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A prototype of new mechanical sensor based on the steady state electromagnetic 

force (J X B force) measurement has been developed and tested. The mechanical force 

sensor is a new type of the magnetic sensor which is available for frequencies smaller 

than 0.1 Hz. The prototype of the mechanical sensor has been examined, and the 

following results were obtained; 

(1) A signal was proportional to simulated force in the load cell tests. 

(2) A signal drift concerning the temperature was reproducible over the range of 

the ITER environment. 

(3) A signal was proportional to the magnetic field in the steady state magnetic 

field measurement tests. 

(4) A load cell linearity error did not increase significantly after irradiation of 7.2 

X 106 Gy. 

These results indicate that the mechanical sensor will provide the practical 

feasibility in the long time magnetic field measurement. 

Keywords : Steady State Magnetic Sensor, ITER, Irradiation Test, Load Cell, Diagnostics 
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1. Introduction 

Measurement of magnetic field under quasi-steady state is important for 
long pulse operation on ITER. Present inductive methods have a limit of time 
integration in the range over several thousand seconds. A new concept of a 
hybrid magnetic sensor has been proposed to execute measurement of steady 
state magnetic field1,2,3. This new sensor is based on a combination of a 
conventional magnetic probe for the measurement of high frequency magnetic 
field and a mechanical sensor1,3,4 or a rotating magnetic probe2,5 for that of 
low frequency magnetic field. The rotating probe employs a drive mechanism 
by a high speed air turbine and is not used any mechanical contacts to pick up 
the electric signal induced in the rotating probe. In order to attain the accuracy 
of magnetic field measurement, it is necessary to keep the air pressure constant 
in the air turbine as possible. The mechanical sensor, which consist of a sensing 
coil and a load cell, employs the measurement of an electromagnetic force. The 
force induced on the sensing coil is detected by the load cell which 
mechanically connects with the sensing coil. Details of principle and 
mechanism are described in the Refs. 3 and 4. In order to demonstrate the 
hybrid sensor experimentally, functional tests, i.e. evaluation of drift and 
response, and long time measurement tests were carried out using the JT-60U 
Tokamak discharges3,4. It was found that the hybrid sensor can measure real 
magnetic field essentially3,4. 

In the application of this sensor to ITER, it is necessary to develop the 
radiation hardened sensor and the key component of development is mainly 
included in the mechanical sensor part. The objective of the R&D is to fabricate 
a prototype mechanical sensor and to examine the capability of the sensor 
performance including examination for the performance preservation before 
and after irradiation of strong gamma-ray field. 

2. Technical Outline 

2.1. Item of R&D 
(1) Design of a prototype hybrid magnetic sensor 
(2) Fabrication of the sensor 
(3) Study of the sensitivity of the sensor 

2.2. Item of Test 
(1) Pre-irradiation sensitivity test : Accuracy, Drift, Range 
(2) Irradiation test : 104 Gy/hX1 month 
(3) Post-irradiation sensitivity test : Accuracy, Drift, Range 

3. Design and Fabrication of a Prototype Mechanical Sensor 

A prototype mechanical sensor has been designed, which consists of the 
sensing coil/frame, sensing coil support, a load cell and a sensor base plate. 
Figure 1 shows the structure of the mechanical sensor. The sensing coil is 
designed by considering that electromagnetic force on the sensing coil should 
be strong enough to be detected by the load cell. This coil is made of the copper 
wire coated with polyimide insulator and the wire is wound by 60 turns on the 
sensing coil frame made of aluminum. The length and width of the sensing 
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coil are 157 mm and 50 mm, respectively. The sensing coil is supported by thin 
phosphor bronze plates on the both side of the load cell as shown in Fig. 1. In 
this coil, the constant current is supplied externally. The coil can be rotated 
slightly around the supporting plate when the magnetic field is supplied on the 
coil. Also, the sensing coil/frame connects with the load cell by the sensor beam 
in order to conduct the mechanical force, i.e. torque of the coil to the load cell. 
The material of the joint between the frame and beam is thin phosphor plate. 
This structure relieves the thermal expansion of the sensing coil/frame, which 
causes the noise. The load cell consists of a strain gauge made of a constantan 
wire and a beryllium copper beam. The couple of strain gauge are bonded on 
the beam by phenol in order to detect the strain in the independent two 
directions. In this design, the force is estimated to be 2.45 gf with the sensing 
coil current of 0.5 A in the magnetic field of 100 Gauss. Figure 2 shows the 
fabricated prototype mechanical sensor. The material of sensor base plate is 304 
stainless steel. Figure 3 shows an equivalent circuit of the mechanical sensor. 

