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Abstract - A novel cryogenic interferometric fiber optics sensor
for the measurement of strain and stress in the coil windings of

_superconducting accelerator magnets is described. The sensor can

operate with two different readout sources, monochromatic laser
light and white light respectively. The sensor head is built up as
an extrinsic Fabry-Perot interferomeler formed with two cleaved
fiber surfaces, and can be mounted in several configurations.
When read with laser light, the sensor is an extremely sensitive
relative strain or temperature detector. When read with white
light the absolute strain and pressure can be measured. Results
are presented of testsin several configurationsat77 K and 4.2 K,
both for the relative and absolute readout method. Finally, the
possible use for quench localization using the temperature
sensitivity is described.

I. INTRODUCTION

This paper describes the use of the well known principle of
interferometric strain sensors to measure stress and strain in
accelerator magnets. In applying this principle to these
magnets, several parameters are of influence on the sensor.
First, there is the high magnetic field ( up to 14 T in this
case ), second there is the low temperature ( downto 1.8 K )
and finally the high compressive stress the sensor has to
withstand ( reaching up to 150 MPa ). A sensing technique
will be described that is independent of the magnetic field,
able to survive the high compressive stress, while still able to
measure stress and strain with sufficient accuracy. The inherent
sensitivity to temperature changes is compensated. Two
different sensing principles are utilized, the first using laser
light providing an extremely sensitive relative measurement,
the second using white light interferometry giving the possi-
bility of an absolute readout as reference. Both these measure-
ments provide important information related to the design and

the behaviour of superconducting accelerator magnets. The

relative strain measurement can be used to detect small
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changes in strain during ramping, or todetect the initiation of
aquench caused by mechanical disturbances in the coil windings.
The absolute measurement can be used to measure prestress,
stress and strain during steady-state operation, and changes after
quench or ramping. A short overview of the theory is given,
followed by a description of the sensor and the different ways
of incorporating it into the coil windings. Next, the experimental
results are described, followed by a description of the foreseen
test in the 13 T accelerator dipole magnet currently under
construction at LBL. Finally, some design considerations and
future developments are discussed, especially the further miniatu-
rization of the sensor using integrated optics.

I1. DESCRIPTION OF THE FIBER-OPTIC SENSOR

The extrinsic Fabry-Perot fiber-optic interferometer is
constructed by positioning two cleaved fiber surfaces close to
each other. The fibers are cleaved using a standard cleaving
technique, generally yielding an almost perpendicular surface.
The two surfaces form a so-called low finesse cavity, which
creates a sinusoidal signal at the detector. The sensor head is
shownin Fig. 1. The reflection from the first glass-air interface
and that from the second air-glass interface interfere in the lead
fiber. This interference is dependent on the gap distance d,,,,
and can be described in terms of a plane-wave approximation

Uy (x,2,1) = AeY®
Uy(x,2,t) = A%, (1)
with U, the reflection from the sensing mirror, U, the reflection

from the reference mirror and ¢ the phase. The rcflecuon
coefficient A, is approximated by

Al =A [ Teore )]
Teore + 24y, tan(sin ™' (NA))

with r_,,, the fiber core radius, ¢ the transmission coefficient
of the air-glass interface and NA the numerical aperture of the
single-mode fiber, given by

1
(3

2 -
NA = ( Peore = cladding)z’



with n,, and n_,,, the refractive indices of the core and
cladding respectively. The measured intensity at the detector
will be the sum of the two amplitudes; combined with (2) this
leads to

4rmd
Ia=A21+ 2 Lore s( &2y )
Teore +2d g,y tan (sm (NA)) A

2
+ ! ';:are = '(4)
Teore +2dg ptan (sin (NA))

where it is assumed that @, = 0 and @, = 24,,(2n/A) with A

8ap

the wavelength of the laser light. Since it is difficult to use the
intensity of (4) directly to determine the gap distance due to
the unknown loss in the leads, only the phase information will
be used. With @, = 0, and ¢, dependent on both the wave-
length A and the cell length 4

gap?

two different readout
methods can bc used.

Fig.1. Principle of the extrinsic fiber-optic Fabry-Perot cavity.
A. Relative readout

When the wavelength A is kept constant - using a laser
beam as the light source - the intensity at the detector is a
cosine function of the cell length. For the detector a standard
light-sensitive diode is used. By either counting the fringes
while changing the cell length, or by keeping track of the
phase-change, a very sensitive strain sensor is created. For
each fringe the change in cell length is A/2, thus when the
total length of the cell is known, the relative change in strain
from the reference point can be determined. Resolutions down
to several nanometers have been reported [1]. When the
wavelength is kept constant using the laser to probe the sensor,
a sinusoidal function of which the phase is a linear function
of the cell length is obtained ( viewing Fig. 2. from the front-
left ).

