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Abstract: Magnetic field measurement plays an extremely important role in material science, electronic en-
gineering, power system and even industrial fields. In particular, magnetic field measurement provides a safe
and reliable tool for industrial non-destructive testing. The sensitivity of magnetic field measurement deter-
mines the highest level of detection. The diamond nitrogen-vacancy (NV) color center is a new type of quan-
tum sensor developed in recent years. The external magnetic field will cause Zeeman splitting of the ground
state energy level of the diamond NV color center. Optical detection magnetic resonance (ODMR), using a mi-
crowave source and a lock-in amplifier to detect the resonant frequency of the NV color center, and finally the
change of the resonant frequency can accurately calculate the size of the external magnetic field and the sensi-
tivity of the external magnetic field change. In the experiment, a diamond containing a high concentration of
NV color centers is coupled with an optical fiber to realize the preparation of a magnetic field scanning probe.
Then, the surface cracks of the magnetized iron plate weld are scanned, and the scanning results are drawn into
a two-dimensional magnetic force distribution map, according to the magnetic field gradient change of the
magnetic force distribution map, the position and size of the crack can be judged very accurately, which pro-
vides a very effective diagnostic tool for industrial safety.
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1 Introduction

Non-destructive testing is an emerging discipline
that detects whether the physical properties, state, and
internal structure of the test object are cracked, in-
termingled, etc., without damaging the test object!").
In industrial production, cracks in the welded struc-
ture will not only bring various inconveniences to life,

but also cause devastating disasters. According to

statistics, most of the accidents of welding structures
in the world are caused by welding cracks, and the
remaining very few are caused by unreasonable de-
sign and material problems. Therefore, in the various
stages of equipment design, experiment, manufac-
turing, non-destructive testing plays a key role in
controlling and improving its quality, ensuring the
reliability of materials, parts and products, and im-
proving productivity. It is inspection reliable technical
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means necessary for product quality, product safety,
and product life extension.

In the field of industrial manufacturing, mechan-
ical construction often needs to be combined into a
complete mechanical device by welding. The sealing
property of welding determines the quality, service life
and even safety performance of the mechanical device,
and the non-destructive testing technology of weld
inspection can be used for the factory inspection of the
device. The traditional welding seam inspection
methods include ultrasonic inspection, radiographic
inspection, magnetic particle inspection or penetrant
inspection, etc.!”). Without damaging the performance
and integrity of the welded seam being inspected, the
inspection of whether the quality of the welded seam
meets the specified requirements and design intent.
These technologies are widely used in pressure pipes,
boilers, ships, aerospace and even various lifting
equipment. And different technologies have different
kind of advantages, for example, ultrasonic detection
methods can detect tiny cracks with high sensitivity
and fast speed, but the detection technology is difficult
and the display of defects is not intuitive. Another
example is magnetic particle detection with low cost
and simple technology, but the sensitivity is not high,
and the detection results are easily affected by subjec-
tive factors'?. Therefore, a flaw detection method with
high sensitivity and simple technology is extremely
important for the industrial field. It can not only im-
prove the efficiency of industrial manufacturing, but
also greatly enhance industrial safety, which is of great
significance to the modernization of my country’s
industrial manufacturing.

After magnetization of the steel plate, there will
be magnetic leakage at the cracked weld position,
making the magnetic field sensing an important detec-
tion method in non-destructive testing technology. At
this case, with the development of quantum infor-
mation technology, scientists have discovered a variety
of quantum measurement systems including super-
conducting interferometers, neutral cold atoms, sol-

(31,

id-state spins, etc'”. These quantum systems can

achieve extremely high magnetic field measurement

sensitivity. The application of quantum sensing to the
field of non-destructive testing has become a new
trend”. Among many quantum systems, the quantum
measurement system of nitrogen-vacancy color center
is favored by scientific researchers because of its easy
manipulation, high sensitivity and spatial resolution.
This article mainly applies the nitrogen-vacancy color
center based quantum sensing technology to the tradi-
tional non-destructive testing field, and provides a new
detection method" ™.

2 Measuring Principle

2.1 Quantum Measurement Based on the

Nitrogen-vacancy Color Center

First, a brief introduction to the physical proper-
ties of the diamond NV color center and the principle
of quantum precision measurement based on it.

As shown in Fig.1(a), Solid-state defects such as
NV centers exhibit quantum properties similar to tra-
ditional atomic systems yet confer technical and lo-
gistical advantages for sensing applications. NVs are
point defects composed of a substitutional nitrogen
fixed adjacent to a vacancy within the rigid carbon
lattice. Because diamond has a symmetrical regular
tetrahedral crystal structure, the NV color center has
Cspsymmetry, and the NV color center has four axial
directions” %,

In the absence of external magnetic field, the
ground state energy level will be split into mg; = 0 and
ms; = +1 , where the zero-field split D = 2.87GHz.
When the NV color center is irradiated with a laser
with a wavelength of 532nm, the ground spin state
mg = 0 will transition to the excited state mg = 0, and
then, it will return to the ground state mg = 0 and
release red fluorescence. If the NV color center is at
ground state m; = +1, when it transition to the excited
state m; = +1, some of NV color centers will first
return to the metastable state A, and then transition
back to the ground state mg = 0. A small amount of
photons are emitted, therefore we determine the spin
state by the photon counts when exciting the NV color

center with a 532nm laser™ '),
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Fig.1 (a) The Lattice Structure of the Diamond NV Color
Center. (b) Energy Level Structure of Diamond NV.

The Hamiltonian of the diamond NV color center
in the ground state can be expressed by the following

formulal® '>-131;

Hg = DS? + ggupBS
Where D=2.87GHz, gs is the electron spin g
factor, generally about 2.003, and pug is the Bohr
magnetic moment. In the case of an external magnetic
field, the Hamiltonian of the NV color center electron
spin can be expressed as:

H=
D + g.uzB;, %(Bx —iB,) 0
222 (B, +B,) 0 222 (B, — iB,) |,
0 g;’;‘? (B, +iB,) D —g.usB;

Here, the z direction is along to the axis of the NV
color center in diamond. Solving the eigenvalue of the
energy of the above equation, we can get:
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From the above results, we can see that the fre-
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. When the external magnetic field is 0,
mg =41 and mg;=—1 are degenerate. When a
magnetic field is applied, and the influence of the
magnetic field perpendicular to the NV axis is ignored,
the two energy levels will separate due to Zeeman
splitting, and the size of Zeeman split is proportional to
the size of the magnetic field (Av = 2g,ugB;). In this
case, we can use optical detected magnetic resonance
(ODMR) to measure the resonance frequency of the
NV color center ground state energy level, and then
calculate the size of the magnetic field '/,
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Fig.2 (a) Measured ODMR Spectrum under an External
Magnetic Field. (b) Fix the Microwave Frequency at the
Position Shown in (a). The Change of the External Magnet-
ic Field Directly Causes the Change of the Fluorescence

Signal

From Eq.2, it can be seen that the angle between
the same magnitude of the magnetic field and the NV
color center axis (z direction) is different, which will
cause the different resonance frequency of ground state.
For ensemble NV color center diamond samples (the
four axial NV color centers are uniformly distributed),

when the direction of the magnetic field is parallel to
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one of the axial directions, only four peaks will appear
in the final spectrum because of the magnetic field. As
shown in Fig.2(a), the magnetic field can be calculated
according to Eq.3 through the resonance frequencies
f-1 and f,, corresponding to the peaks on both sides.
In order to improve the detection efficiency of the
magnetic field, the frequency of the microwave is
generally locked to the position with the largest slope
in the ODMR spectrum!'* '*!, as shown in Fig.2(b). The
maximum response to changes is finally reflected in
the changes in fluorescence. This method can be used

to achieve real-time magnetic field measurement.

2.2 Principle of Magnetic Flux Leakage De-
tection

As shown in Fig.3, for the process of defect
magnetic leakage, the steps of generating leakage
magnetic field include defect magnetic refraction
(Fig.3(a)), defect magnetic diffusion (Fig.3(b)), defect
magnetic compression (Fig.3(c))). If there are defects
(scratches, cracks, etc.) on the surface of a ferromag-
netic object, and the ferromagnetic body is in contact
with the air, the magnetic field will undergo magnetic
refraction, and the magnetic field inside the ferro-
magnetic object will refract the surface of the object
due to the magnetic boundary conditions. In this case,
magnetic diffusion is formed. However, due to the
complicated spatial magnetic field in space, the dif-
fused magnetic lines are squeezed inside, which
eventually leads to the reverse magnetic compression'*
"l The final defect leakage magnetic field B can

be expressed as:
Bms = By + By — B,

where B,,B; and B, are the magnetic flux den-
sity of the defect magnetic refraction, the magnetic flux
density of the defect magnetic diffusion, and the
magnetic flux density of the defect magnetic com-
pression, respectively.

The crystal lattice defects in diamond can reach
the nanometer scale, which provide a magnetic field
probe with extremely high spatial resolution. Iron plate
welds in the industry are often difficult to judge by the

eyes, which will inevitably bring a lot of safety hazards.

By magnetizing the iron plate, magnetic leakage will
occur at the weld. With the employment of NV color
center, such a high sensitivity and high spatial resolu-
tion of magnetic measurement can accurately locate

magnetic leakage and provide timely safety warnings.
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Fig.3 Defect Flux Leakage Process

2.3 Apparatus and Method

The optical experiment setup of the NV color
center based quantum sensing system is shown in Fig.4.
Here, we used a homebuilt fiber system to excite and
detect the NV centers. A diamond attached on the tip of
a multi-mode optical fiber (step refractive index, with a
core diameter of 200um and a numerical aperture of
0.37) has been mechanically polished and cut into a
membrane with dimensions 200 x 200 X 100um3 .
The laser generates a green laser with a wavelength of
532 nm, which is coupled into the fiber by a fiber
coupler, and then transmitted to the diamond NV color
center probe through the dichroic mirror. The diamond
NV color center will emit red fluorescence under the
excitation of a 532nm laser. Then the red fluorescence
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passes through the filter and is detected by the
photodetector. In the experiment, magnetic field
sensing is realized by fiber-diamond probe, which
consists of a diamond glued on the end of the fiber and

a copper wire wrapped as microwave antenna.
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Fig.4 Optical Fiber-diamond Coupling Sensor Optical
System, Electronics System and Scanning Detection System

The microwave system includes a microwave
source, a microwave switch, a microwave amplifier
and a microwave circulator. The microwave source,
and its stability determines the signal-to-noise ratio of
the self-selected signal'*". The function of the mi-
crowave switch is to control the on-off of the micro-
wave signal. The microwave circulator allows only
one-way transmission of microwave signals and pre-
vents the microwave signals transmitted in the reverse
direction from burning out the microwave amplifier.
The microwave signal generated by the microwave
source in the system passes through the microwave
switch, microwave amplifier and microwave circulator,
and is transmitted from the microwave antenna to the
diamond NV color center probe, and finally realizes the

control of the electron spin of the NV color center.

The computer is to control the microwave source
and the lock-in amplifier. We use the software written
in python to control the microwave source and lock-in
amplifier, mainly to set the frequency sweep points,
sweep range and other parameters of the microwave
source sweep signal. In our scheme, the microwave
source will generate AM signals. The modulated signal
output by the microwave source is used as the reference
signal of the lock-in amplifier. Once we fix the mi-
crowave frequency, the output signal of the lock-in
amplifier is magnetic-field-dependent, thus we can
achieve real-time magnetic field sensing.

2.4 Magnetic Flux Leakage Detection Method

Based on Nitrogen-vacancy Color Center

The diamond NV color center ensemble has
four-axis symmetry, so in the presence of an external
magnetic field, the ODMR fluorescence spectrum will
present eight peaks. However, in order to detect the
magnetic field in a specific direction, we need to apply
a bias magnetic field align with one of the axial direc-
tions to separate the fluorescence spectrum[15-16]. In
this case, four peaks will appear in the ODMR fluo-
rescence spectrum of the NV color center, and the
contrast between the two peaks in the middle is rela-
tively large, as shown in Fig.2(a). In the experiment,
we used two neodymium iron boron permanent mag-
nets to magnetize the plate weld, as shown in Fig.4.
Two magnets are respectively applied on both sides of
the iron plate, so that a closed magnetic circuit is
formed inside the plate, and the magnetization of the
plate is completed at this time.

3 Results and Discussion

3.1 Measurement Results of NV Color Center

Measurement System

When applying the bias magnetic field align one
of NV axis and setting the microwave frequency at the
maximum slope of ODMR spectrum, we can map the
defect-induced magnetic flux leakage by scanning the
fiber-diamond probe. Fig.5 shows the iron plate with
welds selected in the experiment. Two kinds of ex-
periments were done on this. First, the flat area without
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any cracks in the iron plate was scanned, as shown in
Fig.5(b). It can be seen that there is almost no crack
detection result, but it still shows a magnetic field
gradient. The main reason is that the surface of the iron
plate will have a magnetic field in a specific direction
due to the permanent magnets applied on both sides. In
a small area, it can be assumed that this magnetic field
is constant and will not affect the crack detection re-
sults.

Then, in order to distinguish the difference be-
tween scratches and cracks on the surface, an
“x-shaped” cut was made on the surface of the plate,
and the area was scanned with the same magnetic field
as the above method. The scanning result is shown in
Fig.5(c). When an “x-shaped” Scratches is made on a
smooth flat surface, an x-shaped magnetic flux leakage
will appear on the flat surface. However, since the cut
is very shallow, the magnetic field varies in a small

magnetic field (Normalized)
0.97 0.96
[ e ]

X (mm)

magnetic field (Normalized)
0.99 0.97
——

range. Finally, we find a location of the welding gap on
the iron plate, and then detect the surface magnetic
field distribution in the same way. We selected two
areas corresponding to the area with one (Fig.5(d)) or
multiple (Fig.5(d)) welds, which can be identified with
magnetic filed mapping by our fiber-diamond sensor.
Due to deeper defects, the detected magnetic leakage is
greater than that of “x-shaped” Scratches.

In the above measurement, the magnetic probe is
close to the surface of the iron plate (the distance be-
tween the two is 200 — 400um), thereafter the mag-
netic field distribution on this surface can be mapped.
These results show that when there are cracks in the
weld, the surrounding magnetic flux leakage is much
complicated. In this case, the magnetic mapping pre-
sents higher contrast. On the contrary, the defect is
likely to be scratches with low contrast, which is not

the defect of industrial inspection.

(e) magnetic field (Normalized)
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Fig.5 (a) Iron Plate with Weld. (b) the Area Where There Are No Welds in the Iron Plate. (c) Scanning Results of Artificial
Scratches in the Iron Plate. the Dotted Line in the Figure Is the Crack Area. (d) the Result of a Simple Crack Scan in the Iron
Plate, the Dotted Line in the Figure Is the Crack Area. (e) Scanning Results of Complex Cracks in the Iron Plate. the Dotted
Line in the Figure Is the Crack Area
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3.2 Measurement Result of Traditional

Magnetic Particle Test Piece

In order to verify the sensitivity of the optical
fiber-diamond magnetometer for magnetic flux leak-
age detection, the standard test piece for magnetic flux
leakage detection is placed in a flat iron plate, and then
two permanent magnets are applied to both ends of the
iron plate to magnetize the iron plate. In this case, the
standard test piece on the iron plate can be magnetized.
Similarly, move the fiber-diamond probe to 50um
above the test piece, and scan the magnetic field on the
surface by moving the test piece. The result is shown in
the Fig.6, it can be clearly seen that the distribution of
the magnetic field is almost the same as the shape of
the groove in the test piece. Such result confirms the
applicability and high sensitivity of NV color center
optical fiber magnetic sensor in the application of
magnetic flux leakage detection.

Y (mm)

X (mm)

Fig.6 The Result of Magnetic Field Scanning on the Sur-
face of the Test Piece Using an Optical Fiber-diamond
Probe. in the Illustration Is a Photo of the Standard Test
Piece Used for Magnetic Particle Testing, Where the Pa-
rameters of the Groove Are: Depth 7um, Width S0um

4 Conclusion

According to the above results, we can get the

following conclusions:

1. The NV color center quantum magnetic meas-
urement system can realize the magnetic field mapping.
At the same time, if there are defects on the surface of
the iron plate weld, the magnetic field will change.
Therefore, the NV color center quantum magnetic
measurement system can achieve industrial iron
Non-destructive testing of plate welds.

2. Following are the advantages of NV color
center based quantum magnetic measurement system.
First, the quantum sensing system based on NV color
center is extremely sensitive, that is, it has a high re-
sponse to weak magnetic field changes. Based on this,
we can detect the magnetic field in a certain areal'®).
Second, the use of two-dimensional stepper motor
technology can realize the visual representation of the
two-dimensional magnetic field. Similarly, in the fu-
ture, three-dimensional stepping motors can be used to
scan the spatial magnetic field"'” ' Third, the NV
color center is used to scan the magnetic field. The
magnetic field resolution and spatial resolution gener-
ally change inversely.

3. Following are the disadvantages of NV color
center quantum magnetic measurement system. The
current quantum sensor system based on the NV
color center has relatively strict requirements on the
size and flatness of the scanning area. When the
surface of the plate weld is not flat, many other
factors will also cause the magnetic field near the
NV color center probe to change, so the measured
result is not accurate. In the future, this problem can
be solved by setting the movement trajectory of the
NV color center probe according to the surface
change of the iron plate weld. It is believed that with
the development of industrial technology, the NV
color center quantum magnetic measurement system
can be applied to a variety of industrial measurement

situations!!'*2!1,

Acknowledgement

This work is supported by the Provincial Control
Technology Project No. 52120519002N.



INSTRUMENTATION, Vol. 9, No. 1, March 2022

63

References

(1]

[10]

[11]

WU Y, Wang H W. Understanding of the proportion of
third-party ultrasonic testing of steel structure welds in
construction projects [J]. China Building Metal Structure,
2021(07): 56-57 73.

ZHANG M, TIAN T. Application of non-destructive
testing technology in steel structure workshop testing [J].
Mechanical and Electrical Engineering Technology,
2021, 50(07): 256-258.

YE G, HUO X T, ZHU Y K. Anomaly analysis of girth
weld in magnetic flux leakage internal detection signal[J].
Chemical 2021(07):

184-186.
CHANG J W. Application of building steel structure en-

Engineering and Equipment,

gineering and welding seam nondestructive testing
technology [J]. Smart City, 2021, 7(10): 37-38.

ZHAO B W. Preparation of diamond NV color center
and its application in the field of quantum measure-
ment[D]. University of Science and Technology of
China, 2020.

DONG Y, Du B, ZHANG SH CH, CHEN X D, SUN F W.
Solid-state quantum sensing based on nitrogen-vacancy
color centers in diamond system. Acta Physica Sinica,
2018, 67(16).

ZHANGZ CH,SHENCHY,ZHU ZHH, LIU Y, Li G H.
Flaw detection of non-ferromagnetic metal materials
based on flux leakage combined with eddy current.
Chinese Journal of Instrumentation, 2021, 42(04):
150-159.

TANG Y, PAN M CH, LUO F L, CHEN D X, GAO J
ZHE. Pulse magnetic flux leakage detection technology
based on three-dimensional field measurement. Journal
of Instrumentation. 2011, 32(10): 2297-2302.

WANG Y SH, XU X P, SHEN L S. Magnetic flux leak-
age detection of ferromagnetic materials. Journal of
Electronic Measurement and Instrumentation. 2000(03):
45-48 59.

QIAN ZH CH, HUANG H H, JIANG SH L, YANG CH.
Research on magnetic memory signal of ferromagnetic
material tensile/compression fatigue. Journal of Elec-
tronic Measurement and Instrumentation. 2016, 30(04):
506-517.

HUANG ZH X. Some problems of quantum noise theory.

12]

[13]

[14]

[15]

[20]

(21]

Journal of electronic measurement and instruments 1987
(03). Journal of electronic measurement and instruments
1987(03): 1-10.

JENSEN K, ACOSTA V M, JARMOLA A, et al. Light
narrowing of magnetic resonances in ensembles of ni-
trogen-vacancy centers in diamond[J]. Physical Review
B, 2013, 87(1): 014115.

DREAU A, LESIK M, RONDIN L, et al. Avoiding
power broadening in optically detected magnetic reso-
nance of single NV defects for enhanced dc magnetic
field sensitivity[J]. Physical Review B, 2011, 84(19):
195204.

