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Abstract

Characteristics of a pyroelectric detector, a metal-film

bolometer and a thermistor are investigated in order to attain

high reliability of the bolometric measurement. The spurious

signal which appears on a pyroelectric detector is efficiently

eliminated by setting a mask close to the detector, which has a

function of avoiding the direct incidence of photons on its

electrode. This is verified with the consistency of integrated

value of the signal. The detector is calibrated with a HeNe

laser taking the reflection on the detector surface into account.

No temporal change has been seen on the sensitivity of the

detector calibrated by this method. We also developed a thin

metal-film bolometer with high sensitivity (12.9 Q/mJ), high time

response (3 us) and well defined thermal characteristics. The

calibration of this detector was performed by supplying a bias

current through its resistor. We constructed a bolometric system

with high time response and high spatial resolution, which

consisted of twelve pyroelectric detectors and a metal-film

bolometer. The radiation power measured with the pyroelectric

detector agrees with that measured with the calibrated metal-film

bolometer within 10 %.
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Spectroscopic and bolometric measurements with spatial and

temporal resolution show that large radiation loss brings about

the decrease in electron and ion temperatures and plasma energy.

Carbon limiters have an effect to suppress the radiation power

for ohmic plasma, but are insufficient for ICRF heated plasma.

The main contribution to radiation power may be attributed to Fe

impurity released from the ICRF antennae, the Faraday shield and

vacuum vessel. By making carbonization of the wall and in-vessel

components, the Fe impurity is suppressed to a low level (npe /Re

•^-0.04 %) and the radiation power is reduced to Praa /(Pot) +Prf )

~ 20 % and emissivity throughout the plasma region is reduced.

This is clearly supported by the observation of Zeff reduction

(3.9 - 1.2).
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CHAPTER I

Introduction

The radiation losses from a plasma column directly

dissipate electron energy and influence electron temperature and

power balance in tokamak discharges.1-6) They are also

associated with instabilities through an influence on the radial

profile of electron temperature.^-9)

The radiation power is greatly enhanced by the presence of

impurity atoms, especially high-Z impurities, because of their

high radiative cooling rate.10-12) plasmas are contaminated by

both light and heavy elements released from the wall and the

iimiters. Current research in nuclear fusion is directed towards

reduction in the high-Z contamination of the plasma. In recent

years, high power ICRF heating experiments up to MW level have

been carried out to realize high temperature plasmas. This

heating technique has the advantage of having good efficiency for

ion heating.13-16) However, it has been reported that RF heating

brings a relatively large impurity contamination compared to

other heating techniques.'7,18) Successful heating depends

entirely on the effective reduction in the impurity

contamination.
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A good understanding of the mechanism of impurity

production and the origin of impurity is absolutely neccessary to

find a method to reduce impurity contamination. Several

investigations on these problems have been described in the

literatures.19-23) The origin of impurity can be identified by

changing the material of in-vessel components. Reduction in the

impurity contamination is attempted by replacing high-Z material

by low-Z material which has less contribution to the increase in

the radiation power. The use of carbon limiter and carbon

coating (carbonization) of in-vessel components attracts

attention recently, because the limiter material and the surface

condition of in-vessel components play a critical role in the

impurity production.

A discharge using tungsten limiters suffered from serious

central radiation cooling.2) Carbon limiters have been found to

reduce radiation power from a core plasma.20>24) Furthermore,

carbon coating (carbonization)25-28) j s taken to be a promising

method to reduce metal impurity contamination. The effects of

low-Z limiter and carbonization on ICRF heated plasma are

important subjects to be investigated.

Information on the radiation power due to impurity is

obtained from spectroscopic^'29) and bolometric3>5,29)

measurements. The former method requires information concerning

the plasma parameters, namely, the intensity of the impurity

lines and the electron density and temperature. On the contrary,
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the latter method gives direct results, provided that the power

due to charge-exchanged neutral particles can be estimated. In

addition, the bolometric system with multichannel detectors gives

the information with temporal and spatial resolution in a single

discharge.

Investigation on impurities responsible to radiation loss

was performed in ohmically heated plasma.3) However, impurity

identification in ICRF heated plasma has not been obtained in

spite of a great necessity. There is very little quantitative

information on the effect of carbonization.

The first bolometric measurement of a tokamak plasma was

reported by L.L. Gorelik, et al,3*-*'3!) but without spatial

resolution. The measurement with spatial resolution was carried

out in the TFR tokamak32) and the DIVA tokamak.3) The

quantitative correlation between bolometric and spectroscopic

measurements has been obtained in the DIVA tokamak. The spatial

information of the radiation power was obtained by scanning the

plasma on a shot-to-shot basis, reproducibility of the discharge

being an important factor. From the standpoint of

reproducibility and the comparison with spectroscopic

measurements, it is desired that information is obtained in a

single discharge. In the Alcator tokamak,5) four collimated

bolometers were employed in order to obtain both spatial and

temporal resolutions in a single discharge. However, this kind

of system does not have high enough spatial resolution to study
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the radiation power on the JIPP T-IIU tokamak because of low

signal to noise (S/N) ratio.

In order to construct a bolometric system with high

temporal and spatial resolutions, the detector must have high S/N

ratio and high time response. This demand is severe for the

measurements on a medium-sized tokamak like JIPP T-IIU, since the

behavior of the plasma parameters is rapid and the tolerable

spatial resolution is small. In addition, the calibration with

high accuracy must be carried out, since multichannel

measurements with considerable accuracy are necessary to obtain

spatial profile of the radiation power through the Abel

inversion. Since the cooling of detector due to thermal

conduction produces an error on the measurement, the correction

for thermal cooling must also be carried out with high accuracy.

For this reason, the detector must have well-defined thermal

characteristics.

Thermistors,''33'34) pyroelectric detectors,3'35) and

metal-film bolometers,3^^,3?) are employed in fusion devices.

Thermistors have been used widely because of its high

sensitivity. Pyroelectric detectors give the signal with high

sensitivity and high time response. An external circuit for

measurements is simple since there is no necessity for a

differentiating procedure, which is required for measurements

with a thermistor and a metal-film bololmeter. However, several

problems concerning the detectors are pointed out; the spurious
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signal due to the photoelectric effect and temporal change in its

characteristics.38,39) ^ metal-film bolometer is free from the

spurious signal and has a long cooling time. Its low sensitivity

and slow time response are disadvantages for the application. A

resolution of the difficulties which each kind of detector has is

essential to perform reliable measurements. Therefore, we

investigated the means to eliminate the spurious signal from the

pyroelectric detector and the temporal change in its

characteristics.40) We developed metal-film bolometers with thin

structure to improve the sensitivity and time response.'*') They

have well-defined characteristics. To select detectors best

suited to our bolometric system, we investigated the

characteristics of three types of detectors, methods of

calibration and correction for thermal cooling with high

accuracy. As a result, we constructed a bolometric system which

consisted of pyroelectric detectors and metal-film bolometers.

By utilizing this bolometric system, we studied the radiation

losses due to impurities on the JIPP T-IIU tokamak plasma. 42)

This study is complemented by the spectroscopic measurements.

In JIPP T-IIU,43-44) high power ICRF heating experiments

have been carried out. The decrease in radiation loss from a

core plasma is a decisive factor to achieve an effective heating.

To serve this purpose, the influences of the limiter material and

the carbonization on impurity contamination are investigated.

The ICRF heating experiments have been carried out on discharges
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using stainless steel (S.S.) limiters or carbon (C) limiters and

on discharges with carbonization using C limiters.

In the experiments with S.S. limiters, the total radiated

power is the major fraction of the plasma energy loss and

emissivity in a core plasma accounts for the substantial fraction

of the total radiation power even for ohmically heated plasma.

Replacing S.S. limiters by C limiters, radiation power from

ohmically heated plasma is reduced to 30 % of ohmic input power.

This indicates that the limiters are the major impurity sources

in ohmically heated plasma. However, large increase in the total

radiation power and emissivity are accompanied by ICRF heating

even when C limiters are used. By making carbonization, the

increase in radiation power due to ICRF heating is drastically

reduced. The above result indicates that impurity flux released

from the antenna, the Faraday shield and the vacuum vessel is

mainly responsible to the increase in the radiation power during

ICRF heating. By comparing the results of bolometric and

spectroscopic measurements in the cases with and without

carbonizations, the impurity abundances for both cases are

estimated. This estimation is essential for the study of

impurity contamination and investigation on the effects of C

limiters and carbonization on impurity reduction.

The radiation processes from the plasma, the steady-state
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radiative cooling rates and the principle of the radiation

measurement are described in Chapter II. The radiative cooling

rates are good measure for comparing information from the

bolometric measurement with that from the spectroscopic

measurement. In Chapter III, characteristics and calibrations of

detectors are described. The details of apparatus are described

in Chapter IV.

Experimental results on the JIPP T-IIU tokamak plasma are

described in Chapter V. Radiation measurements for the three

cases are presented. Impurity abundances, the origin of impurity

and the effects of C limiters and carbonization on the behavior

of radiation power are discussed.

In Chapter VI, the summary of the thesis is presented.
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CHAPTER II

Theoretical Background

Most of the radiation power from a tokamak plasma is due to

the presence of impurities and is related with impurity abundance

by the radiative cooling rate which is a function of electron

temperature. The radiation power is directly obtained by means

of bolometric measurement, because most of the radiation from a

tokamak plasma is efficiently absorbed by various materials and

is converted into thermal energy.

(i) Radiation Processes and Radiative Cooling Rates

The radiation mechanism from a magnetically confined plasma

falls into three categories: free-free transition, free-bound

(recombination) radiation, bound-bound (line) radiation.

A moving charge radiates whenever it is accelerated or

decelerated. The free-free radiation can be divided into two

categories: Bremsstrahlung and synchrotron radiation.

Bremsstrahlung is caused by the acceleration of charged

particles in the Coulomb field of other charged particles. The

major part of the Bremsstrahlung is due to electron-ion
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collisions. When the electron velocity distribution is

Maxwellian, the classical calculation gives the frequency

dependence of the free-free emission as exp(-hu/Te). The

emission per unit frequency interva.l^'1^) is

dgff 32* Zeff/ / & W > J hv

Integrating this over whole wavelength yields the total free-free

emission:

Ph = 1.5XKT
38 Zeff n? (^)l/2 (W/ni3), (2-2)

(Te in eV, n<> in m"
3 )

where Zeff is the effective ionic charge defined as

(2-3)

Bremsstrahlung is properly calculated as the radiation

produced by quantum mechanical transitions between unbound state

in a continuum. The result obtained by the quantum treatments

differs from that by classical theory only by a factor of order

unity, which is called the Gaunt factor.

In synchrotron radiation, the acceleration is due to

charged particles gyrating in a magnetic field. The major

contribution is from electrons and the spectrum of radiation is

composed of frequencies that are harmonics of the electron

cyclotron frequency.

Synchrotron radiation is calculated starting from the
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general expression for the emission:

dU e W ,2 ̂

where /? is v/c. The total emission from a plasma in thermal

equilibrium is obtained from eq.(2-4) by integrating over the

Maxwellian distribution. The result^) is:

Pc = 6.2X10"
20 B2n«/^Yl+4.88xl(r6 (^)+ • • .](W/m3). (2-5)

Equation (2-5) is a result for an optially thin plasma. In

the case that the plasma is optically thick, the total emission

decreases because of the absorption. Therefore, eq.(2-5) gives

an upper limit of synchrotron radiation power. Synchrotron

radiation from tokamak plasmas (IK 3 T, rv^5xlO19 m"3 , Te^ 1000

eV) is negligibly small compared with the other radiations.

Recombination radiation occurs when an electron recombines

with an ion. Since the upper level is continuous, the radiation

is continuous. However, there is some structure due to the

discrete nature of the lower energy levels (absorption edge).

For an electron of mass m and velocity v, recombination into

state p gives

hvp = £(») + imu
2 - E(q), (2-6)

where E(°° ) denotes ionization limit. When the electron velocity

distribution is Maxwellian, the classical calculation gives the

frequency dependence of the recombination radiation as
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exp(-hy/7V).

Line radiation occurs for electron transitions between

bound levels, leading to line spectra. When a transition takes

place from a level of principal quantum number p with energy £(p)

to a level of q with energy E(q), the frequency of the radiation

i>pq is expressed by

hu M = £(P) - £(q). (2-7)

For allowed transitions the usual selection rules of spectroscopy

must hold.

The total radiation power due to the presence of impurity

is evaluated from ionization, recombination and excitation rate

coefficients. The excited state population for tokamak plasmas

is calculated according to the simple corona model, which is a

widely used approximation for tokamak plasmas. In this model,

excitation and ionization are due to electron collisions on the

ground state, de-excitation occurs only by radiation, including

radiation and dielectronic recombinations. Direct calculation of

the radiative cooling rates have been made'0~12) for coronal

equilibrium. The results for C, 0 and Fe, which are major

impurities detected in tokamak plasma, are shown in Fig.2-1.'0)

These values include also Bremsstrahlung. It is found that line

radiations from Fe impurity are dominant in the present tokamak

plasma. Among C, 0 and Fe, a contribution of Fe impurity is

largest as a radiator. The total emission from a plasma is

obtained as
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Te (eV)

Te(eV)

Fig.2-1 Radiative cooling rates as a function of electron

temperature.'0)
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P = nenim, L(Te), (2-8)

where L(Te) is the radiative cooling rate. The impurity density

can be inferred from the result of the bolometric measurement

using this equation. The effective ionic charge Zeff in eq.(2-3)

gives the information to determine the impurity density.

According to neoclassical theory, Zeff is related to electron

temperature Te , resistive voltage and plasma current through

plasma resistivity r) as

where lnA is Coulomb logarithm, fy the correction for the trapped

electrons. The value of Zeff thus obtained gives that in a core

region (r^a/2) because the plasma current mainly flows in this

region.

(ii) Measurement of Radiation Power

Radiation power is measured from the temperature rise of

the absorber of a detector on the assumption that the radiation

energy is efficiently converted into thermal energy. This

assumption is considered to be valid for the photons in VUV

region. It seems that the major fraction of radiated power from

a tokamak plasma lies in the vacuum ultraviolet region. It is

reported that photons in such a region are efficiently absorbed

by various materials.47) In Fig.2-2, reflectivities of iron and
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1000 2000 3000 4000
X (A)

Fig.2-2 Reflectivities of iron and glass as a function of

wavelength.47)
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glass are shown as a function of wavelength. Most of photons up

to 2000 A is absorbed (> 90 %) by these materials. The

absorbers are made of these materials. This is supported by the

fact that no difference has been observed between bare and coated

detectors having layers of carbon black that can absorb nearly

100 % of the incident-light energy.48)

If a radiation power per volume Pvo\ is incident on the

detector, its temperature rise T is governed by

cpjkT = KV 2T + Pvoi, (2-10)

where c is the specific heat, p the density, K the thermal

conductivity. If the first term is negligible, the radiation

power is measured from the time differential of T. A detector

for the bolometric measurement is so made that the effect of this

term is small. The deviation due to this term is the origin of

the thermal cooling of the detector. First approximation to

input power is written as

(2-11)

where C is the thermal capacity and T C the cooling time. The

temperature rise is measured through the change in resistance or

through the change in the surface charge by a pyroelectric

effect. The former is the principle of a thermistor and a

metal-film bolometer and the latter is that of a pyroelectric

detector.
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(a) Thermistor and metal-film bolometer

The thermistor and the metal-film bolometer are similar in

operation. Both of the detectors combine the functions of a

radiation absorber and a resistor for detection. Assuming that

the temperature rise T is small, a change in the resistance Aft

can be described as

AR = RQ(XT, (2-12)

where fto is the initial resistance and a the temperature

coefficient.

Figure 2-3 shows the circuit used in a total-radiation

measurement on the JIPP T-IIU tokamak, where r and c are the

resistance and capacitance of the differentiating circuit,

respectively. This circuit has the advantage of simpleness and

of no signal drift. When a signal is obtained under the

condition that the time constant re is smaller than the required

time response T of measurement and that fto is smaller than the

impedance determined by r and c, the resulting voltage V can be

described as

V = Irc^, (2-13)

where I is the current determined by a constant current diode.

From eqs.(2-ll), (2-13), P is obtained as
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bolometer to amp.

^ , constant
7 ) current
Y diodeY

i

Fig.2-3 Circuit for the metal-film bolometer.
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P = T ̂  (V + —f Vdt) , (2-14)
laRorc \ rcjo )

where aRo/C is equal to the sensitivity of the detector. In the

radiation measurement from a plasma, TC is so determined that the

radiation is zero immediately after the discharge is terminated.

(b) Pyroelectric detector

When a pyroelectric crystal undergoes a change in

temperature, a surface charge is produced as the result of a

change in its spontaneous polarization with temperature. This

pyroelectric effect is expressed in terms of a pyroelectric

coefficient p as,

APS = PT, (2-15)

where Ps is the spontaneous polarization.49) The resulting

pyroelectric charge-flow ip in the circuit of the sample

(Fig.2-4) is described by

ip = ̂ G4APS) = Ap^, (2-16)

where A is the sensitive area of the detector. From eqs.(2-H),

(2-16), P is obtained as

= 10 (2-17)

where Ap/C is equal to the sensitivity of the detector. In the

radiation measurement from a plasma, TC is so determined that the
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radiation is zero immediately after the discharge is terminated.

The input equivalent circuit of a pyroelectric detector is

shown in Fig.2-4. The time response depends on the time constant

re, since the time response determined by the detector is very

high. The capacitance c is composed of the capacitance between

the electrodes and of a stray capacitance. The resistance r is

the load resistance parallel to the detector. This time constant

re is chosen so as to be smaller than the required time response.

Under such a condition, this detector operates as a current

source whose signal is described by the equation (2-16). The

signal which is obtained through the thermal process should have

the following feature. After the incident power on the detector

is turned off, the integrated value of this signal becomes zero

with a time lapse T, several times larger than the cooling time

TC. The integrated value is proportional to the temperature rise

of the detector from the initial value. It is derived from the

eq.(2-16) as

f\pdt = Ap[T(T) - 7(0)] . (2-18)

After the incident power is turned off, the temperature of the

detector gradually decreases with time. Finally it approaches to

the initial value. As can be seen from the equation (2-18),

fipdf = 0. (2-19)
Jo

A signal which does not o^t^sfy this equation is regarded as the
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pyroelectric detector to amp
>•

Fig.2-4 Input equivalent circuit of the pyroelectric detector.
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CHAPTER III

Characteristics of Detectors

The reliability of a bolometric measurement depends

entirely on the performance of the detectors. As a first step,

characteristics of three types of detectors are investigated,

because this is necessary in order to select detectors and to

construct a bolometric system best suited to the measurement on

the JIPP T-IIU tOKamak. As a matter of course, the reliable

measurement depends critically on the calibration of detectors.

The accurate measurement of the net input power to the detector

is of a primary importance to the calibration.

(i) Thermistor

A thermistor is a small chip of semiconductor material with

a standard thickness of 40 f«n. It can be free standing or

mounted on a metal substrate. The resistance is a sensitive

function of temperature, typically 5 % per degree centigrade.

(a) Calibration of Thermistors
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The sensitivity of the detector is obtained from the change

in resistance when a known power from a HeNe laser is introduced

to the detector. The laser power incident on the detector is

measured with a calibrated powermeter with an accuracy of 3 %.

Figure 3-1 shows the laser power and the output signal from the

circuit shown in Fig.2-3. The output signal is negative, because

the temperature coefficient is negative. The sensitivity

obtained without considering the reflected power of HeNe laser

light is 1530 fi/mJ. The reflected power is hard to be measured

because of its diffused reflection. The time response of the

detector is slow O 20 ins). In addition, the sensitivity is

observed to be strongly position dependent.

(ii) Pyroelectric Detector

A pyroelectric detector consists of two electrodes and

pyroelectric crystal (LiTaCb), whose Curie temperature is 610 °C.

Radiation is absorbed by the front electrode with SiOa absorber

of 50 \m thick and the crystal of 50 nm thick. Their absorption

coefficient is shown in Fig.3-2.50) Absorbed radiation is

converted into heat, which in turn raises the temperature of the

crystal. This detector gives the signal due to the heat. The

sensitive region of the detector is 2 mm in diameter. This

detector has an absorber of smooth surface and incident light

onto the absorber undergoes a normal reflection. Therefore, the
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0 50 100
Time(ms)

Fig.3-1 Output signal from the thermistor (top) with the

incidence of the HeNe laser light (bottom).
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Fig.3-2 Absorption coefficient of absorber and pyroelectric
crystal.50)
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reflected power is easily measured.

(a) Calibration of Pyroelectric Detectors

The beam of the HeNe laser light was conducted nearly

normal to the detector (Fig.3-3). The incident power and the

reflected power of the laser light were measured with a

calibrated powermeter. The net input power is the difference

between these powers. The output current from the detector for a

net input power of 1.3 mW is shown in Fig.3-4. This signal rises

within 1 ms after the power incidence and reaches the maximum

value; then it decreases with a cooling time of 185 ms. The

sensitivity and cooling time of this detector are obtained from

the maximum value and the decay of this signal, respectively.

