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Divertor experiment in JT-60 with a small divertor chamber has beeﬁ
successfully performed up to 1.6 MA discharge. Several divertor effects
were experimentally confirmed as follows.

Radiation loss in main plasma saturates with the increase of plasma
current and its ratio to the input power is about 20 % at 1.5 MA. The
rest of input power is exhausted into the divertor chamber and a half of
it is dissipated as the radiation loss.

Impurity accumulation is not observed during a feﬁ sec without
internal MHD activity and gross impurity confinement time is seﬁeral

hundred msec.

Keywords: Tokamak, JT-60, Divertor, Radiaticn Loss, Global Energy Balance,

Remote Cooling.
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1. INTRODUCTION

Problems of impurity control and plasma-wall interactions have become
more serious in recent high power heating tokamak experiments. Divertor is
a promising way to solve these problems, which was demonstrated in small
and medium sized devices such as DIVA [1], Doublet-IIT [2] and ASDEX [3].
In these experiments, following favorable results have been obtained;

1) Radiation loss in main plasma was reduced.
2) Major fraction of total heating power was diverted from the main
~ chamber to the divertor chamber.
3) Significant fraction of it was dissipated by radiation and heat
load to divertor plates was alleviated in high density discharges.

In addition to these divertor functioms, recent high power heating
experiments indicate that good confinement discharges (so called H-mode)
are obtained almost only at the tokamaks with divertor [4,5].

It is very important to demonstrate these favorable ability in a
reactor grade tokamak and to extraporate a poloidal divertor to a
reactor. In a reactor, only a shallow open divertor with a small burial
chamber could be applied. JT-60 is a large tokamak with a simple
poloidal divertor like that. The initial experiment was carried out from
April to June in 1985 and stable 1.6 MA divertor discharge was obtained
[6].

In this paper, radiation loss and global energy balance are discussed.
Experiments are performed with ohmically heated hydrogen discharges:

plasma current T_ of (0.5~ 1.6) MA, toroldal field BT of (3~4) T,

P
line-average electron density Ee of (0.5~4) x 101° mfg. Major and minor
radii are 3.15 m and 0.83 m, respectively.

In the following section, experimental arrangements are described.
Requirement for divertor effects are treated in section 3. Section 4
deals with the characteristics of radiation loss. Global energy balance
is discussed in section 5. Impurity behavior is treated in section 6. In

section 7, summary and conclusion are. presented.

2. EXPERIMENTAL ARRANGEMENTS

Figure 1 shows the poloidal cross section of JT-60. It has a
poloidal divertor on the outer equatorial plane. The first wall

consists of toroidal limiters (Mo), liners (Inconel 625) and divertor

—1—
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1. INTRODUCTION

Problems of impurity control and plasma-wall interactions have become
more serious in recent high power heating tokamak experiments. Divertor is
a promising way to solve these problems, which was demonstrated in small
and medium sized devices such as DIVA [1], Doublet-III {2] and ASDEX [3].
In these experiments, following favorable results have been obtained;

1} Radiation loss in main plasma was reduced.
2) Major fraction of total heating power was diverted from the main
~ chamber to the divertor chamber.
3) Significant fraction of it was.dissipated by radiatiom and heat
load to divertor plates was alleviated in high demnsity discharges.

In addition to these divertor functions, recent high power heating
experiments indicate that good confinement discharges (so called H-mode)
are obtained almost only.at the tokamaks with divertor [4,5].

It is very important to demonstrate these favorable ability in a
reactor grade tokamak and to extraporate a poloidal divertor to a
reactor. In a reactor, only a shallow open divertor with a small burial
chamber could be applied. JT-60 is a large tokamak with a simple
poloidal divertor like that. The initial experiment was carried out from
April to June in 1985 and stable 1.6 MA divertor discharge was obtained
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In this paper, radiation loss and global energy balance are discussed.
Experiments are performed with ohmically heated hydrogen discharges:
of (3~4) T,

-3

plasma current IP of (0.5~ 1.6) MA, toroidal field BT

line—average electron density ﬁe of (0.5~4) % 10*? n™?, Major and minor
radii are 3.15 m and 0.83 m, respectively.

In the following section, experimental arrangements are described.
Requirement for diﬁertor effects are treated in section 3. Section 4
deals with the characteristics of radiation loss. Global energy balance
is discussed in section 5. Impurity behaﬁior is treated in section 6. 1In

section 7, summary and conclusion are presented.

2. EXPERIMENTAL ARRANGEMENTS

Figure 1 shows the poloidal cross section of JT-60. It has a
poloidal divertor on the outer equatorial plane. The first wall

consists of toroidal limiters {(Mo), liners (Inconel 625) and divertor
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plates (Mo). Their surfaces are all coated with 20 um titanium carbide.

Diagnostics related to our discussions are as follows;

1) filtered photo-diode (HAMAMATSU G1737) viewing Hu emission from
divertor plasma (lch): this 1s related to the intensity of particle
flux to the divertor chamber.

