally, the dielec-
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tric constant of the substrate undergoes variations with tem-
perature changing. Notably, during the temperature ascending
from 0 °C to 70 °C, the maximum fluctuation range can ex-
tend up to 20%, directly affecting the line delay and signal
frequency.'?*! In recent years, to meet the need to develop the
miniaturization and high density of electronic products, a flex-
ible PCB has emerged, which has the advantages of small size,
lightweight and easy bending.!?! It is thermally stable at tem-
perature of up to 280 °C for half an hour.

To fully utilize three-dimensional (3D) space, we de-
vised a circular resonant antenna with polyimide (PI) sub-
strate (thickness 4y = 0.1 mm, dielectric constant & = 3.4,
tangent value of loss angle tand = 0.005). The entire pro-

)

Conformal to cylindrical surface .

cess of designing the conformal antenna is depicted in Fig. 2.
The left figure illustrates the planar structure of the antenna,
with both the conductive patch and the grounding plane fab-
ricated from electrolytic copper (thickness /#; = 0.0175 mm).
In contrast to ordinary ring resonators that solely possess patch
holes, a through-hole has been incorporated in the central cir-
cular area, penetrating the patch layer, dielectric layer and
ground layer, which facilitates the accommodation of an op-
tical fiber extension. The right figure depicts the antenna be-
ing conformal around a cylindrical surface with a radius of r3.

Here, the cylinder and XY plane are tangent to the straight line
X =—6 mm,
Z=0.

Fig. 2. Schematic diagram of antenna plane structure and conformal to cylindrical surface.

The full-wave numerical simulation (CST Microwave
Studio V. 2022) results show that the resonant frequency of
the flexible antenna undergoes minimal change under arbitrary
bending conditions. Therefore, our approach involves the ini-
tial designing of the planar structure and the subsequent fine-
tuning of the resonant frequency through bending. Given the
zero-field splitting value of NV center as 2.87 GHz, the cen-
tral frequency of microwave radiation needs to be around this
frequency. The outer radius of the circular microstrip antenna
can be obtained from the equation f; = ¢/ 277:r2\/§r, where ¢
represents the propagation velocity of electromagnetic wave
in free space. Although the inner radius has little effect on the
resonant frequency, we consider it to be at least 250 um to fa-
cilitate the extension of the fiber. After performing frequency
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sweep analysis near the resonant frequency, we can obtain the
geometric parameters listed in Table 1.

Table 1. Main parameters of the conformal antenna.

Parameter  Description Value (mm)
l length of FPCB 50
w width of FPCB 34
hy substrate thickness 0.1
hy patch thickness 0.0175
d length of rectangular patch 15
width of rectangular patch 0.6
| inner radius of annular patch 1
r outer radius of annular patch 16.5
r3 radius of conformal cylindrical surface 8
0
-2
e
—~ - 6 [
g -8
(g —10¢
—12f "2y
—14F — rz3=11 1
rg=14
—16¢ rz3=19 yZ ]
—18 ‘ ‘ ‘ ‘
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Frequency (GHz)

Fig. 3. The S, parameters varying with frequency for (a) different tangent positions and (b) various values of support radius r3.
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The S parameter serves as a crucial metric for character-
izing the transmission performance of an antenna. The Sy;
is defined as the input reflection coefficient of the antenna,
specifically it is expressed as the ratio of the reflected voltage
to the incident voltage. In our simulations, we use the control
variable method to investigate the influence of the parameters
x1 and r3 on the Sy; curve as shown in Figs. 3(a) and 3(b) re-
spectively. The resonant frequency will shift toward high fre-
quency with the increase of conformal amplitude, but toward
low frequency with the increase of conformal cylinder radius
r3. This insightful analysis provides a foundation for manually
adjusting the resonant frequency of the flexible antenna.

4. Characterization of integrated probe

Figure 4(a) displays a physical map of the flexible an-
tenna fed by a coaxial line. The inner conductor is connected
to the antenna’s feeder, and the outer conductor is linked to the
grounding pad for reference. Figure 4(b) illustrates the print-
ing bracket, featuring a cleverly designed card slot that accom-
modates the flexible antenna. This setup allows the antenna to

| (d) —Measured
——Simulated

Frequency (GHz)

12,806, i2.885 i2.948
2.80 2.85 290 2.95 3.00
Frequency (GHz)

(c)

2.89

[
2.88 ¢
2.87
2.86
2.85¢

2.84 ¢

be seamlessly fitted on the bracket’s surface and move in the
direction indicated by the gray arrow. The integrated probe’s
final diagram, along with its internal structure, is presented
in Fig. 4(c). Notably, the design enables the protruding opti-
cal fiber to approach the surface of the device under test with
unparalleled proximity. This advancement eliminates the pre-
vious limitations imposed by the thickness of the PCB board.

In the experiment, our primary effort is to evaluate the
return loss of the antenna and its ability to radiate electro-
magnetic waves. We use a vector network analyzer (Ceyear-
3672D, 10 MHz-50 GHz) to measure Syj.
Fig. 4(d), when the frequency range is set to 2.7 GHz—

As shown in

3.0 GHz, the comparison between numerical simulation re-
sults and experimental data shows that they are in good agree-
ment with each other. The minor deviation may be attributed
to the line error of £0.02 mm and the shape tolerance of
40.1 mm during processing. The minimum value of Si; in
the measurement results is —14.841 dB, indicating that the an-
tenna has achieved good impedance matching and low return

loss.

- Support
/

Optical fiber

Support

Flexible antenna

NV center

(e) —=—Simulated
—e— Measured
Fitted

i—5.72
83 . . : . . .

-8 -7 -6 -5 -4 -3 -2 -1 0
z1 (mm)

Fig. 4. (a) Physical map of flexible antenna. (b) Schematic diagram of antenna conformal to 3D printing resin bracket, with gray arrow indi-
cating conformal amplitude adjusted manually. (c) Conceptual diagram and internal detailed structure of the integrated probe. (d) Frequency-
dependent Sy parameters of conformal antenna. (e) Simulation results and experimental results of manual tuning in Fig. 4(b).

In order to use the microwave resonator for ODMR ap-
plications, it is critical to align its resonant frequency with
NV center’s ESR frequency. Traditional resonant rings gen-

erally adjust the resonant frequency by changing the size of

the radius (), often necessitating multiple iterations to attain
the desired resonance. Contrarily, our innovatively designed
flexible antenna facilitates minor adjustments in resonance by

modulating the conformal amplitude on the supporting struc-
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ture as elucidated by the gray arrow in Fig. 4(b). Figure 4(e)
sketches the effect of modifying the tangent position on the
resonant frequency. The test results show that the resonant
frequency can vary from 2.830 GHz to 2.882 GHz by chang-
ing X from 0 mm to —8 mm. Furthermore, a nearly linear
relationship exists between the resonant frequency and the in-
ner cavity radius, characterized by a slope of approximately
—2.28 MHz/mm.

Prior to initiating the ODMR experiment, we utilize
the subcarrier modulation mechanism!'!l to modulate three
TTL signals: laser (ON/OFF =500 ns/1500 ns), microwave
(On = 1450 ns), and subcarrier (ON/OFF = 1.78 ms/1.78 ms),
as depicted in Fig. 5(a) with N = 890. In the frequency do-
main, the pulsed fluorescence exhibits a frequency component
(V) at 0.5 MHz, and modulation produces a sideband signal
(V) of the fluorescence carrier signal. The ratio of V; to V¢,
known as the modulation depth,'!! serves as an indicator in
Fig. 5(b).

The presence of an external static magnetic field triggers
off the Zeeman splitting of the diamond NV center, manifested
by dividing a single spectral peak into multiple peaks in the
ODMR spectrum. Assuming that the diamond NV center pos-
sesses four NV axes, each with different two-state transitions,
the ODMR spectrum displays a total of eight non-overlapping

peaks. To analyze the data, a Lorentz function can be used for

t

(c)

Enlarged blue area (BA)
Tapered fiber
e

Y
L. x

1 A
Support [f] \

o +— Diamond

Antenna
L

| Y position (mm)

MW

X position (mm)

Modulation depth (ppm)

fitting the original data points, which is expressed as

Aw?
(f = fo)” +w?’

where S is the actually detected signal amplitude, A the peak

S(A,w, fo) = @

intensity of the resonant absorption peak, 2w the full width at
half maximum, f the microwave frequency, and fy the center
frequency of the resonant peak.

Following the ODMR experiment, our focus shifts toward
characterizing the near-field radiation of the antenna. This in-
volves scanning the microwave magnetic field point by point
to pinpoint the suitable area for fiber placement (SAP). The
highlighted blue area (BA) depicted in Fig. 5(c), situated ap-
proximately 50 pum above the integrated probe, is chosen as
the target for investigation. Figure 5(d) illustrates the sur-
face magnetic field distribution of the BA, obtained via CST
software simulation, with the data normalized for visual anal-
ysis. To experimentally determine the microwave magnetic
field strength, Rabi measurement and fitting for each position
in this region are required, a process that can be time-intensive.
In the case where the microwave action duration is notably
brief, the detected fluorescence signal intensity at the side-
band frequency exhibits a nearly linear relationship with the
microwave field strength.!'') A more time-efficient approach
involving characterizing the microwave magnetic field inten-
sity through the fluorescence intensity generated, which is ac-
complished by reducing the duration of the microwave pulse.

