
 

 

Real-time simultaneous temperature and strain measurements at 
cryogenic temperatures in an optical fiber 

 
Scott Mahar†a, Jihong Gengb, Joel Schultz a, Joseph Minervini a, Shibin Jiangb, Peter Titus a, Makoto 

Takayasu a, Chen-yu Gung a, Wenyan Tianb, Arturo Chavez-Pirsonb 

aMassachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge, MA, USA 02139 
bNP Photonics, 9030 South Rita Road Suite 120, Tucson, AZ, USA 85747 

ABSTRACT 

A novel fiber optic sensor has been developed to be used in superconducting magnets for fusion reactors and other large 
cable-in-conduit superconductor (CICC) magnet applications.  These large superconducting magnets need a diagnostic 
that can measure the temperature and strain throughout the magnet in real-time, which was not possible until now.  
Simultaneous temperature and strain measurements at cryogenic temperatures have been demonstrated, using 
spontaneous Brillouin scattering in an optical fiber.  Using an extremely narrow (100 Hz) linewidth Brillouin laser with 
very low noise as a frequency shifted local oscillator, the frequency shift of spontaneous Brillouin scattered light was 
measured using heterodyne detection.  A pulsed laser was used to probe the fiber using Optical Time Domain 
Reflectometry (OTDR) to determine spatial resolution.  The spontaneous Brillouin frequency shift and linewidth as a 
function of temperature agree with previous literature on stimulated Brillouin scattering data from room temperature 
down to 4 K.  For the first time, the spontaneous Brillouin frequency shift, linewidth, and intensity as a function of strain 
have been measured down to 4 K.  Analyzing the frequency spectrum of the scattered light after an FFT gives the 
Brillouin frequency shift, linewidth, and intensity of the scattered light.  65,000 pulses, with 53 ns pulse widths, were 
averaged in under one second, providing a 5 meter spatial resolution along a fiber that was about 100 m long.  Measuring 
these three parameters allow the simultaneous determination of temperature and strain in real-time throughout a fiber 
with a spatial resolution on the order of several meters.   
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1. INTRODUCTION 
Nuclear fusion reactors are composed of complicated systems that demand both leading edge physics and engineering.  
Over the last several decades, plasma physics research has brought the idea of a fusion based power plant from small-
scale laboratory experiments to the production of megawatts of fusion power.   One of the main plasma physics 
demonstrations is that the confinement of the plasma in a fusion reactor increases with increasing size of the reactor.  
The International Thermonuclear Experimental Reactor (ITER) is a joint project to build the first power plant size fusion 
reactor, capable of generating 500 MW of fusion power.  Throughout the world, there are many fusion reactors; 
however, ITER will have twice the diameter of the largest current reactor, which gives it a plasma volume ten times as 
large.1  One of the many engineering issues associated with nuclear fusion reactors is the magnet system.  Since the 
plasma needs to be heated to millions of degrees, fusion reactors rely on magnet systems to confine the plasma within its 
vacuum vessel, so that it does not destroy the walls.  A central solenoid magnet is also used to drive current in the 
plasma, which helps to stabilize the plasma.  For ITER to achieve steady state operation using high magnetic field 
strengths and simultaneously demonstrate satisfactory fusion energy gain, these magnet systems need to be 
superconducting.  Not only do the specifications of the ITER superconducting magnets approach the present limits of 
superconducting capabilities, but the total stored energy in the magnet set is up to 100 GJ.  It is extremely important to 
have a fast responding system to detect an unstable magnet, so the magnet stored energy can be properly discharged.  It 
is equally important that the detection system can distinguish the magnet signal from background noise in the 
complicated fusion reactor environment. 
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One of the most important parts of a superconducting magnet is its quench detection system.  When a superconducting 
magnet quenches, a length of superconducting cable becomes resistive.  Unless the current is dumped out of the magnet, 
it will continue to heat up and could potentially melt the conductor.  Most superconducting magnets use voltage taps to 
measure a voltage drop due to resistance in the magnet.  This type of system works well for isolated, small magnets; 
however, standard voltage taps do not work well for large pulsed magnets, such as the ITER central solenoid.2  Fusion 
reactor magnets typically have peak terminal voltages of several kilovolts, which makes the detection of a several 
millivolt signal very difficult.  False positives can cause a magnet to quench when it does not need to, leading to a 
significant loss of time and money to re-cool and recharge the magnet system; or, in a reactor, to restart a steam turbine.   

Fiber optic sensors have a huge advantage over standard sensors in that they are immune to large electromagnetic fields 
and fluctuations.  Inserting a fiber optic cable into a superconducting magnet can provide a distributed temperature 
measurement throughout the magnet, allowing it to be used as a quench detector.  Figure 1 shows how a superconducting 
cable-in-conduit conductor (CICC) is wound together before being inserted into a square conduit.  By winding a fiber in 
a protective capillary tube in one of the initial triplets, or by running the fiber through the central cooling channel, the 
fiber would be able to sense a temperature increase rapidly if the magnet begins to quench.   

 
Fig. 1. Short section of a cable-in-conduit conductor partially unwrapped to show the winding pattern.  The ITER central 

solenoid is composed of approximately 36 kilometers of this type of CICC. 

A fiber running throughout a superconducting magnet would provide not only a quench protection system, but also a 
quench locator and a quench propagation diagnostic.  Many computer simulations have been created to determine how a 
quench spreads through a magnet, but the fiber optic sensor presented in this paper could actually measure the quench 
propagation.3-5  The spontaneous Brillouin scattering based system can also provide a distributed strain measurement 
throughout the magnet fabrication and operation, which is also a novel capability in a CICC magnet. 