The sensitivity and the reflectivity thus obtained are 0.95 f/A/mW

and 53 %, respectively. This calibrated value is twice as large

as the manufacturer's specification. The value obtained without

considering the reflected power of the HeNe laser light agrees

well with the manufacturer's value. The output linearity was

checked to be high as shown in Fig.3-5. The incident power was

controlled by changing the neutral (ND) filter inserted in front

of the detector.

The pyroelectric detector was calibrated each time it was

detached from the JIPP T-IIU tokamak. The sensitivity and

reflectivity for the HeNe laser light are shown in Fig.3-6. When
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HeNe laser

pyroetectric
detector

power meter

Fig.3-3 Arrangement of a HeNe laser and a calibrated powermeter

for the measurement of the reflected power.
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200 40Q 600

Time (ms)

Fig.3-4 Output current from the pyroelectric detector (top)

with the incidence of the HeNe laser light and input

power to the detector (bottom).
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10~3 10"2 10
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-1 10c

Input power (mW)

Fig.3-5 A plot of the output current from the pyroelectric

detector against the net input power, which shows a

good linearity.
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Fig.3-5 Temporal change in the sensitivity (top) and the

reflectivity against the HeNe laser light (bottom).
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the detectors are exposed to a plasma discharge, the reflectivity

decreases. However, little change in the net sensitivity has

been observed (within 1 %) . A decrease in the reflectivity is

due to the change in the detector surface, since discoloration is

found through visual observation.

(b) Spurious Signal

Severe difficulty is already being encountered in

interpreting the results measured with pyroelectric detectors.

The problem is the spurious signal due to the electrons produced

by secondary emission.39>40) ^ pyroelectric detector (bare

detector) and a pyroelectric detector with a mask (detector with

a mask) were mounted on the JIPP T-IIU device. The mask, which

is close to the detector, affords protection against the direct

incidence of radiation onto a nongrounded electrode (Fig.3-7).

The sensitive region of the bare detector is determined by its

intrinsic sensitive region and that of the detector with a mask

is determined by the mask.

The signal is shown in Fig.3-8(a) was obtained from a bare

detector. The magnitude and the behavior of the signal show the

possibility of a spurious signal. The magnitude of is is too

large to do fit with reality, because this value indicates a

radiation power which greatly exceeds the input power to plasma.

The signal after the discharge has a small negative value, but
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detector
non-grounding
electrode

(b)
slit

mask

detector

Fig.3-7 Viewing geometry of (a) the bare detector and (b) the

detector with a mask.
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is too small to explain the decrease in the temperature of the

detector due to the heat loss described by the first term of the

eq.(2-10). It is obvious that the integrated value of the signal

does not return to zero after a long lapse of time. This shows

that a positive spurious signal is superposed on the true signal.

The signal it shown in Fig.3-8(a) was obtained from a

pyroelectric detector with a mask. The magnitude of this signal

indicates a radiation power which is about 80 % of the ohmic

input power. It is possible that the plasma radiates such a

large fraction of the energy loss since this is a

radiation-dominant plasma. This signal has a negative part,

indicating a decrease in the temperature of the detector. The

integrated value of it is shown in Fig.3-8(b). It satisfies the

condition described in eq.(2-19). Thus the net input power on

the detector is obtained through a correction for thermal cooling

described in eq.(2-17). The net input power obtained from the

signals it and q is shown in Fig.3-8(c).

(iii) Metal-Film Bolometer

A metal-film bolometer is similar to a thermistor in

operation. As the resistor is made of metal and its temperature

coefficient is small, the sensitivity is small compared with a

thermistor. In order to improve thermal characteristics and time

response as well as sensitivity, we have developed metal-film
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bolometers with thin structure and axial symmetry. The structure

of the metal-film bolometer is shown in Fig.3-9. An absorber is

a thin stainless steel plate 20 mm in diameter and 10 /im thick

but it is thick enough to absorb photons with high energy up to 3

keV (Fig.3-10).5°) This absorber is fixed by the holder at 16 mm

in diameter (Fig.3-9(a)). Silicon oxide SiO' is deposited (-̂ 0.2

l<m) on the absorber in a vacuum, and nickel is also deposited

(-̂ 0.1 ;im) on the SiO? layer in spiral shape. The SiO? layer

serves as an electrical insulator between the absorber and the

resistor (Ni film). The resistor is a spiral shape and has a

resistance of 10 kQ. It is located on the central region of the

absorber and its diameter is 6 mm. An orifice is equipped close

to the detector in application to the JIPP T-IIU tokamak

(Fig.3-9(b)). Its internal diameter is also 6 mm.

Above mentioned structure is designed from the viewpoint of

the required characteristics. Thin structure improves time

response (-̂ 3 /JS) and sensitivity (12.9 Q/mJ), since time

response is determined by the transit time of a heat from the

absorber surface to the resistor and sensitivity is determined by

thermal capacity per unit area.

Regarding thermal characteristics, the major fraction of

thermal capacity is mainly determined by the absorber because the

electrical insulator and the resistor are very thin in comparison

with the absorber. The temperature at periphery of the absorber

is held constant because of the large thermal capacity of the
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-absorber insulator

holder

Fig.3-9 (a) Structure of the metal-film bolometer. Thin

structure improves sensitivity and time response. A

heat conduction equation is easy to be applied because

the major fraction of thermal capacity is determined by

the absorber, (b) An orifice is equipped in the

application to the JIPP T-IIU tokamak.
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Fig.3-10 Absorption coefficient of stainless steel absorber in

thickness of 10 im as a function of photon energy.50)
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holder (Fig.3-9(b)). The resistor serves double functions. One

is the function of the sensor for temperature change and the

other is that of a heater. As for the former, its resistance is

determined as a function of the space averaged temperature in the

resistor region because of the shape of the resistor. If a

current passes through the resistor, it uniformly heats up the

resistor region. The sensitivity of the detector is measured by

flowing a bias current through the resistor. The sensitivity

thus obtained applies for the experiment on the JIPP T-IIU

tokamak, because the diameter of the resistor is as large as

internal diameter of the orifice.

(a) Calibration of Metal-Film Bolometers

The calibration of the metal-film bolometer was performed

with the circuit shown in Fig.3-11. This circuit is composed of

a Wheatstone bridge, a differential amplifier and a

differentiating circuit. The net input power to the detector is

measured with the voltage drop arising in the bolometer and the

current which flows through the bolometer. The output signal

from this circuit and the net input power (Pin ) are shown in

Fig.3-12. This signal reaches the maximum value within 3 ms, and

then decreases with a cooling time (~ 1.1 s). The net input

power is 2.50 mW and the sensitivity of this detector is 12.9

J2/mJ. This method has the advantage that the detector can be

- 44 -



INA101

Fig.3-11 Circuit for the calibration of the metal-film

bolometer.
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calibrated in situ.

(b) Thermal Characteristics

The thermal characteristics are well expressed by a heat

conduction equation because of a simple structure with axial

symmetry. As an incident power on the absorber surface is

deposited to the resistor in a short time (~ 3 (us), the

assumption that a temperature rise is uniform in the direction

perpendicular to the detector surface will be allowed for a long

time scale (> 3 /is). In the present case, heat conduction

equation (2-10) is modified to a partial differential equation,

cpgjnr.t) = K^ir-^TirA)} +±P(r,t), (3-1)

where c is the specific heat (0.51 xlO3 J/kgK) of the absorber

(stainless steel), p the density (7.9xlO3 kg/in3), K the thermal

conductivity (15.1 W/mK), d the thickness (10 Mm), P(r,t) the

input power density in W/m2. This equation is numerically solved

by a recurrence method under the boundary and the initial

conditions that

T(a,t) = T(r,0) = 0, (3-2)

where a is the internal radius of the holder (Fig.3-9(b)). The

change in resistance R is related with the temperature rise

averaged in the resistor region by

AR = RoaTav(t), (3-3)
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where Tav (t) is the space averaged value of T(r,t), Ro the

initial resistance and a the temperature coefficient of Ni film.

The value of Tav (t) is obtained as

(3-4)

where ai is the radius of the resistor region. As can be seen

from the comparison of eq.(2-12) with eq.(3-3), power measured by

the detector is obtained from eq.(2-ll) as

Pmeas = C [-jrTaV(t) + — Tav(t)] , (3-5)

where C is given by itcficpd. In order to investigate

characteristics of a metal-film bolometer, eqs.(3-l)-(3-5) are

solved both for the cases of calibration and of radiation

measurement.

The calculated results for the case of calibration are

shown in Fig.3-13. The value of Tav (solid line) is shown

instead of Pneas• The dot denotes the time differential from now

on. The value of Tav corresponds to the output signal in

Fig.3-12, that is, ft. Comparison between time behaviors of both

values is made in Fig.3-14. The deviation from a straight line

is within 3 % and this supports that thermal characteristics are

well expressed by eq.(3-l). A dashed line in Fig.3-13(c) denotes

the value with a correcton according to eq.(3-5). The value of

T C in this case is 0.94 s. It is so determined that initial

value agrees with the value at t=1.0 s.
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Fig.3-13 Calculated results of (a) temperature rise of the

absorber, (b) space-averaged temperature rise (Tiv (t))

in the resistor region, (c) Time behavior of Tav (t).

The dashed line denotes the value with a simple

correction for thermal cooling.
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Fig.3-14 A plot of the measured ft against calculated tav (t).

They show a good agreement. The value of ft corresponds

to that of tav (t).
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The calculated results for the case of radiation

measurement are shown in Fig.3-15. Power density used for

calculation of eq.(3-1) is shown in Fig.3-16. In Fig.3-17, Tav

(solid line) is shown. A dashed line denotes the value with a

correction according to eq.(3-5). The value of T C in this case

is 0.61 s. It is so determined that Pmeas becomes zero at t=0.25

s. Figure 3-18 shows ratio of Pmeas to Pjn . The value of Pjn is

the product of power density and the internal area of the

orifice. The deviation is reduced by a correction according to

eq.(3-5) to 3 % for t < 180 ms. This result shows that the

correction is effective.

(iv) Results and Discussion

It is important for a bolometric measurement that the

radiation from a plasma is efficiently absorbed. It is important

for a bolometric measurement to efficiently absorb the radiation

from a plasma. This needs to make sure that photons except in

VUV and soft X-ray regions have little contribution to the amount

of radiated power from a plasma because the absorption

coefficient of the detector for such photons is not close to

unity. The absorption coefficient of the detector decreases

because of the reflection for long wavelength (A>2000 A ) and

the transparency of the detector for short wavelength (A<several

A ). In order to investigate the radiation power due to photons
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Fig.3-18 Ratio of Pin (t) to P^^it). This value of Pin (t) is

obtained from the value shown by the dashed line in

Fig.3-17 in consideration of thermal cooling.
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with long wavelength (A>2000 A ), the radiation power from the

JIPP T-IIU tokamak plasma is measured with two pyroelectric

detectors (Fig.3-19). One of the detectors views the plasma

through sapphire window which cuts photons with short wavelength

up to 2000 A (dashed line). These detectors are sufficiently

sensitive for photons with long wavelength (A>2000 A ). The

above results indicates that photons with long wavelength

(/l>2000 A ) have little contribution to the radiation power (<

1 %). When the electron velocity distribution is Maxwellian, a

contribution of photons above 3 keV is estimated to be less than

5 % of the total radiation power from the plasma (Te^* 1 keV). A

pyroelectric detector and a metal-film bolometer have high

absorption power for photons up to 3 keV (Fig.3-2 and Fig.3-10).

Especially, a pyroelectric detector efficiently absorbs the high

energy radiation up to 10 keV.

As for a thermistor, slow time response and position

dependence of sensitivity are drawbacks to bolometric

measurement. The calibration method using HeNe laser is not

suitable for a thermistor because of diffused reflection. In

addition, a thermistor has nonlinear resistance-temperature

characteristic and this nonlinearlity is also a drawback to an

accurate measurement, since it is almost impossible to correct

this nonlinearlity accurately.

A pyroelectric detector gives a signal with high S/N ratio

(> 100) and high time response (~ 1 ms). Several problems
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Fig.3-19 Signals from pyroelectric detectors viewing the plasma
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pyroelectric detector viewing through a sapphire window

which cuts photons with short wavelength (A< 2000 A ).



concerning the detector are pointed out. that is, spurious signal

and temporal change in sensitivity. The cause of the spurious

signal is considered to be due to photoelectric effect. A

pyroelectric detector acts as the element of a current source.

The current signal from a pyroelectric detector is of the order

of lCT10 A in the application to the JIPP T-IIU tokamak. Even a

small current due to a non-pyroelectric effect causes a serious

spurious signal to the detector. This is the reason why a

pyroelectric detector can easily suffer from falsification. A

pyroelectric detector without a mask accepts the direct incidence

of photons on a non-grounded electrode. Electrons are emitted

from the electrode because of the photoelectric effect by these

photons and a resulting current is induced. This current would

represent the falsification (Fig.3-20). The photons in the

vacuum ultraviolet region have a high photoelectric yield.51)

The value estimated from this yield is sufficient to explain the

magnitude of the falsification observed in the experiment (is in

Fig.3-8(a)). It is expected that falsification due to an influx

of charged particles and an externally induced electric field (as

well as the direct incidence of photons) can be avoided by using

a mask.

The results in Fig.3-6 show that the reflectivity of the

absorber of the detector for HeNe laser light changes with the

change in the detector surface but the sensitivity does not

change. Apparently, sensitivity without considering the
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Fig.3-20 Schematic drawing showing the generation of spurious
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reflected power shows temporal change. Taking the high

absorption of the major fraction of the plasma radiation into

consideration, it can be concluded that the calibration method

which takes into account the reflected power is a reasonable

method. The change in the reflectivity can be attributed to a

contamination of the detector surface. Some of the materials

installed inside the vacuum vessel might be deposited on the

surface of the detector. However, the deposition is too thin to

change the thermal capacity, then the sensitivity of the detector

remains unchanged.

Figure 3-14 shows that characteristics of the metal-film

bolometer is well expressed by the heat conduction equation.