A-A cross section Joint portion for load cell and sensing coli \ 
(0.2t phosphor bronze) 

Sensing coil and frame Load cell: Strain gage bonded on a beam Sensor base plate 
(~0.5. 60 tum) Strain gage material: Constantan (55304)Sensing coil support 

(0.2t phosphor bronze) 

50 
f t 

AA 

Thermocouple setting position Top vie w 
Fig. 1 The structure of mechanical sensor. 

(a) Top view (b) Side view 

Fig. 2 Fabricated mechanical sensor. 
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+- Sensing coilConstant current 
power supply 0.5 ejI. 60 turn 

OF=======? 

Constant voltage 
4-- Strain gaugepower supply 

Output of 
strain gauge 

Fig. 3 Equivalent circuit of mechanical sensor. 

The strain gauge forms an electrical bridge circuit. When electromagnetic force 
is applied to the sensing coil, the output of the bridge circuit is expected to be 
proportional to the electromagnetic force. 

4. Pre-Irradiation Tests 

4.1 Sensitivity test 
Feasibility of the prototype mechanical sensor has been examined 

concerning to the stability of the load cell sensitivity. Figure 4 shows the block 
diagram of a testing apparatus to examine the sensitivity performance on the 
high temperature. The temperature of the sensor is raised up to 240 °C by the 
electrical sheath heater. Known weigh t of 1, 2 X 2,5, 2 X 10, 20, 50, 100,200 g were 
used for the sensitivity examination of the sensor (load cell). The tem perature 
of mechanical sensor is monitored and controlled during the test. The load cell 
signal was obtained as an output signal of a commercially available strain 

Magnetic / 
sensor ,

-----_../ 

Temperature control unit 

Cylindrical container for keeping constant temperature 

l:~lndrical conlalner has a hoi. for statiC loading) 

Weight 

Fig. 4 Block diagram of a high temperature sensitivity testing apparatus. 
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amplifier module (DPM-700B: Kyowa Electronic Instruments Ltd.). The gauge 
of temperature and weight were rec;:orded by the data acquisition system. 

The load cell sensitivity as a function of the temperature is shown in Fig. 
5. The data were plotted at temperatures of 24, 50, 100, ISO, 200 and 240°C, 
whose temperatures were measured by the thermocouple at the position of 
the load cell as shown in Fig.1. The sensitivity was measured two times in each 
temperature. The first and second measurements are noted by-a and -b in Fig. 5, 
respectively. The linearity in the sensitivity of the load cell was obtained 
relating to the applied weights. In the results, thermal offset drift was observed. 
Figure 6 shows the load cell sensitivity as a function of the decreasing 
temperature from 240°C to 24°C. The first and second measurements are 
noted by -c and -d in this figure, respectively. In this case, the sensitivity 
behavior is similar to the temperature ramp-up case. 

W-Vl (Temperature risi~) 	 W-Vl (Terrperature droWing) 

~ 3 ,::..··~:::::::::::::;::::::::::::=··2~~ ;..; ................ -1
~ 3 ...•.••.••...•••• __ ..••••....•. ····r·_·····...·· 
~ 

...l 

j 2 

o 

····~:::J'~-.~.-.....r:::.:.~::::::I~..:::~~:: 
'0 

~ 

o 	 50 100 150 200 o 50 100 150 200 

Weight (g) Weight (g) 

Fig. 5 	 The load cell sensitivity test result Fig. 6 The load cell output sensitivity test 
related to temperature and applied result related to temperature and 
weight (Temperature rising). 	 applied weight (Temperature 

dropping). 

Figure 7 shows the dependence of the zero-level drift on the tem perature. 
The zero-level drift is proportional to the temperature. In this figure, the Vfit 
line was obtained by using the least square fitting. A slight non-linearity was 
observed which may cause measurement error within 0.1 V. This error is 
evaluated to be 2% for the maxim um output signal of 5.2 V. However, the 
zero-level drift is not a severe problem for the actual measurements because we 
can correct the drift from the reproducibility. Further, the drift can be measured 
by breaking the sensing coil current. 

Figure 8 shows the dependence of the differential sensitivity (VL/W) on 
the ternperature. The deviation of the differential sensitivity data from a 
fitting line V fit means a disagreemen t from the precise linearity. The V fit line 
was obtained by using the least square fitting. There was the non-linearity of 
the differential sensitivity (VL/W) relating to the temperature. The deviation 
of the data from the fitting line is smaller than 0.0006 V /g. The error 
corresponds to 2.5% for the gradient range of 0.0236 V /g. 

4.2 	 Magnetic field measurement test 
The examination to measure the magnetic field has been carried out 
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T-Orift 
0.7 
0,6-> 0.5......... 