2) calibrated 4-ch (main plasma) and l-ch (divertor plasma) bolometers:
they measure electromagnetic and neutral particle radiation. Radiation
profile in main plasma is inferred by the 4-channel bolometer array.
They are calibrated by the following technique [7]. As the bolometer
is of thinister type (VECO 51K1€200), known electric power can be
supplied through its lead wires. By using the resistance-temperature
relation measured beforehand, heat capacity is obtained from the
balance of this heating and cooling effect. The calibration accuracy
is about 6 %.

3) thermo-couples mounted on the back of the divertor plates: they
give time-integrated heat energy deposited in the divertor plates with
the assumption of adiabatic temperature rise of the divertor plates.

4) Visible TV system: this shows plasma-limiter interaction by
normally ﬁiewing main plasma,

TV image shows that main plasma is detached from the toroidal
limiters with diﬁertor operation. Therefore toroidal symmetry of
radiation in main and divertor plasma, and heat deposition in divertor
plates is expected. So we can estimate the total energy loss from the

measured values in one peoloidal cross section,

3. MINIMUM CLEARANCE FOR DIVERTOR ACTION

Particle and energy exhaust is expected as one of the divertor
functions. This action to be effective, it is important to keep the
sufficient width between the separatrix magnetic surface and wall. In
JI-60, the width is limited by the toroidal limiters installed at 30°
from the equatorial plane. This clearance is called 834 (see Fig. 1). To
investigate the critical value, &34 was scamned from & to 2 cm during a
discharge. dJ3ois determined by magnetic analysis.

' Figure:Z(a) shows &§3y-dependance of Ha emission in divertor plasma
(Hilv) which is related to particle flux into the divertor chamber.
Taking into account the accuracy of magnetic analysis, 839 narrower than

div P s s .
2 ~ 3 cm leads Ha to significant decrease. This is because the particle

—7—
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flux to the divertor chamber. ,

2) calibrated 4-ch (main plasma) and l-ch (divertor plasma) bolometers:
they measure electromagnetic and neutral particle radiation. Radiation
profile in main plasma is inferred by the 4-channel bolometer array.
They are calibrated by the following technique [7]. As the bolometer
is of thinister type (VECO 51K1C200), known electric power can be
supplied through its lead wires. By using the resistance-temperature
relation measured beforehand, heat capacity is obtained from the
balance of this heating and cooling effect. The calibration accuracy
is about 6 %,

3) thermo-couples mounted on the back of the divertor plates: they
give time-integrated heat energy deposited in the divertor plates with
the assumption of adiabatic temperature rise of the divertor plates.
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limiters with diﬁertor operation. Therefore toroidal symmetry of
radiation in main and divertor plasma, and heat deposition in divertor
plates is expected. So we can estimate the total energy loss from the

measured values in one peloidal cross section.

3. MINIMUM CLEARANCE FOR DIVERTOR ACTION

Particle and energy exhaust is expected as one of the divertor
functions. This action to be effective, it is important to keep the
sufficient width between the separatrix magnetic surface and wall. In
JT-60, the width is limited by the toroidal limiters installed at 30°
from the equatorial plane. This clearance is called §35 (see Fig. 1). To
investigate the critical value, &35 was scanned from 4 to 2 cm during a
discharge. §39is determined by magnetic analysis.

'.Figure:Z(a) shows $§3¢-dependance of Ha emission in divertor plasma
(Hilv) which is related to particle flux into the divertor chamber.

Taking into account the accuracy of magnetic analysis, 834 narrower than

2 ~ 3 cm leads Hglv to significant decrease. This is because the particle
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flow to the divertor chamber is blocked by 30°-limiters. Seo it is
requlred to keep it wider than this wvalue for sufflclent particle exhaust.
In Fig. 2(b), radiation in divertor plasma (P ) also decreases
significantly below dzg of 2 ~ 3 em. So 63y w1der than 2 ~ 3 cm is
required for particle exhaustion and heat removal to be effective.
Experimental results shown in the following were performed keeping &3
above this critical wvalue.

Figure 3 shows typical waveforms of plasma current and radiation loss

. . s e ai
in main plasma. In this figure, the upper line indicates Pg b

main
R
is slightly higher in this case). In contrast to the limiter discharge,

Pgaln settles down early to low level in the divertor discharge. This

in the

limiter discharge and the other line P in the divertor discharge (He

indicates that impurity influx to main plasma is suppressed to low level

with divertor operation.

4. THE CHARACTERISTICS OF RADIATION LOSS

To estimate the total radiation power, relative signals of four
bolometers viewing main plasma are compared with the calculated results for
some axisymmetric model profiles shown in Fig. 4(d). In a limiter
discharge, typical radiation profile at the beginning of the current

flattop, when density is low about 1 X 1012 mja

, i1s recognized to be
parabolic (Fig. 4(a)) and radiated power is estimated to be 0.8 MW in the
case of 1 MA discharge. At the end of the flattop, where energy balance
is discussed in the following, bolometer signals lie in the region
between calculated results for flat and periphery-peaked profiles

(Fig. 4(b)). Radiation power at this time is halved to 0.4 MW. 1In a
typical diