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The improved mechanical sensor, i.e. magnetic jxB sensor (a mechanical
sensor and a part of the steady state hybrid-type magnetic sensor) has been designed.
The basic structure of the sensor is similar to the previously developed sensor (old
sensor) in EDA phase. In this design, the neutron resistant materials are selected for
the load cell (strain gauge and sensor beam) and sensing coil/ frame. In order to
reduce temperature drift of the sensor signal, four strain gauges with the same
electrical property and geometrical size are bonded on the sensor beam by using
Al O, plasma spraying process, i.e., a couple of strain gauges is bonded on one side
of the beam and another couple of gauges is bonded on the other side. These four
strain gauges form an electrical bridge circuit.

The zero-level drift of the output of the load cell used in the magnetic jxB
sensor was reduced to about 1/20 compared with the old sensor. The temperature
dependence of the output of the load cell is small. The linearity of the output of the
load cell against weight was obtained. A non-linearity was observed in the sensitivity

of the magnetic jxB sensor. The deviation of sensitivity from the fitting line was less

This R&D was carried out under the ITER EDA task agreement of R&D task (Task agreement
number : N 55 TT 08 FJ, Task number : T496).
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than 7 % in the high magnetic field region. The neutron irradiation effect on
sensitivity of the sensor was investigated.

The sensitivity of the sensor was gradually decreased by ~ 30 % at neutron
fluence of (1.8~ 2.8)x10® n/m? in the high magnetic field. During irradiation, the

non-linearity was observed in the sensitivity.

Keywords : Magnetic jxB Sensor, Steady State Magnetic Sensor, Hybrid Magnetic

Sensor, Diagnostics, ITER, Irradiation Test
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1. Introduction

Measurement of the magnetic field under quasi-steady state conditions is

important for long pulse operations in the International Thermonuclear

Experimental Reactor (ITER)[1~6]. Present inductive methods using a conventional
magnetic probe have a limit of time integration in the range over several thousand
seconds. A new concept of a hybrid magnetic sensor is a combination of a
conventional magnetic probe and a magnetic jxB (mechanical sensor). The former
measures the magnetic field with low frequency and the latter measures the field
with high frequency. The details of the principle and the mechanism are described in
Refs.[1],[2] and [5]. To demonstrate feasibility of the hybrid magnetic sensor, the

evaluation of the drifts and the responses and the long time measurement tests were

carried out using the JT-60U tokamak dischargesl1.2].

In the Engineering Design Activity (EDA) phase of ITER, this magnetic jxB
sensor has been designed and manufactured to investigate the linearity of sensitivity,
drift of the output signal of the sensor, effect of sensitivity under the baking and
gamma-ray irradiation conditions[5/6].

The objectives of the R&D in EDA extension phase are to design and fabricate
an improved mechanical sensor of the hybrid type magnetic jxB sensor, and also to
examine the sensitivity to the baking temperature and the magnetic field in the
absence of the neutron irradiation. Another objective is to investigate the sensitivity
to the magnetic field by the in-situ measurement under the neutron irradiation.
Irradiation was carried out to the fluence of 3.6 x 10° n/m?® in the fission reactor,
JMTR, at JAERI Qarai under the R&D task T492.

2. Technical Outline

2.1. Items of R&D
(1) Design of an improved model of mechanical sensor for the magnetic jxB
sensor
(2) Fabrication of the magnetic jxB sensor

(3) Sensitivity study of the magnetic jxB sensor
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2.2. Ttems of Test
(1) Pre-irradiation sensitivity test
Temperature : RT ~ 200 °C
Magnetic field by external coil (solenoid coil) : 0 ~ 50 Gauss
(2) Irradiation test in JMTR under Task T492
Fluence : ~1x1024 n/m?

Temperature : ~ 200 °C
3. Design and Fabrication of an Improved Magnetic jxB Sensor

In previous work during the EDA phase, the prototype magnetic jxB sensor
(mechanical sensor), which consists of the sensing coil/frame, sensing coil support, a
load cell and a sensor beam, was designed, manufactured, and tested before the
irradiation and under the neutron irradiation. This sensing coil was made of the
copper wire coated with polyimide insulator and the wire was wound by 60 turns on
a sensing coil frame made of aluminum. The sensing coil was supported by thin
phosphor bronze plates on the both sides of the load cell. Also, the sensing
coil/frame was connected with the load cell by the sensor beam (beryllium copper).
The material of the joint between the frame and the beam was a thin phosphor plate.
A strain gauge of constantan was the load cell. A pair of such strain gauges was
pasted on the beam by phenol bonding. This work showed the basic viability of this
type of sensor. The initial radiation test showed good performance after substantial
gamma dose (about 7.2x10° Gy). However, temperature drift of the sensor signal was
observed, causing a degradation of the measurement accuracy. Also, it was found
necessary to improve the radiation resistance of the sensor.

In the present task T496 during the EDA-extension phase, further work was
undertaken to reduce the effects of the operation temperature on the sensitivity, to
reduce the size of the sensor, and to improve the resistance to neutron radiation. The
basic structure of the magnetic jxB sensor (mechanical sensor) is similar to the
prototype sensor developed in EDA phase. It is important to select materials with a
low nuclear heating rate to suppress excessive heating by neutron irradiation in the
fission reactor, JMTR.

Figure 1 shows the top view and the side view of the newly designed

magnetic jxB sensor. The sensor consists of a load cell, sensing coil/frame, sensing

_2_
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coil support, joint mechanism, mechanical sensor support and lead wires. The
material of the strain gauge is a nickel-chromium (Kyowa Co. Ltd. : KG-873-NiCr).
The size of a resistance pattern of the strain gauge is 3.5 x 5 mm. The resistance
patterns are made of the same rod. This is very important to reduce the zero-level
drift of the signal by changing temperature. Four active gauges are located on the
stainless steel (SS 316) sensor beam. A couple of strain gauges is bonded on one side
of the beam by ceramic (ALO;) plasma spray coating, and another couple of strain
gauges is bonded on the other side, forming an electrical bridge circuit as shown in
Fig. 2. The voltage applied to the bridge is 5 volts in all measurements. The current
that can be supplied to strain gauges limits this voltage. Usually, 2 volts is optimum
for the present gauges, but in order to obtain large output of the sensor, 5 volts is
applied to the bridge in present tests. With this arrangement, the zero-level drift of
the sensor signal due to the change of temperature is automatically compensated if
the four active gauges have the same electrical property and geometrical size and
also the four gauges are bonded on both sides of the sensor beam geometrically
symmetrically. So, the temperature drift of the output signal observed in the
previous sensor is expected to be reduced. The thickness of the ceramic (ALQO,)
plasma spray coating is about 250 pm and the sensor beam is 0.5 mm thickness. The
sensor beam is mounted on the mechanical sensor support (Al 5052), which is
mounted on the inner wall of the capsule in JMTR and is a heat sink. Mineral
insulated cable (MI-cable : sheath material is SS5316L, core is copper, insulator is
MgO) with 0.5 mm in diameter is used as a lead wire of the signal. The bulk of the
sensor-beam is made of stainless steel (SS316L) and the part of the beam connected
with the sensing coil is made of aluminum (Al 5052) to conduct the excessive heat of
the sensing coil generated by nuclear heating during irradiation in JMTR to heat sink
(mechanical sensor support) through the sensor beam well.

A frame of the sensing coil is aluminum (Al 5052). The coil is made of the MI-
cable with 0.5 mm in outer diameter (inner conductor : Cu, 0.2 mm¢) and the number
of turns is more than 100. The sensing coil/frame is supported by the pivot
mechanism, which is mounted on the mechanical sensor support. This mechanism is
better than the old one that used a thin phospher bronze plate because the property
of Young’s modulus might be degraded by neutron irradiation in the neutron
environment. A flexible link between the sensing coil/frame and the sensor beam

(load cell), which is the same mechanism of the old sensor, is adopted to eliminate
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the noise caused by the thermal expansion stress of the sensing coil frame. The
material of this link is inconel.

The main size of the sensor is 126 mm in length and 42 mm in width,
respectively. The size is reduced by ~ 20% in length and ~ 40 % in width compared
with the size of the previous sensor. It may be possible to reduce the size of the
magnetic jxB sensor up to the size of 20 mm in width and 100 mm in length that is
required in the present design of the ITER-FEAT.

The temperature near the strain gauges is monitored by a thermocouple (K-
type, 1.0 mm in diameter) as shown in Fig. 1.

In tests of linearity and sensitivity of the sensor in the magnetic field during
the neutron irradiation, two solenoid coils were used to generate the magnetic field
on the sensing coil, arranged on the top and the bottom of the magnetic jxB sensor
and mounted on the inner wall of the capsule of JMTR as shown in Fig 1. These coils
are made of MI-cable with 0.5 mm in diameter. About 1000 turns are wound on the
aluminum coil frames (bobbins). The coils can generate about 250 Gauss at maximum
on the sensing coil. These coils were used both in pre-irradiation test and in
irradiation test.

The temperature near the strain gauges during the neutron irradiation was
estimated by using the 3 dimensional simulation ABAQUS code. In this calculation,
the gamma-heating rate is assumed to be 2.3 W/g (maximum heating rate at the
assigned position of the capsule in JMTR). Aluminum heat sinks are located in the
gaps between sensing coil, sensor beam, solenoid coils and capsule to conduct
excessive heat by nuclear heating to capsule as shown in Fig. 1. The capsule is cooled
by water. Estimated temperatures of the strain gauge, sensor beam (stainless steel
SS316L) and sensing coil are 171 °C, 140~600 °C and 450~500 °C, respectively. The
temperature increase of the sensor and the removal of the heat from the sensor must
be considered in practice for the ITER-FEAT design. Figure 3 is a photograph during

assembling of the magnetic jxB sensor.
4. Pre-Irradiation Tests
The zero level drift of the output of the load cell was checked. Figure 4 shows

the dependence of the zero-level drift on the temperature, which was taken without

weight on the load cell. Signals of the load cell were monitored by a commercially

_4_



JAERI-Tech 2001-082

available strain gauge amplifier including a display, power supply of the bridge
circuit etc. (WGA-710A-4 : Kyowa Electric Instruments Ltd.). The zero level was
gradually shifted with the temperature increase, but it is about 1/20 smaller than that
of the old magnetic jxB sensor. This result indicates that the zero level drift is
improved by using the active strain gauge bridge arrangement (Fig. 1) compared
with the old sensor. |

A linearity of the load cell was investigated in the temperature range of the
room temperature (RT) to 240 °C in a loading test using standard copper weights.
Figure 5 indicates the dependence of the output of the load cell on temperature. In
this figure, the zero-level drift was subtracted from the output of the load cell. A
gradual increase of the output was observed except in the data for 4.6 g, although
some data were scattered. The increase of the output with temperature is small, i.e.
temperature dependence of the load cell is week. The resistance of 4 strain gauges
increases with temperature rise according to the change of the specific resistivity
with temperature. Unbalance among 4 resistances of strain gauges is small, i.e. less
than 1 %. Figure 6 shows the output of the load cell against weight in different
temperatures. A slight non-linearity was observed. Fitting lines are obtained by
using the fitting method of least squares. A deviation of the output from the fitting
line is less than 8 % at each temperature.

Magnetic field tests of the magnetic jxB sensor were carried out by assembling
the sensor and solenoid coils in the dummy frame as shown in Fig. 7. Also, the
assembled sensor and coils were installed in the electric oven (maximum heating
temperature = 250 °C) for heating test. An external magnetic field was applied by
two solenoid coils. A standard gauss meter was used to calibrate the magnetic field
generated by solenoid coils and a calibration curve of magnetic field was obtained
against the current of solenoid coils. In the test, the solenoid coils was excited first
and after that the sensing coil was excited for short time (a few second). This process
(ramp-up and ramp-down of the current of the coils) was repeated at each magnetic
field. Two constant-current power supplies were used to keep the currents of
solenoid coils and the sensing coil. The externally applied magnetic field was
changed from 0 to 250 Gauss. The current of the sensing coil is fixed to 1A in all tests.
This current was chosen so that the maximum movement of the edge of the sensing
coil frame by tilting is about 0.2mm, i.e. ~ 1/5 of Imm gap between the edge of the

sensing coil frame and heat sink in Fig.1 in the external magnetic field of 250 Gauss.

_5_
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Polarity of the current of the sensing coil was not changed in tests. If polarity is
changed, the direction of tilting of the sensing coil is changed and the performance of
the magnetic jxB sensor may be changed. When the direction of the poloidal
magnetic field of ITER-FEAT is changed in the actual measurement of field, it may be
better to keep the tilting-direction of the sensing coil unchanged by reversing the
pblarity of the sensing coil current for the above-mentioned reason.

The sensitivity of the sensor against the magnetic field was studied. The
sensitivity is defined by the ratio of the output of the sensor to the voltage applied
the bridge. The voltage applied to the bridge is 5 volts. Figure 8 shows the sensitivity
of the sensor obtained in the heating test at temperature of 150, 200, 240 °C. The
sensitivity was obtained by using the output of the sensor subtracted the zero-level
drift. In this figure, the sensitivity is proportional to the magnetic field, but a slight
non-linearity was observed. A maximum deviation of the sensitivity from the fitting
line is within 7 % in the range of 0 ~ 250 Gauss using several measurements for the
same temperature, with a different magnetic field. The reproducibility of the
measurement for the same temperature and one magnetic field is high, namely
within 3 %.