Q) 
0.4C) 

en- 0.30 
> 0.2¢:: 
.~ 

Q 0.1 

0.0 

-0.1 
0 50 100 150 200 250 

Temperature (OC) 

Fig. 7 The dependence of the zero-level drift en temperature. 

T-Gradient 

e grad-a (rising) 
._..•._- grad-b (rising} 

B grad-c (dropping) 
---.a---- grad-d (dropping) 

0.0240- 0.0238C) 

3> ......... 0.0236 

~ 0.0234 
> 0.0232-c: 
(J) 0.0230:.0 e 0.0228

(!J 

0.0226 
0.0224 

0 50 	 100 150 200 250 
Temperature (OC) 

Fig. 8 The dependence of the gradient VL/W en temperature. 

using the steady state magnetic field generator in NAKAI JAERI. Figure 9 
shows the block diagram of the apparatus for the magnetic measurement test. 
This apparatus can generate the stationery magnetic field up to 650 G, A Hall 
element gauss meter is used to calibrate the applied field. The value of the 
magnetic field is monitored and controlled during the test. The load cell signal 
was obtained as an output signal of a strain gauge amplifier. The signal data of 
load cell output VL, magnetic field B and sensing coil current Is were recorded 
by a data acquisition system. 

Figure 10 shows the applied magnetic field and the load cell signal 
obtained as the magnetic field was increased up to 650 G. In this figure, the load 
cell signal multiplied by 517.89 is shown as the mechanical sensor output. The 
dependence of the load cell output on the magnetic field with the sensing coil 
current of 0.5 A is shown in Fig.1I. The function V fit described in this figure 
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was obtained by the least square fitting. The coefficient of Is X B indicates the 
linearity of the load cell output for the magnetic field. A maximum linearity 
error (ermx) is less than 0.1 % between the load cell output and the fitted 
function Vfit. 

Power supply cootrol unit 
for magnete leld coil r----:!:~~:----

700 

Fig, 9 Block diagram of t he magnetic measurement testing apparatus. 

EXC07.DAT Is =0.5 (A) 
700 800 

600 700 
r­
0 

500 600 S» c. 

!:2. 0 
<D 

III 400"0 
Q) 

u::: 
,2 300 
1i) 

500 CD 
US' 
:::J 

400 ~ 
< r-

c: 
C> 200(tJ 

)( 

300 U'I 
~ 

..... 

....... 
to 

100 200 <0 

<:-
100 

-100 L..U....t.....I.....L-I-I.....t.....I.....L-L-L..&.....L..L..JL-..L....&.....L..L..JL..-L...L.-L.....L...JI...-I-.L.-L..L-l 0 
o 50 100 150 200 250 300 

Time (sec) 

Fig.10 Wave forms of the load cell output (VL) multiplied by 517.89 and 
externally applied magnetic field (B) in the steady state 
magnetic field measurement test. 

5. Irradiation Tests 

The irradiation effect on the hybrid sensor is one of the most important 
issues in the development of the steady state magnetic sensor. Especially, RIC 
(radiation induced conductivity) and RIED (radiation induced electrical 
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Pre-lrr..B-VL(ls=O.5A) 

1.40 

.--... 
> 1.20-....J 
> 1.00-::l 
C­ 0.80-::l 
0 

0.60 
Q) 

0 0.40 
"0 
ctS 

0.200 
....J 

0.00 
0 	 100 200 300 400 500 600 700 

Magnetic Field 8 (G) 

Fig. 11 The dependence of the load cell output en the magnetic field (15=0.5 A). 

degradation) of insulating materials are anticipated under DC/AC electrical 
fields. 

The performance of the load cell and the sensing coil under gamma 
irradiation has been investigated using the Co60 irradiation facility in JAERI 
Takasaki. The geometrical arrangement of the gamma irradiation test facility 
for the mechanical sensor is shown in Fig. 12(a) and the photograph of the 
chamber for the mechanical sensor is shown in Fig. 12(b). The sensor was 
installed in the cylindrical chamber with an inner diameter of 60 mm in which 
was pumped out in order to avoid surface oxidation of the sensor material. The 
absorbed dose rate of gamma ray is 104 Gy/h and the total dose is 7.2X106 Gy 
for 30 days. 

6. Post-Irradiation Tests 

6.1 	 Sensitivity test. 
The irradiation effect has been examined concerning the degradation of 

the load cell sensitivity. Figures 13 and 14 show the test results obtained in the 
increasing phase of the ternperature up to 240°C and the decreasing phase. The 
data were obtained in the same way with Figs. 5 and 6. The linearity of the 
sensitivity of the load cell signal was obtained relating to the applied weights. 
In these cases, thermal offset drift was observed. It was found that there was no 
significant change in the linearity of the sensitivity before and after irradiation. 

