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Multi-channel bolometer system is designed and installed to observe
the radiation profile on JFT-2M tokamak. Sensor head is made of Thinistor,
which is a kind of semiconductor, because it has the advantage of higher
sensitivity of about one order of magnitude than the conventional metal
foil bolometer and is suitable for the profile measurement in which the
signal from the plasma is relatively small,

The response and cooling characteristics of the bolometer sensor are
suitable for the condition of JFI-2M tokamak plasma. Low nolse circuit
of bridge and differentiator is developed to optimize the signal to noise
ratio in the JFT-2M operating conditiomn,.

With use of the bolometer system, the radiation profile in joule
heating plasma as well as additional heating plasma especially in H-mode

plasma is successfully observed.

Keywords: Multi-channel Bolometer System, JFT-2M Tokamak, Radiation
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1. Introductiocn

Recent study in tokamak plasma is available for the high power auxil-
iary heating such as neutral beam injection (NBI), ion cyclotron range of
frequency (ICRF), electromn cyclotron resonance (ECR) etc. In such heating
experiments, especially in new experimental stage like as H-mode dis-

[1][2]

charges energy balance in the plasma 1s to be investigated to
establish the good confinement regime. This requires more precise obser-
vation to estimate the power loss from the plasma. Radiation power loss
due to the summation of impurity line emission is one cof the dominant power
loss channel, and it is important to observe the radiation profile for
comprehension of more precise property. In addition, radiation profile is
considered tc be the unhomogeneous in the asymmetrical plasma shape like

[3]

the divertor configuration. Therefore, the profile measurement is
greatly required.

For these reasons multi-channel bolometer system is designed to be
suitable for the varicus configuration of JFT-ZM tokamak plasma.

In this report, design of bolometer array (Chapter 2), signal monitor
system including the development of low noise bridge and differentiatoer
(Chapter 3), calibration of bolometer sensor (Chapter 4), application to

the JFT-2M tokamzk plasma (Chapter 5), and some discussions in the measure-

ment {(Chapter 6) are presented,

2. Design of Bolometer Array

2.1 Sensor Head

As the sensor head of bolometer, the following characteristics are
required;
(i) high sensitivity to gain the signal to noise (5/N) ratio because of
relatively small signal in the profile measurement,
{(ii) large cooling time to remove the effect of heat conduction during
plasma pulse,
(iii) quick response to pick up the rapid change at the onset of heating
pulse.
Based on the above requirement, Thinistor 51K1C237 (Victory Engineer-—

[4]

ing Co. Ltd.) is adopted for the sensor head, Thinistor is a kind of
semiconductor and changes the resistance with negative temperature coef-

ficient for the wide spectrum range of irradiation from soft X-ray to

_1_
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infrared. The characteristics of Thinistor is compared with the
conventional metal foil bolometer in Table 1. Two types of metal foil
bolometer are listed; one is used for measurement of total radiation loss

[5]

on JFT-2M and the other for the bolometer array on ASDEX and JET. From
the table it is clear that Thinistor has high sensitivity of an order of
magnitude than the conventional metal foil bolometer, and also has large
cooling time by using in 'free standing'; i.e. sensor head is hold by the
fine lead wire made of Pi-Ir (diameter of 25 Um) in order to minimize the
heat conduction. The sensor head is shown in Fig. 1. Pulse response is
almost comparable as that of the metal bolometer. The size of Thinistor
is 2 mm X 2 mm square and 40 um in thickness, and electrical resistance of
about 200 kii.

The uncertainty of Thinistor response by the influence of secondary

[6]

electron emission around Thinistor is often pointed out. Such a in-
fluence is removed by the additional front limiter for particles mot to hit
the lead wire or electrodes, and by the bias between the sensor head and
the front limiter to repel the secondary electroms. The appropriate bias

is chosen by the irradiation of plasma to minimize the emission,

2.2 Assembly

Structure diagram of bolometer array is illustrated in Fig. 2.
Bolometer array is constructed by 29 sensor heads of Thinistor. FHach
channel of sensor looks upon the plasma through the entrance slit of 2 cm X
2 cm squatre, located in front of the sensor apart from 20 cm. In order to
keep from the direct incidence of ECR wave, shield mesh of gold-plated
tungsten grid (C.05 mm in diameter, grid interval of 1 mm) is attached at
the entrance slit.

Secondary emission shield of 5 mm X 5 mm square window is located in
front of the sensor apart from I cm. It is electrically connected to the
shield box, and repelling bias is applied between each sensor head.

By using the triple-shielded vacuum feedthru, sensors and the shield
box are electrically insulated from the torus chamber wall, also SEnsors
and shield box insulated each other, The shield bex is grounded to the

common earth of JFT-2M diagnostics system.



JAERI-M 38—-120

3. Signal Moniter System

3.1 Flow Chart

The block diagram of the signal monitor system is illustrated in
Fig. 3. The resistance change of Thinistor is converted to the corre-
sponding voltage change through bridge and differentiator. Through
isolation amplifier, differentiator output is fed to CAMAC transient
recorder (LeCroy 8212A, 8800A) and stored in JFT-2M data acquisition sys-
tem.[7] CAMAC output is also led to the personal computer (NEC PC-9801) in
order to deal the real time data on. experimental phase. Tempcral behavior
of each bolometer channel (like Fig. 9(a)) is printed out within 2 minutes
afrer the plasma shot. Another analysis like more precise presentation

(e.g. Fig. 9(b)) or Abel inversion are done afterward by the access to the

recorded data.

3.2 Development of Low Noise Bridge and Differentiator

As previously described, it is important especially for the profile
measurement to gain the high signal to noise (S/N) ratio. Then, low noise
circuit of bridge and differentiator had been developed for our bolometer
array. (model P-34 manufactured.by NF Circuit Design Block Co. Ltd.)[g]
The circuit is arranged to minimize the circuit noise and the plasma pulse
noise in the real experimental condition, and has the following character-
istics;

1) wide balance range of sensor resistance in 2-200 ki,
2) very low output equivalent noise less than 1 mV,
3) high gain amplifier of differentiator more than 70 dB,

Through these improvement, the circuit achieves the S/N ratio of about
30 dB, and the sensor is used in single application rather than in dif-
ferential application which is generally used irn another machine.[s] The
DC offset of bridge output is automatically compensated by differential

comparator and CdS feedback circuit. The differentiator output at the

plasma discharge is iIndicated in Fig. 4.

4, (Calibration of Bolometer Sensor

4,1 Response Time

Response time of the bolometer is observed in the test circuit as

shown in Fig. 5(a) by the flash of light emitted diode (LED; Ap = 700 nm,

.;si
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shown in Fig. 5(a) by the flash of light emitted diode (LED; Kp = 700 nm,

kgi



JAERI-M B8&-120

Toshiba TLRlOZ).[9]

In order to estimate the response of sensor head
itself, bridge output is fed to passive differentiator by RC network (time
constant of 5 ms). The differentiated signal is shown in Fig. 5(b).

The response time T, is defined as the interval from the initiation of
heating pulse to the 907 of maximum output. From this definition response
time of sensor head is about 10 us. In the real application, pulse response
is aggravated through the active differentiator which sacrifices the fast
response for attaining the high S/N ratio, and by the smoothing in data

precessing. Therefore, resultant response time over the system is about

10 ms.

4,2 Cooling Time

Cooling time of the bolometer is estimated in situ. by the time evolu-
tion of the bridge cutput signal just after the termination of heating bias
pulse. In Fig. 6, test circuit (a), typical temporal behavior of bridge
output of linear plot (b) and semi-logarithmic plet (c) are shown. Cooling
behavior obeys the exponential decay which is mainly due to the conduction
heat loss to the suspending Pt-Ir wire. Cocling time TC, defined as the e-
folding duration of each sensor head, is larger than 10 s and is summarized
in Table 2. In.the same way, cooling time after the plasma pulse is
observed as shown in Fig. 6(d). This is about 10 s which is a little
shorter than the case of heating bias mainly due to aggravating convection
heat loss by surrounding particles.

The cooling time of about 10 s is enough long as compared to the plasma
pulse length of about 1 s, so that the additional thermal correction includ-
ing the effect of heat conduction from the sensor head is not required in

applying to JFT-2M tokamak plasma.

4.3 Relative Sensitivity

The relative sensitivity of each sensor head is calibrated by the
irradiation of standard illuminant (tungsten filament Ap = 632.8 nm)
located at the entrance slit in atmosphere. The steady state intensity
of bridge output T is observed. In the steady state, deposited energy on
sensor head W, which is the function of heat capacity and temperature, 1is
constant as W/TC = P, where the P is incident power, TC is cooling time.
The sensitivity of sensor head is defined as the ratio of the bridge ocutput
intensity to the deposited emergy, then n = 1/W = I/PTC. Because of P =

const. we cobtain n = I/TC. Therefore relative sensitivity of each sensor

_4__.
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head is represented by n. As shown dn Fig. 7, each relative sensitivity
agrees well with the cosf@-dependence, where 0 is the angle between the
viewing line of each sensor and the normal line of entrance slit. There
exists a scattering of 20% at most.

The characteristics observed in above calibration are listed in Table

2.

5. Application to JFTI-2M Tokamak Plasma

5.1 1Installation of Bolometer Array

The installation of the bolometer array on JFT-2M tokamak is shown in
Fig. 8. Array is connected to the torus horizontal port.

Whole viewing area of array 1s corresponding to cover the largest D-
shaped plasma cross section indicated by the solid line. The viewing area
of each chammel at the plasma center (R=1l.3l m) Is about 8.1 cm X 8.1 cm,
therefore cross—over region with the neighbor channel is about 3.3 cm in
vertical direction, which is 58% in cross—-over region.