2. EXPERIMENTAL SYSTEM 
A single frequency Er-doped fiber laser sends light at 1551 nm through a coupler that splits the light into two different 
paths, as shown in Figure 2.  In the lower path, the light goes through an acousto-optic modulator (AOM), which creates 
pulses of light of the desired length at the desired rate.  The length of this pulse of light in the actual fiber is what 
determines the spatial resolution of the system.  For example, an 80 ns pulse of light corresponds to a spatial resolution 
of about 8 meters, which is what we chose to use for the strain experiment.  After these pulses travel through a circulator 
to the sensing fiber, which can be hundreds of meters long, the spontaneous Brillouin light is backscattered in the 
opposite direction.6 
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Fig. 2. Schematic diagram of the  spontaneous Brillouin scattering system used in these experiments. 

The light from the fiber laser going to the upper path is used to pump NP Photonics’ Brillouin laser, which is an ultra-
narrow linewidth laser (100 Hz).7  The light leaving the Brillouin laser is combined with the Brillouin backscattered light 
from the lower path in Figure 2.  The Brillouin laser is used as a frequency-shifted local oscillator for the heterodyne 
detection of the spontaneous Brillouin scattered signal.  Since the Brillouin frequency shift is in the 11 GHz range, 
measuring the frequency of the light within a few MHz is very difficult and expensive.  By using a Brillouin laser as a 
local oscillator, with a frequency nearly 11 GHz lower than that of the fiber laser, the beat signal is heterodyned from the 
microwave range to the radio frequency range.8 It is now possible to use a standard detector to measure the frequency 
shift of the spontaneous Brillouin scattered light. 

In order to measure the linewidth of the spontaneous Brillouin scattered light, a MATLAB program was used to take the 
Fast Fourier Transform (FFT) of the signal.  These experiments were done under a Department of Energy Small 
Business Innovative Research (SBIR) Phase I grant whose main purpose was to show feasibility of this measurement 
approach. In Phase I, there was insufficient funding and time to develop high speed hardware in addition to the existing 
system. Instead, the signal was split and run through a General Purpose Interface Bus (GPIB) cable to a second 
computer, where the signal was recorded.  The signal data was run through the MATLAB FFT program to convert the 
signal data in time to frequency space.   Limited by the maximum data transfer speed of the GPIB cable, we were not 
able to get as many averages of data for the linewidth measurements as we would have liked. A Phase II proposal has 
been submitted, in which the hardware and support systems for the linewidth measurement will increase the sampling 
rate by many orders of magnitude. 

3. PROOF OF CONCEPT EXPERIMENTS 
The experiments discussed in this paper were designed as a proof of concept that a spontaneous Brillouin scattering 
system can work as a superconducting magnet diagnostic.  Other Brillouin scattering systems have worked as distributed 
temperature and strain sensors; however, these measurements are near or above room temperature.9,10  In this 
temperature range, the relation between the temperature and strain and Brillouin scattering parameters are linear.11-13 At 
cryogenic temperatures, these relationships are not only non-linear, but also non-monotonic.14  To complete the proof of 
concept, Brillouin frequency shift, intensity and linewidth were plotted as functions of temperature and strain from 
cryogenic temperatures up through room temperature.  Using these plots as a multi-dimensional lookup table, the 
temperature and strain can be determined based on the measured frequency shift, intensity, and linewidth of the 
spontaneous Brillouin scattered light. 

3.1 Temperature experiment 

The main goal of the temperature experiment was to characterize the effect of temperature on the spontaneous Brillouin 
scattering in optical fibers at cryogenic temperatures.  One of the most important factors in the design of this experiment 
was that the fiber needed to be at a uniform temperature during data acquisition. This was confirmed using several gold-
chromega thermocouples and a silicone diode.  The fiber was wound loosely in a channel cut into an aluminum disk.  
Including the aluminum lid, the disk was 1 inch thick and 4 inches in diameter, and the fiber channel had an average 
diameter of 3 inches, as shown in Figure 3.  Constantan wire was wound non-inductively on the top and bottom of the 
disk to act as a heater in order to incrementally increase the temperature. 
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Fig. 3. Location of the thermocouples and silicone diode relative to the coiled fiber for the temperature experiment. 

The frequency shift, linewidth, and power were recorded at many different temperatures from 4 K to room temperature.  
The frequency shift and linewidth data agree qualitatively with data from other experiments, as shown in Figure 4.14  A 
quantitative agreement was not expected for two reasons: 1) our system measured the spontaneous Brillouin scattered 
light, while Thévenaz’s system measured the stimulated Brillouin scattered light, and 2) Thévenaz used standard single 
mode fiber, whereas we used metal coated single mode fibers with different properties due to the coatings.  As 
previously discussed, our system measures the relative frequency shift with respect to the local Brillouin laser oscillator, 
which was set at roughly 11 GHz less than the pulse laser.  In order to compare our data to Thévenaz’s data, 11 GHz was 
subtracted from his frequency shift data. 

 
Fig. 4. The relative frequency shift and linewidth as a function of temperature from new experiments (color), compared to 

Thévenaz (black).   

As expected, the frequency shift is not a function of pulse length; however, the linewidth is a function of pulse length.  
The linewidth data is more scattered than the frequency shift data, since it is derived from only 230 averages of the FFT 
data, compared to the 65,000 averages that were used for the frequency shift data.  This scattering of the data is not a 
physical phenomenon, but results from the inadequate sampling rate in the linewidth DAQ system. This will be 
addressed in the Phase II program.  Using the FFT data, the relative frequency shifts and intensities at different 
temperatures were also calculated.  This data was compared to the frequency shift and linewidth data shown in Figure 4, 
and matches extremely well.15 

On the first day of the experiment, liquid helium was used to generate temperatures from 4 K to 85 K.  The probe was 
removed and warmed up to room temperature overnight, and then liquid nitrogen was used the second day for 
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