WOLF T, NEUMANN P, NAKAMURA K, et al
Subpicotesla Diamond Magnetometry[J]. Physical Re-
view X, 2015, 5(4): 041001.

BARRY J F, TURNER M J, SCHLOSS J M, et al. Op-
tical magnetic detection of single-neuron action poten-
tials using quantum defects in diamond[J]. Proceedings
of the National Academy of Sciences, 2016, 113(49):
14133-14138.

BARRY J F, SCHLOSS J M, BAUCH E, et al. Sensitiv-
ity optimization for NV-diamond magnetometry[J]. Re-
views of Modern Physics, 2020, 92(1): 015004.
AHMADI S, EL-ELLA H A R, HANSEN J O B, et al.
Pump-enhanced continuous-wave magnetometry using
nitrogen-vacancy ensembles[J]. Physical Review Ap-
plied, 2017, 8(3): 034001.

DEGAN C L, REINHARD F, CAPPELLARO P. Quan-
tum sensing[J]. Reviews of modern physics, 2017, 89(3):
035002.

FESCENKO I, JARMOLA A, SAVUKOV 1, et a.
Diamond magnetometer enhanced by ferrite flux
concentrators[J]. Physical review research, 2020, 2(2):
023394.

ZHANG SH CH, LI S, DU B,

mal-demagnetization-enhanced hybrid fiber-based

et al. Ther-
thermometer coupled with nitrogen-vacancy cen-
ters[J]. 2019, 9(12):
4634-4643.

ZHANG SH CH, DONG Y, DU B, et al. A robust fi-

Optical Materials Express,

ber-based quantum thermometer coupled with nitro-
gen-vacancy centers[J]. Review of Scientific Instruments,
2021, 92(4): 044904.



64 ZHAO Long et al: Non-destructive Testing Method for Crack Based on Diamond Nitrogen-vacancy Color Center

Author Biographies

ZHAO Long received a Ph.D. degree
from The University of Science and
Technology of China. He is currently the
deputy director and senior engineer of

the Organization Department of the
- n Electric Power Research Institute of
State Grid Anhui Electric Power Co., Ltd. His main re-
search interests include power communication and sensing
technology.

E-mail: longzhao@ustc.edu.cn

WANG Xin received both B.Sc. and
M.Sc. degrees from Tianjin University
and The University of Science and
Technology of China in 2013 and 2016,

= respectively. He is currently an engineer
“ at the Electric Power Research Institute

of State Grid Anhui Electric Power Co.,

Ltd. His main research interests include power information,
quantum Precision measurement, etc.

E-mail: ustcwx(@mail.ustc.edu.cn

ZHAO Bowen received a Ph.D. degree
from The University of Science and
Technology of China. Now he is the
CEO of China Prosp & Quantumtech Co,
Ltd. During his Ph.D., he participated in
the national key research and develop-

ment program, the key support project of the National
Natural Science Foundation of China, and the leading
project of the quantum communication and quantum
computer major projects in Anhui Province, etc.; published
2 SCI quantum measurement related papers and partici-
pated in 8; applied for invention patents 2 items.

E-mail: 263781200@qq.com

WU Guiyuan received a M.Sc. degree
from Hefei University of Technology.
She is now responsible for the financial
department of State Grid Anhui Electric
Power Co., Ltd., accountant. Her main
research interests include power finan-

cial management and risk control.
E-mail: 844065872@qq.com

LUO Dacheng received a B.Sc. degree
from Hefei University of Technology in
2018. Now he is an optical engineer in
China Prosp & Quantumtech Co, Ltd.

His main research interests include

quantum measurement and optical fiber
sensing.
E-mail: 2042664836(@qq.com

ZHANG Shaochun (corresponding
author) received both B.Sc. and Ph.D.
degrees from Huazhong University of
Science and Technology and The Uni-
versity of Science and Technology of
China in 2016 and 2021 respectively. He
is now a postdoctoral fellow at Univer-

sity of Science and Technology of China. His main research
interests include optical fiber sensing, quantum precision
measurement and quantum optics.

E-mail: zscyw@ustc.edu.cn

Copyright: © 2022 by the authors. This article is licensed under a Creative

Commons  Attribution 4.0 International License (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).