This fact supports that the detector has well defined

characteristics. A correction for thermal cooling is effective

for the radiation measurement.
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CHAPTER IV

Experimental Equipments for Bolometric Measurement

The present study on radiation power has been carried out

on the JIPP T-IIU tokamak plasma. Information on radiation power

is directly obtained from the bolometric measurement, provided

that a power due to charge-exchanged neutral particles is

estimated. It is also complemented by spectroscopic measurement.

We constructed the bolometric system composed of

pyroelectric detectors and metal-film bolometers. This selection

of detectors is made from the standpoint of high reliability. We

applied this bolometric system to the JIPP T-IIU tokamak plasma

and investigated the performance of the system.

(i) JIPP T-IIU Device

The objective of the JIPP T-IIU experiment is to study the

confinement and heating of high temperature plasma. Especially,

high power ICRF heating experiment is vigorously carried out in

the two-ion-hybrid heating regime. The applied frequency is 40

MHz and hydrogen-to-total ion density ratio nn/(?iH+no) is 10 %.

The two-ion-hybrid resonance layer for the toroidal magnetic
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field strength of 3 T in this series of experiments is located

near the plasma center. The schematic drawing of the JIPP T-IIU

experimental arrangement is shown in Fig.4-1. The half-turn

antennae are installed in the high field side at six different

toroidal positions. Each antenna has a capacity to couple the rf

power of 0.5 MW to the plasma. Two types of limiters were used.

One is stainless steel #304 (S.S.) limiters and the other is

carbon (C) limiters. Both of the limiters are of the same shape

and size. In order to reduce the amount of residual gases, C

limiters were baked at temperature around 150 °C for 48 hours.

The vacuum vessel, the antennae and the Faraday shield are made

of stainless steel #304. A glow discharge system was prepared

for carbonization of inner wall and in-vessel components.

Diagnostics used in the JIPP T-IIU experiments are also

shown in Fig.4-1. The line-averaged electron density is measured

with 4-mm or 2-mm microwave interferometer. The radial profile

of electron density is also measured with HCN laser

interferometer by scanning the plasma cross section on a

shot-to-shot basis. The temporally and spatially resolved

electron temperature is obtained with a multichannel

polychromator, which is calibrated by Thomson scattering method

with a ruby laser. The ion temperature at the center is measured

by analyzing the energy of charge-exchanged neutral atoms

emerging from the plasma. The bolometric and the spectroscopic

(VUV, visible) measurements are carried out at the same toroidal
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Fig.4-1 Locations of the major diagnostics around JIPP T-IIU in

relation to ICRF antennae and limiters.
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section (Fig.4-1). Further details of the bolometric measurement

will be described later.

(ii) Bolometric System

The temporally and spatially resolved radiation power

(emissivity) is obtained from the signals of the twelve

pyroelectric detectors through the Abel inversion. Each

pyroelectric detector has a mask to eliminate the spurious

signal.

Figure 4-2 shows a schematic diagram of the experimental

layout. This enables a simultaneous view of almost an entire

vertical cross section, ranging from full plasma radius (23 cm)

at the bottom to 20 cm at the top of the plasma. A vertical

collimator gives a spatial resolution of 2 cm at the plasma

center. The total radiation power is also monitored with a

metal-film bolometer which views a solid angle of about 2K

steradians.33) Assuming that the plasma emission is entirely

isotropic, the total radiation power is measured directly from

the product of the power onto the detector and the areal ratio of

vacuum chamber to that of detector sensitive region. The

metal-film bolometer and pyroelectric detectors are selected from

the viewpoint of a reliable measurement, because these detectors

have high tine response and well defined thermal characteristics.

In addition, the absolute value of the radiation power can be
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Fig.4-2 Geometric arrangement of the 2TT bolometer and the

12-channel detectors with a mask.
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made sure from both of the results, because these detectors are

calibrated with several different methods.

Comparison between total radiation power measured with "2TT

bolometer" and that with twelve pyroelectric detectors are shown

in Fig.4-3. The latter is obtained by integrating over the

spatial profile. Both of the values agree with each other within

10 %.
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Fig.4-3 A plot of the total radiation power obtained through

the integration of the spatial distribution against

that obtained with the 2it bolometer.
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CHARIER V

Experimental Results on a Tokamak Plasma

In this chapter, experimental results on the JIPP T-IIH

tokauiak are described. The experiments were carried out under

the following three conditions.

(i) In use of stainless steel (S.S.) limiters.

(ii) In use of carbon (C) limiters.

(iii)With carbonization in use of C limiters.

(i) ICRF Heating Experiment with Stainless Steel Limiters

The first ICRF experiment was carried out with S.S.

limiters. The time behaviors of total radiation power Pralj

measured with the 2x bolometer and emissivity E measured with

pyroelectric detectors are shown in Fig.5-1. The ICRF power of

0.15 MW is injected from t=75 ms to 110 ms. Even before ICRF

injection, that is, during ohmic plasma, radiation loss is the

major fraction of the plasma energy loss (Pra<j /POH ~ 50 %).

Emissivity in a core plasma accounts for the substantial fraction

of radiation power. Moreover, radiation power continues to

increase during ICRF heating and reaches 80 % of input power

(POH +Prf ) • Such a radiation dominant plasma is unstable and the

injection power of ICRF is limited to 0.4 MW because of a current
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Fig.5-1 (a) Time behavior of total radiation power and (b)

spatially and temporally resolved emissivity in the

experiment with S.S. limiters.
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disruption.

The effective heating of ion and electron is not observed,

because the increment in radiation power due to ICRF injection

exceeds the ICRF power (APra(j /P,.f-̂  2.8). The radiation power

from a core plasma increases during ICRF heating. The value of

Zeff is large (5̂ - 7) and supports high emissivity throughout

plasma region, ihe reduction in radiation loss is indispensable

to the favorable experiments of both ohmic and ICRF heated

plasmas.

(ii) ICRF Heating Experiment with Carbon Limiters

By the use of C limiters, the total radiation power in

ohmically heated plasma is remarkably reduced (Prad /POH ̂  30 %)

compared with S.S. limiters and the injection power of ICRF is

raised to more than 1 MW without a current disruption. A typical

plasma discharge at an injection power of 1 MW is shown in

Fig.5-2. Electron temperature rises as soon as ICRF power is

injected and results in the decrease in loop voltage. Its

increment becomes maximum (1340 — 1750 eV) with a lapse of 8 ms.

After its increment, electron temperature begins to decrease with

a large rate. Although the decrease becomes small around a lapse

of 40.ms electron temperature again begins to decrease with a

large rate till the end of ICRF pulse. Ion temperature increases

according to ICRF injection and reaches the maximum
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Fig.5-2 A typical discharge in the ICRF experiment (Prf =1 MW)

with C limiters. Time behaviors of (a) loop voltage V,

plasma current Ip, line averaged electron density ne,

(b) electron and ion temperatures Te (0), T; (0) and

plasma energy Vp. (c) Time behavior of total radiation

power and (d) spatially and temporally resolved

emissivity in the experiment with C limiters.
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Fig.5-2 A typical discharge in the ICRF experiment (Prf =1 MW)

with C limiters. Time behaviors of (e) line

intensities (FeXX, OVI) and (f) intensities of

forbidden line (FeXX) measured by vertically scanning

the plasma in the ICRF experiment with C limiters.
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value of 1 keV with a lapse of 40 ms. However, ion temperature

does not keep its maximum value during ICRF injection and begins

to decrease. Plasma energy Vp reaches the maximum with a lapse

of 35 ms and begins to decrease during ICRF heating.

Total radiation power Prad and emissivity E are shown in

Fig.5-2(c)(d). In comparison with the case of S.S. limiters, the

total radiation power in ohmically heated plasma is remarkably

low (370 kW- 130 kW). The ratio of Prad /POH is about 30 %. In

compliance with ICRF injection, however, total radiation power

Prad continues to increase during ICRF and reaches Prad/CPoH+Prf)"^

50 %. Qnissivity in central region increases to the level of 2.6

W/cm3 (Fig.5-3). Large radiation loss from a core plasma is

quite unfavorable from the viewpoint of the energy confinement.

The value of Zeff slightly increases from 3.3 to 3.9 during ICRF

heating. Emissivity in peripheral region reaches the maximum

value in 10 ms and keeps a roughly constant value during ICRF.

The VUV and visible spectroscopic measurements are carried

out in order to investigate the impurities responsible to the

radiation power. The main impurities in the JIPP T-IIU plasma

are Fe, 0 and C. Line intensities of Cr and Ni are small

compared with Fe and the estimated Cr density is smaller than

that of Fe by a factor of 1/4. The estimated Ni density is found

negligible. These estimated values well correspond to component

ratio of stainless steel. The time behaviors of impurity lines

with low and high ionization potentials (I.P.) are represented by
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Fig.5-3 Radial profile of radiation power (emissivity) at the

end of ICRF pulse (t=170 ms).
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those of OVI (I.P.=138 eV) and FeXX (I.P.=1500 eV) in Fig.5-2(e),

respectively. The intensity of impurity lines with low I.P.

rapidly increases and keeps a roughly constant value during ICRF.

The major fraction of such impurities exists in peripheral

region. The time behavior of these line intensities agrees with

that of emissivity in peripheral region. The line intensities

with high I.P. continue to increase during ICRF. In order to

investigate the radial density distribution of Fe19* , the

intensities of forbidden line are measured by scanning the plasma

cross section on a shot-to-shot basis (Fig.5-2(f)). The result

shows that the major fraction of Fe19t exists in central region

(rS 5 cm). Bnissivity in the same region continues to increase

during ICRF pulse. The time behavior of emissivity in the

central region and that of line intensities with high ionization

states (for example FeXX) agree with each other. Impurity line

intensities against total radiation power are plotted in Fig.5-4

for the case with C limiters. Total radiation power is roughly

proportional to line intensities of Fe. The Fe impurities of

several ionization states may be attributed to the major fraction

of radiation power.

Regarding electron temperature, a large decrease after a

lapse of 8 ms from ICRF injection may be due to the increase in

electron density and that in the equipartition power flow from

electron to ion, which results in the increase in ion temperature

and makes the difference between electron and ion temperatures
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small. The decrease in electron temperature in the late ICRF

pulse may be due to the increase in the radiation loss, which is

substantial fraction of plasma energy loss. The decrease in ion

temperature in the late ICRF pulse may be due to that in the

equipartition power flow from electron to ion, which is caused by

the decrease in electron temperature.

(iii) ICRF Heating Experiment with Carbonization

Carbonization is carried out in JIPP T-IIU in expectation

of reducing metal impurities. Total radiation power is

remarkably reduced during ICRF by making carbonization. High

power of ICRF system is delivered to plasma (1.35 MW) without a

current disruption. A typical plasma discharge at an injection

power of 1 MW is shown in Fig.5-5. The decrease in electron

temperature in the later part of ICRF pulse is smaller than that

of the case without carbonization. The decrease in plasma energy

is not seen unlike the case without carbonization. The ion

temperature increases and keeps the maximum value during ICRF.

Total radiation power Pracj and emissivity £ are shown in

Fig.5-5(c)(d). The ratio of Prad /POH is 15 % before ICRF pulse.

The maximum value of Pra<j /(POH + P H ) is 20 %. Bnissivity

throughout the plasma remains at a low level (0.2 W/cm3)

(Fig.5-6) compared to input power density during ICRF unlike the

case without carbonization. This level of emissivity has little
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Fig.5-5 A typical discharge in the ICRF experiment (Prf =1 MW)

with carbonization. Time behaviors of (a) loop voltage

V, plasma current Ip, line averaged electron density

ne , (b) electron and ion temperatures 7e(0), T\ (0) and

plasma energy Wp. (c) Time behavior of total radiation

power and (d) spatially and temporally resolved

emissivity in the experiment with carbonization.

- 78 -



10 20
Radius (cm)

Fig.5-& Radial profile of radiation power (emissivity) at the

end of ICRF pulse (t=I70 ms).
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effect on the power balance. Low level of central emissivity is

favorable from the viewpoint of the energy confinement. The

value of Zefr with carbonization remains 1.2 during ICRF heating.

The equipartition power flow from electron to ion is larger than

that in the case without carbonization because of small decrease

in electron temperature. This is the reason why the ion

temperature does not decrease during ICRF heating.

The maximum value of radiation power Pr~d against the ICRF

power is plotted in Fig.5-7 for the three cases. Replacing S.S.

limiters by C limiters, total radiation power at ohmic plasma

phase (Prf=O ) is reduced by a factor of 1/4. In addition, it is

also reduced by a factor of 1/3 by making carbonization. This

indicates that the limiters are the major impurity sources in the

ohmic phase. The total radiation power linearly increases as the

power of ICRF injection is raised. The rate of increase against

the ICRF power is little affected by replacing S.S. limiters by C

limiters. On the other hand, the rate of increase is reduced by

a factor of 1/4 by coating vacuum components with carbon

(carbonization). This indicates that the antennae, the Faraday

shield and the vacuum vessel are the major impurity sources in

the ICRF heating phase. The ratio of line intensity with

carbonization to that without carbonization is plotted in

Fig.5-8. Considering that the difference between the plasma

parameters (electron density and temperature) for the two cases

is not so large, the ratio of line intensity is proportional to
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Fig.5-7 Total radiation power Prad plotted as a function of the

ICRF power Prf for the three cases; S.S. limiters, C

limiters (without carbonization) and Carbonization.
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the abundance ratio. By making carbonization, impurity

abundances of Fe, 0 and C have changed to 0.05± 0.02, 0.2+0.1

and 1.5, respectively. The scatter of the obtained results is

because of poor reproducibility of the discharge.

It is clearly shown from the experimental results that

carbonization has an effect of reducing the amount of Fe. The Fe

impurities may be responsible to the major fraction of radiation

power without carbonization (with C limiters).
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(iv) Discussion

The estimation of the power due to charge-exchanged neutral

particles (.charge-exchange loss) is required before entering into

a discussion on the radiation from the tokamak plasma, because

information from a bolometric measurement includes the

charge-exchange loss. For both of the cases with and without

carbonization, energy spectra of charge-exchanged deuterium and

hydrogen are shown in Fig.5-9. The ratio of the value of

hydrogen to that of deuterium reflects the hydrogen-to-deuterium

density ratio (nn/CnH+no ) ~ 10 %). By making carbonization,

neutral particles with low energy (E<3.7 keV for deuterium,

£<4.3 keV for hydrogen) increase and neutral particles with

higher energy decrease. Estimating the charge-exchange loss due

to deuterium and hydrogen, it increases by a factor of 3 by

carbonization. On the contrary, the bolometric signal, which

views the plasma center like the charge-exchange neutral

analyser, decreases by a factor of 1/6 by carbonization

(Fig.5-10). The above results show that the charge-exchange loss

has insignificant contribution to the bolometric information

(< 6 %) in the case without carbonization.