. Among the 29 channels of bolometer viewing chords, 8 channels from
No. 6 to No. 13 observe the lower divertor plate throughout the bulk plasma

region, likewise 4 channels from No. 23 to No. 26 observe the upper one.

5.2 Observation of Radiation Profile

With using the bolometer array, vertical radiation profile of the
several type of discharges, such as limiter discharges with circular, D-
shaped and divertor discharges with upper single null, lower single null,

[101111] Radiation observed by the bolometer

and double null are obtained.
includes the charge exchange neutral flux as well as the impurity line
emission.

Figure 9 shows the radiation profile with the H-mode tramsition during
NBL heating in upper single null divertor plasma. The profile is the cherd
integrated one., Figure 9(a) shows the time behavior, and Fig, 9(b) is the
slice cut of Fig. 9(a) at the fixed time, respectively. In the ohmic phase
there appears the intense\radiation locality in the chord viewing the upper
divertor plate, which conserves the remote radiative cooling. After
transition to the H-mode phase at 710 ms radiation profile at first stage
ig gimilar to that at ohmic phase, but gradually becomes peeking to the
plasma center, which agrees well with the metal impurity accumulation

[2]112]

resulted from the spectroscopic observation.
_5_
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6. Discussion

In spite of the front shield mesh, Thinistor is affected by the ECR
wave like as shown in Fig. 10. The radiation for only about 110 kW of
launched ECR power exceeds that for OH power of 200 kW. This may be caused
by the rectification of leakage ECR incidence. More complete shield is
required on the entrance slit.

Since the bolometer also receives the incident of charge exchange(CX)
neutrals as well as impurity line emission, the signal of the bolomerer at
the plasma discharge might be the summation of these contributien. In
order to distinguish the impurity line emission, which is usually discussed
as radiation power, appropriate estimation for the bolometer sensitivity
for CX neutrals is required.

The inversion from the chord integrated value to the real profile has
not vet been completed, because of difficulty in non-circular and asymmet-
rical plasma shape. In order to establish the 2-dimensional profile meas-
urement, another array is being designed to observe into the vertical line
of sight. The vertical array 1s expected to identify the strong locality
of radiation profile in the inside/outside of the torus like as the 'MARFE"

phenomena.[13]

7. Summary

Multi-channel bolometer system is installed to observe the radiation
profile in the various plasmas of JFT~2M tokamak,

Thinistor is adopted as the sensor head because of higher sensitivity
and larger cooling time than the conventional metal foil bolometers.

Low noise circuit of bridge and differentiator is newly developed and
resultant S/N ratio more than 30dB is achieved in profile measurement.

Through the CAMAC transient recorder, the chord integrated radiation
profile is stored in data acquisition system and displayed in real time by
personal computer.

With using this bolometer system, the behavior of radiation profile

during H-mode phase is successfully observed.
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Table 1 Comparison of bolumeter characteristics
Netal
Thinistor(1)
JPT-28(2) JET/ASDEX(8?
Foil Size [mm?] 2x2 T x 102 il x 11
Electrical Resistance [k ] 200 2.2 4. 8
Cooling Time [s] > 10 3.4 0.2
Response Time [ms] ¢ 0.2 0.1 0.1
Temperature Coefficient [K™1] 7.7 x 1072 3.8 x 1073 2.7 x 1073
fleat Capacity [m]/K] 0. 35 12. 3 2.2

(1) from Product Bulietin VM2056, Victory Engineering Co. Ltd
(2) for measurement of total radiation, T-2033. Hamamatsu Photonics Co. Ltd

(3) from reference [5]
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Table 2 Results of calibration

Channel Cooling Time (rte¢) Sensitivity

Number Bias Plasma 7 i cos @ iscatter

2 1298 | - 694 | .T07T i 1.8 %

3 1.7 i - 755 f .734 i 2.9

4 18.5  § eee- 708 0 .T80 | 7.5

5 1.2 | - 788 | .785 | .4

6 1.1 f 82 | .765 | .80 | 5.4

7 1.9 | 915 855 | .831 | 2.9

g 13.0 | 123 708 | 872 f 19.4

10 1.7 103 Lg06 | .891 | 1.7

1 12.8 i 1L.0 826 1 .908 | 9.0

12 124 1 107 817 1 .924 | 116

13 12.8 1 112 L. 938

14 28.5 | 150 L g51

15 1220 1 o101 100 | .972 | 2.9

16 1225 i 10.6 944§ .988 | 4.5

17 10.3 ¢ 8.10 109 | .997 | 8.9

18 154§ 127 (883 1 1 1T

19 1.9 b 13 Loo G o.eer i .3

20 129 114 973 | .988 | L5

21 126§ 11.4 N TVRR 1 T N

22 138 | 1L1 755 0 .951 | 20.6

23 1.5 | 9.06 LY

24 123 10.2 822 | .891 i .7

25 1.2 i 87 L. 853

26 121 | 7.88 L. 809

27 2.3 - 633 1 760 | 16.7

28 121 i I

# Channel number 1, 8. 2% are now not measurable.
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