400 T T T T T
(b) - Raw data points
3501 —Fitted curve 1
3001
2501
2001
150
100
501 F )
5]650 2750 2850 2950 3050
Frequency (MHz)
1.0
Bl
g
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=
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=]
o
>~
0 _

X position (mm)

Fig. 5. (a) System pulse sequence, (b) ODMR measurement and curve fitting, (c) schematic diagram of scanning imaging and XY coordinate
system, with BA representing the plane to be scanned, and SAP denoting the area where the microwave field is concentrated, (d) simulation
results of magnetic field distribution, and (e) experimental scanning results of magnetic field distribution.

Using precise control via LABVIEW software, we con-
duct meticulous scanning of the BA with a 2-mm side length,
employing steps as fine as 0.62 um. Figure 5(e) illustrates the

measured distribution characteristics of the microwave mag-

netic field on the BA, with the data normalized. The ex-
perimental results are in good agreement with the simula-
tion results, indicating that the microwave magnetic field pri-

marily occupies a slender and elongated region measuring
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0.6 mmx0.1 mm along the periphery of the hole.

In order to further determine the field strength near the
aperture, we conduct simulations to evaluate the magnetic field
size in both lateral direction and axial direction of the inte-
grated probe. Figure 6(a) shows the variation of field strength
along the Y-axis direction in the BA plane. At a microwave
power of 30 dBm, the field strength exceeds 1 Gs at a distance
of 100 um from the edge of the hole and 0.5 Gs at a distance
of 200 um from the edge.

To investigate the B-field axial attenuation, we place the
diamond near the P-point at the edge of the hole (~ 0.1 mm
away). Starting from the BA plane, our examination entails
meticulous scanning along the Z axis in steps of 0.1 mm. We
normalize the data and employ least squares fitting for precise
analysis, and the results are shown in Fig. 6(b). A compari-
son with simulation results reveals a similar attenuation pat-
tern: initially decreasing gradually, then rapidly decreasing,
and finally stabilizing. Considering the BA’s selected height
(~ 50 wm) and the presence of the B-field (~ 1 Gs) 20 um
ahead of the BA, sufficient to excite the NV center, this ap-
proach reaffirms the feasibility of the flexible antenna design.
After determining the SAP and Z-axis attenuation, the optical
fiber, coupled with the NV center, is enclosed in the antenna
and bracket as depicted in Fig. 4(c).

—~ (a)
2}
g )
~ 3
]
g
&t
Q
o 2r
9]
Nl
=
é 1+ \
: |
z | i
1
o — !
—0.8 —0.4 0 0.4 0.8
Lateral distance (mm)
1.0 Simulation (b) |
Raw data points
0.8t ——Fitted curve
"U .
g
o
% 0.6f
e}
Q
X
T 0.4f
=
I
g
z 0.2
0

0 0.02 0.04 0.06 0.08 0.10
Axial distance (mm)
Fig. 6. (a) Simulated magnetic field intensity variation along the Y-axis

lateral distance in BA plane and (b) variations of axial magnetic field
intensity with axial distance in vertical BA plane.

5. Conclusions and perspectives

In response to the current trend of miniaturization and
portability of quantum sensors, we introduced a novel,
lightweight, and compact probe that integrates optical fiber
and microwave antenna. Taking full advantage of the char-
acteristics of FPCB, we designed a circular microstrip an-
tenna with a resonant frequency of 2.87 GHz and a band-
width of 140 MHz. When conforming the flexible antenna
to a 3D-printed bracket, we can achieve linear tuning (slope:
—2.28 MHz/mm) within a range of 50 MHz by adjusting the
conformal amplitude. The central region of the antenna fea-
tures a through-hole designed to host the fiber diamond, en-
suring close proximity of the diamond NV center to the sur-
face of the device under test. Establishing a scanning plane in
approximately 50 um away from the integrated probe, we em-
ploy the optical fiber quantum probe for high-resolution imag-
ing of the microwave magnetic field in a 2 mmx2 mm area
(BA). The experimental data and simulation results both indi-
cate that there is a strong microwave magnetic field at the edge
of the circular hole. Under an applied microwave power value
of 30 dBm, the magnetic field strength exceeds 1 Gs in a prox-
imity of 100 um away from the edge of the hole. So far, we
have determined a suitable area (about 0.6 mmx0.1 mm) for
placing the optical fiber tip (SAP).

The integrated probe we have designed possesses poten-
tial applications in both magnetic field and temperature sens-
ing. In the past, extensive efforts have been devoted to the
design and optimization of microstrip antenna patch shapes,
primarily based on PCB boards. These established shapes,
such as the circular patch exemplified here, can be seamlessly
incorporated into our flexible antenna patch design. This ap-
proach offers novel perspectives for advancing the integration
and flexibility of quantum sensors.
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