In future, it is necessary to make more improvement of the sensor concerning
the measurement accuracy, reproducibility and linearity against weight and

magnetic field.

5. Irradiation Tests

The magnetic jxB sensor and two solenoid coils are installed in the capsule for
irradiation test as shown in Fig.1. The fast neutron (> 1 MeV) flux near the position of
the sensor in the capsule is about 1.7x10"" n/m?*/s (full power of JMTR is 50 MW and
its flux is 2.1x10'7 n/m?/s). The sensitivity and linearity of the sensor were obtained
in three different phases, namely before operation, the power-up phase and the full-
power phase. In these tests, the sensing coil and the solenoid coils were excited in the
same way as pre-irradiation, and the sensing coil current is 1 A. The polarity of the
current of the sensing coil was not changed.

Figure 9 shows the sensitivity of the sensor versus the external magnetic field

in different neutron fluence. The sensitivity was obtained by using the output of the
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sensor subtracted the zero-level drift. A non-linearity was observed as in pre-
irradiation tests. In this figure, deviation of sensitivity from the fitting line is less than
6 %. After the operation of the reactor starts, the change of the sensitivity was small
up to the fluence of about 8.1x10” n/m?*as shown in Fig.10 (a). In this phase, the
temperature near the strain gauge, which was measured by the thermocouple, was
gradually increased. At full power, its temperature was kept constant, but its value
was 110~117 °C because the temperature could not be raised to 200 °C due to a
trouble of the temperature regulation system of JMTR capsule. In the full power
region, the sensitivity indicates a gradual decrease with fluence up to the fluence of
about 2.8x10” n/m?as shown in Fig.10 (b). The sensitivity was decreased by about
30 % at maximum from that before irradiation at the neutron fluence of (1.8~
2.8)x10”® n/m? in the high magnetic field. Beyond this fluence, the sensitivity was
increased gradually in the high magnetic field or kept constant in the low magnetic
field. Resistances of strain gauges were increased up to the fluence of about
7.3x10”n/m* after keeping constant temperature (110~117 °C) in the full power
operation of JMTR. After that, resistances were decreased with the neutron fluence as
shown in Fig.11. In this figure, an initial increase of resistances is due to temperature
rise by the increase of the reactor power up to the fluence of about 9.5x10* n/m? The
resistances of strain gauges are included the resistance of lead wires (MlI-cables). The
resistance of ALQO; insulator between strain gauges and sensor beam (SS316L) was
kept more than 10 MQ during irradiation. The behaviour of the sensitivity is not fully
understood, but the decrease of the sensitivity may be due to the change of resistance
of strain gauges and/or the increase of the Young’s modulus of the stainless steel
that is used in the sensor beam by some effect of the neutron irradiation. The
irradiation test has been completed on March 23 in 2001. The fluence is ~1x10* n/m>.

The results will be reported in the task of T492 irradiation phase II.

6. Summary

The improved magnetic jxB sensor has been designed. The basic structure of
the sensor is similar to the previously developed sensor (old sensor) in EDA phase.
Materials of the load cell, which consists of the strain gauges, sensor beam and
sensing coil/frame are selected considering the neutron resistance. A mineral

insulated cable (MI-cable) is used as a cable of the sensing coil and solenoid coils. In
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order to reduce the temperature drift of the sensor output, 4 strain gauges with the
same electrical property and the same geometrical size are bonded on the sensor
beam in a bridge arrangement by using AL, O; plasma spraying process.

The zero-level drift, linearity and sensitivity of the output of the magnetic jxB
sensor were investigated in the heating (RT ~ 200 °C), weight (0 ~ 20 g) and magnetic
field (0 ~ 250 Gauss) tests. The drift of the output of the load cell was reduced to
about 1/20 of the old sensor. The temperature dependence of the output of the load
cell is small. A non-linearity was observed against weight and magnetic field in pre-
irradiation and irradiation tests. The sensitivity was decreased by ~30 % compared
with that in pre-irradiation at neutron fluence of (1.8~ 2.8)x10” n/m? in the high
magnetic field.

It is necessary to make a further improvement for the prototype sensor. The
magnetic jxB sensor may be used in the radiation environment of ITER-FEAT
although its sensitivity is decreased by the neutron irradiation. In actual application,
it may be necessary to execute an in-situ calibration of the sensitivity by using the

externally applied magnetic field.
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