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Fiber Bragg Gratings for Strain Sensing in High
Temperature Superconducting Magnet

Q. Wang, Z. Fen, F. Deng, G. Huang, L. Yan, and Y. Dai

Abstract—Fiber Bragg grating (FBG) for measuring stress and
strain in 77 K and high magnetic field environment for a high tem-
perature superconducting (HTS) magnet has been studied. The
sensing characteristics of FBG in the cryogenic environment were
studied on the basis of a series of experiments. To study the strain
sensing behavior of FBG at 77 K, the principle of the cantilever
which used a aluminum plate clamped at one end and deployed as
a cantilever was applied. The results demonstrated that the FBGs
still possess good linear strain sensing property at liquid nitrogen
temperature. The function of micro-strain and wavelength shift is
determined as � B = 1 23 z at 77 K. Based on this equation,
the hoop strain of a HTS magnet wounded by Bi2223 was mea-
sured. The hoop strain difference between the measured results by
FBG and the calculated results by ANSYS is very small.

Index Terms—HTS coil, liquid nitrogen temperature, strain sen-
sitivity, strain sensor.

I. INTRODUCTION

THE development of high field superconducting magnets
combined with the use of advanced composite materials

creates a requirement for monitoring the integrity of support
structures to avoid the quench of superconducting magnet [1].
The applications of conventional strain gauge technology are se-
verely limited by the presence of high magnetic fields and the
highly non-linear temperature dependence of the response of re-
sistive foil strain gauges [2]. The dimensions of the strain gauges
and associated electrical connections also limit their applica-
bility in compact systems. Optical Fiber Bragg gratings (FBG)
have been extensively studied for structural health monitoring,
with a large number of reports of application and field trials [3].
The small dimensions of the optical fiber combined with the
possibility of embedment within composite structures and the
multiplexing capability of FBG sensors make them an attrac-
tive proposition for this application. In addition to the measure-
ment of stress and strain, the small magnetic field sensitivity of
FBGs will be exploited to develop a multiplexed magnetic field
sensor. The applicability of the FBG would not be limited to su-
perconductors, but also to any cryogenic structure such as those
used in the large particle physics experiments. The stress and
strain characteristics of FBG in the high magnetic field super-
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Fig. 1. Principle for fiber Bragg grating.

conducting magnet are essential to obtain expected operating
current and magnetic field.

If the strain in the superconducting magnet exceeds a certain
degree, the crack of epoxy-resin and degradation of critical cur-
rent in the superconducting wire will occur. It leads to quench of
superconducting magnet. In this paper, we develop a structural
monitoring system operated at the cryogenic temperatures, in
the presence of high magnetic fields and currents. The system
will be based around the use of FBG sensors, and will be capable
of monitoring strain. The technology will be used to perform
measurements on a high field superconducting magnet based on
a cantilever experiment to study FBG’s strain behavior at 77 K
to obtain the relationship between the wavelength shift and the
micro-strain. The FBG sensor is used to study the strain charac-
teristics of a HTS magnet at 77 K.

II. FIBER BRAGG GRATING STRAIN TESTING THEORY

A. Introduction of FBG

Fiber Bragg Grating (FBG) is a longitudinal periodic varia-
tion of the index of refraction in the core of an optical fiber.
The spacing of the grating determined the wavelength of the
reflected light. The working principle of the FBG is shown in
Fig. 1. The Bragg reflection of an FBG is given as

(1)

where is the refractive index of the core and is the grating
period. When only considering axial strain, the function that de-
scribes the relationship between the wavelength shift and axial
strain is given as

(2)
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Fig. 2. Strain behavior experiment setup and FBG measuring system.

where is the strain sensitivity. For fused silicon fiber, the
function is simplified to

(3)

when the central wavelength is 1550 nm, the func-
tion is calculated as

(4)

where means the micro-strain of fiber [4]. From the (4),
the micro-strain of FBG is varied linearly with the wavelength.
Notice should be paid that this value is deduced at ambient tem-
perature typically from 273 K to 300 K.

III. EXPERIMENT PROCEDURE

A. FBG Strain Behavior at 77 K

Although the characteristics of FBG strain sensors have been
considerably studied, there are only a few papers dealing with
their applications in the cryogenic environment. The main aim
of this part was to study FBG strain sensing behavior and get its

relationship at 77 K. The experiments were based
on the principle of cantilever. The configuration of cantilever
experiment setup is shown in Fig. 2.

The cantilever beam was made of aluminum with the rect-
angular cross section. One fiber Bragg grating with the Bragg
wavelength of 1550 nm was mounted to one end of the beam.
The strain of the FBG varied with the forces applied to the other
end of the beam by loading different weights. The whole test
system was immersed by liquid nitrogen . The reflected
signals from the FBG is captured by a portable demodulation
system.

The FBG Bragg wavelength shift was monitored using a scan-
ning Fabry-Perot tunable filter. The FBG demodulation, manu-
factured by Micron Optics, was integrated with laser source. The
demodulation system had a minimum sensitivity of 1 pm and a
scanning rate of 100 Hz.

The whole system including experiment setup and measuring
system is showed in Fig. 2.

Fig. 3. Cantilever experiment result for strain vs. wavelength.

The test procedure is, first at 77 K and then at the room tem-
perature and then at 77 K again, to investigate the behavior of
FBG strain sensing in the cryogenic environment. During these
tests, FBG could totally withstand the cryogenic temperature
and presented a characteristic of fine flexibility and reusable
ability. The strain response of the FBG was assessed at different
forces applied to the cantilever beam. The forces were applied
in steps of 400 g to a maximum of 2000 g.