The highest amounts of respective impurities are evaluated

from the effective ionic charge Zeff . Oxygen and carbon may be

fully ionized (Z=8, 6) in a core plasma (7*e~ I keV). The average
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Fig.5-9 Eiiergy spectra of charge-exchanged deuterium (a) and

hydrogen (b). By making carbonization, the

charge-exchange loss due to deuterium and hydrogen

increases by a factor of 3.
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1-5-

200

Fig.5-10 Input power to pyroelectric detector (Pchord) viewing

the plasma center. A symbol of (a) denotes Pchord in

the case without carbonization (C limiters) and that of

(b) denotes Pchord in the case with carbonization.
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charge state of Fe is roughly 20 in a core plasma.'^,li)

Regarding the ICRF experiment without carbonization (C

limiters), the highest amount of Fe, 0 and C in a core plasma are

obtained from Zeff =3.9 as npe /iie^dxlO'
3 , no/"e^-O.O5 and

nc/ne^O.l , respectively. Assuming that coronal equilibrium

holds in core region, abundances of respective impurities are

estimated from radiative cooling rates,10-12) electron density

and emissivity by eq.(2-8). The radiative cooling rates of 0 and

C is too small to explain the central emissivity (2.6 W/cm3)

within their highest amounts and Fe impurities contribute to the

major fraction of the central emissivity. The abundance of Fe

obtained from its radiative cooling rates (5.8x 10~26 Wcm3 for

Te~ 1 keV)12) is nre /ne~7x 10~
3 , whose value satisfies its

highest amount. The abundance of Fe may contribute to the major

fraction of total radiation power because of its high radiative

cooling rate, which is several tens times as large as those of 0

and C in the wide range of electron temperature. Regarding the

ICRF experiment with carbonization, the highest amount of Fe, 0

and C in a core plasma are obtained from Zeff =1.2 as

nFe/ne^Bx 10"* , no/ne^-4x 10~3 and nc/ne^x 10"3 , respectively.

All the impurities remain at a low level. From the ratio of line

intensity in Fig.5-8, the abundance of Fe is reduced to 1/20

throughout the plasma region by carbonization. Its central

abundance is estimated to be nfe/ne~3.5x 10"* . The estimated

emissivity from this value by eq.(2-8) is 0.13 W/cm3 and agrees
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with bolometric measurement (0.2 W/cm3). Bnissivity swells in

peripheral region (0.5 W/cm3). This may be attributed to C,

which results from the carbonization. Because the radiative

cooling rate of C exceeds that of Fe under the condition that

electron temperature is sufficiently low. Such a condition may

hold in plasma edge with a swell of emissivity.

Total radiation power of ohmic plasma with S.S. limiters is

larger than that with C limiters (without carbonization) by a

factor of 5 (Fig.5-7). This difference may be attributed to the

impurity flux of Fe released from limiters. On the other hand,

the total radiation power increases at the same rate of increase

with the ICRF power. The above result indicates that impurity

flux of Fe released from the antennae, the Faraday shield and the

vacuum vessel is mainly responsible to the increase in total

radiation due to ICRF injection. The above-mentioned results are

summarized in Table I.
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Ohmic

ICRF

Limiter

Carbonization

let f

Prad/PoH

Zef f

Prad/(POH+Prf)

E (r-0)

nFe/ne

no/ne

nc/ne

S . S .

Without

~ 5

~50 %

~ 7

~80 %

4.5 W/cm3

Carbon

Without

~ 3

~30 %

~50 %

2.6 W/cni3

~7xlO"3

< < 0 . 0 5

<<0.1

With

~1.2

~15 %

— 1.2

~ 2 0 %

0 . 2 W/cm3

~4xl(T4

<<4xl0"3

<<7xl0"3

Table I List of Zeff . radiation power and impurity abundances

for the three cases; S.S. limiters, C limiters (without

carbonization) and Carbonization.



CHAPTER VI

Summary

The characteristics of presently used thermistor,

pyroelectric detector and metal-film bolometer were investigated

with the aim of attaining a highly reliable bolometric

measurement. The spurious signal which appears on a pyroelectric

detector was efficiently eliminated by setting a mask close to

the detector, thus avoiding the direct incidence of photons at

the electrode. This is verified with the consistency of

integrated value of the signal. Calibration of a pyroelectric

detector was performed with a HeNe laser in consideration of

reflections on the detector surface. No temporal change was

observed on the sensitivity determined in such a way (within

1 %). Measurements of sensitivity were made over a wide range of

input power to detector and proved that the linearity of the

signal is high (< 2 %) within the range of radiation measurement

from the tokamak plasma. A thin metal-film bolometer was

developed with high sensitivity (12.9 fl/mJ), high time response

(-̂ 3 fjm) and well defined thermal characteristics. Calibration

of the metal-film bolometer was performed by supplying a bias
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current through its resistor. This method has the advantage of

being applicable to the measurement of the input power to

detector with high accuracy and to an in-situ calibration.

Thermal characteristics of this detector are investigated by

solving a heat conduction equation fitting in with the detector

and well defined thermal characteristics is supported by the fact

that the heat conduction equation well explains the time behavior

of the signal at calibration.

We constructed a bolometric system which consisted of

twelve pyroelectric detectors and a metal-film bolometer. This

measurement system gives the information on the total radiation

power with high time response (~ 3 ms) and the emissivity with

high time response (~ 1 ms) and high spatial resolution (2 cm).

The total radiation power agrees with that obtained by

integrating over the spatial profile within 10 %.

We studied the radiation due to impurities on the tokamak

plasma by means of this bolometric system. The radiation loss

from a plasma core plays an important role on tokamak discharges

with S.S. and C limiters (without carbonization). The radiation

power increases during ICRF heating, and electron and ion

temperatures and plasma energy decrease. The increase in the

radiation power is brought about by Fe impurities.

Although C limiters have an effect to suppress radiation

power from the ohmic plasma (Praa /POH ~ 30 %), it is still high

for the ICRF heated plasma (Prad /(POH +Prf ) ~ 50 %). This is
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because the antennae, the Faraday shield and the vacuum vessel

may become sources of Fe impurities. Carbonization suppresses Fe

impurities and radiation power even for high power ICRF heated

plasma. Radiation loss is no longer major fraction of plasma

energy loss (< 20 %). The major impurity, Fe decreases to a

negligible level (nfe /ne^- 0.04 %) and is reduced to 1/20

throughout the plasma region. This results well explain the

measured emissivity in a core plasma. It is worth while to note

that C impurity in a core plasma remains at a low level

<0.7 %) even with carbonization.
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