B. Absolute readout

When a white-light source is used, the cell length is encoded
in the spectral information of the reflected signal. Byrecording
the spectrum and plotting it for a certain wavelength window,
the exact cell length can be determined following

4nd 4rd,,, 4nd
A¢=A(—EEJ527[ - gap _ gap_|_,
A Aiip=0)  Aagp=2m)

) o

with A, and A, the wavelengths at two consecutive extrema,
with phase @, = 0 and ¢, = 2r respectively. The output of the
sensor head is illustrated in Fig.2. When the spectrum of the
cell is recorded, a function inversely dependent on the cell length
is obtained, which can be used to determine the exact gap-length.
This method is used to create an absolute strain and pressure
sensor. .

Intensity {-]

Fig.2. Sensor signal as a function of wavelength and cell length.

When using the absolute sensor, the transfer function of the
2x2 coupler in the leads has to be taken into account. This
coupler causes a slight shift in the position of the extrema,
thereby influencing the calculation of the cell length. In the
experiments, this shiftis eliminated by filtering out the coupler
transfer function before calculating the cell length from the
spectral information. The cell length is calculated from the
spectral information by plotting the wavelengths of the extrema
as a function of the phase-shift, then fitting a straight line
through the points. This method provides a higher accuracy
in the reading if sufficient extrema are recorded. The cells are
set to yield about 20-30 extrema.

II1. EXPERIMENTAL RESULTS
Both the relative and absolute readout methods have been

tested in various configurations at temperatures ranging from
42 K to 293 K. The relative sensor has been tested [2] as a



strain sensor mounted on a bending beam (a) and as a pressure

sensor on a transducer bridge (b). The absolute sensor has

been tested as a strain sensor mounted on a translation stage,
" mounted in several blocks of epoxy (c), and as a pressure

sensor mounted on a transducer (d). The latter transducer is

designed for mounting in the midplane of a 13 T accelerator

dipole to measure pressure gradients in the coil windings. The
- different configurations are shown in Fig. 3.
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Fig.3. Different configurations for the sensor tests.

. Relative readout

The response of the relative strain sensor is shown in Fig.4.

The cell is fixed on a thin stainless steel bending beam with

Stycast 2850FT epoxy, with one fiber leading down into the
cryostat and the 2x2 coupler positioned outside at room
temperature. The graph shows the intensity at the detector and
the resulting strain signal. By setting the cell length to a point
where the cosine function changes sign, a very sensitive
detection of any change in strain is obtained. This can be used
to determine changes in temperature due to quenching. When
the sensors are placed in a matrix configuration, this method
can be used to localize the origin of a quench provided the
thermal properties of the materials are known. This particular
cell shows about 3n range in phase, corresponding to
622.5 nm-gap displacement. The noise is due to a manual
manipulation of the displacement. The maximum resolution
is in the order of a few nanometers provided the drift in the
electronic amplification is compensated.

The response of the cell as a transverse pressure sensor is
shown in Fig.5. The cell is mounted on a miniature titanium
pressure transducer which fits in the copper spacers of the coil
windings. The load on the face of the transducer is translated
into an elongation of the fiber cell, which is measured by
recording the reflected intensity as a function of the change
in pressure. The bridge was loaded up to 140 MPa, with an
elongation of 125 um at 100 MPa. The sensitivity thus is
12.5 nm/MPa, which leads to a pressure resolution of the order
of 4-5 MPa. The measured deflection was verified with an
ANSYS finite element model.
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Fig.4. Response of the relative strain sensor on a bending beam.
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Fig.5. Response of the cell in a pressure transducer bridge.

B Absolute readout

The next series of tests is done using the cell as an absolute
pressure sensor mounted in a planar transducer especially
designed to measure the pressure gradients in the midplane of
the coil windings of a 13 T accelerator dipole magnet. Incorpora-
ted in the design of this dipole, a space in the midplane of

‘0.75 mm is left open for a matrix of optical fiber instrumentation

to measure the transverse pressure C., radial strain g, and longitu-
dinal strain €,. Within this space, an epoxy-fiberglass composite
sheet is placed with slots for the transverse pressure gauges
and grooves guiding the fiber leads and the strain sensors. The
transverse pressure is measured with a multi-beam pressure
transducer, one for each cable surface. This yields an accurate
reading of the pressure gradient over the midplane. The sensor
is shown in Fig. 3e. The results of the tests at 293 K and 77 K
are shown in Fig. 6. The first sensor tested ( 293 K,1 ) showed
some initial lag, then an initial displacement of 6.4 pm at
150 MPa. When released, it returned to 2.7 pm. Subsequent
cycling between 0 and 150 MPa followed the initial return curve.
The sensitivity for this displacement is 24.7 nm/MPa, and the
total displacement of 3.7 pm at 150 MPa corresponds with
3.5 ym at 140 MPa found with an ANSYS finite element model
for the transducer ( 25 nm/MPa ). With a maximumresolution
of the order of 20-30 nm for the cell length, the maximum
resolution in the pressure readout is 1 MPa. When cycling, the
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