From cantilever theory, the relationship between the applied
load and the strain was given as

(5)

where is the applied weight, is the strain at the end of the
cantilever, is the acceleration of gravity, is the Young’s
elastic modulus of aluminum at 77 K, and are the wideness
and the thickness of the cantilever, is the arm of force, respec-
tively.

It was calculated that 400 g force induces a strain of 79.8 .
The cantilever experimental results are illustrated in Fig. 3.

The strain changes from to 400 , the positive
strain values were first measured by fixing FBG on the upside
of the cantilever beam, then negative strain were monitored by
turning the cantilever beam upside down. The shifts of central
wavelength are within the range of 1.5 nm. The results indi-
cate that the strain response of the FBG is almost linear at 77 K
and the slope of the curve is 1.23. Compared with
theory calculated result 1.209 at the room temperature, the mea-
sured value is accurate, when material differences and system
error are considered. Thus the constant 1.23 for (4) will be used
in further experiments.

In order to further understand the performance of FBG strain
sensor at 77 K liquid nitrogen temperature, another cantilever
experiment using more advanced spectroscope-SI720, which
could monitor the whole operating spectrum, was done. During
this experiment, the force was applied in steps of 200 g from 0
to a maximum of 2000 g. The spectrum of the FBG with central
wavelength 1550 nm at the force of 1000 g was plotted in Fig. 4.
In Fig. 4, the -coordinate means the operating spectrum of
FBG when the force applied was 1000 g, and the -coordinate
represents the reflectivity of this FBG. Carefully observation
of Fig. 5 leads to an obvious result that the peak splits into



WANG et al.: FIBER BRAGG GRATINGS FOR STRAIN SENSING IN HIGH TEMP SUPERCONDUCTING MAGNET 2379

Fig. 4. Spectrum of FBG at 77 K when force was 1000 g.

Fig. 5. Central wave-length at 77 K for FBG vs force.

two small peaks. This phenomenon was known as multi-peaks
which made it hard for the demodulation system to detect and
distinguish the peak of reflected lights.

Within the region of 1000 g, the FBG strain sensor had no
response. This result implies that the performance of FBG strain
sensor at 77 K was different from that when working at room
temperature. The difference was not only in strain sensitivity
of FBG at 77 K liquid nitrogen temperature, but also the strain
behavior and sensing mechanism.

More effort will be endeavored to study this multi-peaks phe-
nomenon and its influence. As this phenomenon can only be
monitored with the high resolution apparatus-SLI720, we still
consider that the results monitored by FBG is reliable and we
will use the measured strain sensitivity by FBG during further
experiments.

B. Strain Sensing in a HTS Magnet

The task of this part was to explore the feasibility of applying
FBG strain sensors to monitor strain in a high temperature super-
conducting magnet. The experiment setup was shown in Fig. 6.
The FBG sensor was stuck on the flank of the magnet. When
the operating current of the magnet was below 20 A, the strain
is too small to be measured, so the zero point of the strain was
set to be that when the current was 20 A.

As the FBG grating has a certain length which is normally
about 2 cm, the sensor actually senses both radial and hoop

Fig. 6. Experiment setup by FBG for high temperature superconducting coil.

Fig. 7. Two-dimensional FEM Model for HTS magnet stress analysis.

strain produced by the magnet. However, the hoop strain is much
lager than the radial strain [5], [6], the initial experiment result
ignores the influence of radial strain and takes into account the
hoop strain only.

C. Numerical Simulation

The finite elements method (FEM) is used to simulate the
magnet strain. The finite element model of the high temperature
superconducting magnet is plotted in Fig. 7.

Because the magnet is axisymmetric and the magnetic forces
were assumed to be uniformly distributed in the magnet. The
2D 1/4th model was used and was treated as an isotropy solid
with no need to model individual turns.

A part of the detail FEM model of the coil is plotted in Fig. 8.
The high temperature superconducting magnet was wounded
by high temperature superconducting strip materials, Bi2223,
and was impregnated with epoxy-resin. The dimension of the
magnet is listed in Table I.

The mechanical properties used for simulation by ANSYS
are listed in Table II. The magnet was energized by a current
source. The operating current increased from 20 A all the way
up to 50 A at a rate of 0.5 A/s.

D. Result Analysis

The experiment and the simulation results are illustrated in
Fig. 9. From magnetic field theory, the hoop strain caused by
Lorentz force is proportional to the square of operating current.
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Fig. 8. A part of the detail FEM model of the coil.

TABLE I
PARAMETERS OF SUPERCONDUCTOR

TABLE II
MECHANICAL PROPERTIES OF SUPERCONDUCTOR

The difference between the experimental and numerical analysis
results is very small.

IV. CONCLUSIONS

The response of the FBG sensors to strain, at the cryogenic
temperatures and high magnetic field is carried out in detailed.
The strain sensitivity characteristics have been studied by using
FBG sensor testing equipment. Based upon the results, the test
system with FBG is designed with the appropriate measurement
range, resolution, electrical bandwidth and sensor configuration.

Fig. 9. Experiment result vs. simulation result.

A high temperature superconducting magnet was designed to in-
corporate a multiplexed array of FBG sensors, which will mon-
itor the strains on the superconducting magnet during its oper-
ation. FBG strain sensitivity at 77 K is measured. The exper-
imental value is close to the theoretical analysis. Then a new
technology using FBG strain sensor to monitor strain in a HTS
high magnetic superconducting magnet is developed.

Further experiments will study the function between the
stress, strain and the central wavelength shift in the FBG under
the environment of 4 K liquid helium and 20 T high magnetic
field.
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