Figure 15 shows the dependence of the zero-level drift on the 
tern perature. The zero-level drift was proportional to the tern perature with a 
slight non-linearity. It may cause the measurement error within 0.1 V. This 
error corresponds to 2% for the maxim um output signal of 5 V. Also, there was 
no difference in the thermal offset drift behavior before and after irradiation. 

Figure 16 shows the dependence of the differential sensitivity (VL/W) 
against the temperature. The deviation of the differential sensitivity data from 
a fitting line means a disagreement from the precise linearity. The non­
linearity in the differential sensitivity (VL/W) was observed for the 
ternperature. It may cause the measurement error within 0.0003 V /g. The load 
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cell linearity error did not increase after irradiation. 

(a) 

-540 
Vacuum chamber

I 'or Bolometer 
/ 

Feed through flange
for signal lines 

Floor 

Side view 

Vacuum charrber for Bolometer 

545 
I 
I 

Vacuum 
chamber 

for Bolometer 

Chamber for mechanical sensor 
, /' (Inner diameter ~O)

'\, 
'\, I Valve 

Front view 

Fig. 12 (a) The gamma irradiation test facility for steady state magnetic 
sensor, (b) The photograph of the vacuum chamber for the mechanical 
sensor. 

6.2 Magnetic field measurement test 
The examination of the magnetic field ll1easurement has been carried 

out to investigate the irradiation degradation on the load cell sensitivity. Figure 
17 shows the change of the load cell signal multiplied by 617.3 when the 
magnetic field was increasing and decreasing step by step between 0 and 700 G. 
Figure 18 shows the dependence of the load cell output on the magnetic field 
with a sensing coil current of 0.5 A. The load cell output was proportional to 
the magnetic field. This result indicates that the load cell had the linear 
sensitivity for the applied field. A maxim um linearity error (errax) is less than 
0.2 % between the output data and the fitted function Vfit. The reduction of 
electromagnetic force sensitivity after irradiation was about 3 % from the prior 
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Fig.13 	 The load cell output sensitivity test Fig. 14 The load cell output sensitivity test 
result related to temperature and result related to temperature and 
applied weight (Post irradiation, applied weight (Post irradiation, 
Temperature rising). Temperature dropping). 
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Fig. 15 The dependence of the zero-level drift m temperature (Post irradiation). 

sensitivity. However, it is unclear that the reduction was caused either by 
irradiation effect or by gain adjustment error of the amplifier for load cell and 
the gauss meter setting error. 

Figure 19 shows the dependence of the load cell output on the sensing 
coil current in the magnetic field of 600 G. The load cell output was 
proportional to the sensing coil current. A maximum linearity error (e:rmx) is 
less than 0.2 % between the output data and the fitted function Vfit. 

These results show that there was no significant increase in the load cell 
linearity error after irradiation and the mechanical sensor will provide the 
practical feasibility in the long time magnetic field measurement. 
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T-Gradient (Post irradiation) 
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Fig. 16 	 The dependence of the gradient VL/W m temperature (Post irradiation). 
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Fig. 17 	 Wave fonns of the load cell output (VL) multiplied by 617.3 and 
externally applied magnetic field (B) in the steady state magnetic 
field measurement test (post irradiation). 

7. Conelusions 

The prototype of the steady state magnetic sensor employed a new 
mechanical sensor has been developed. The sensor consists of the sensing coil 
and the load cell. The characteristics of the mechanical sensor were examined 
before and after gamma-ray irradiation of 7.2 X 106 Gyand the following results 
were obtained. 
(1) The signal was proportional to simulated force in the load tests. 
(2) Nearly the reproducible signal drift was proportional to the tem perature in 

the temperature range of 24 to 240°C. 
(3) Residual thermal drift irreproducibility may cause the measurement error 

of 2 % for the maximum output signal range. 
(4) The differential sensitivity VL/W depended on the temperature. The 
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measurement error may be within 2.5%. 
(5) The signal was proportional to the magnetic field linearly in the steady state 

magnetic field measurement tests. The measurement error is to be less than 
0.2 % • 

(6) The load celllinearity error did not increase significantly after irradiation of 
7.2XI06Gy. 

These results show that the mechanical sensor will provide the practical 
feasibility in the long time magnetic field measurement. 
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Fig. 18 The dependence of the load cell output <n the magnetic field 
(ls=O.5A, Post irradiation). 
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G, Post irradiation). 
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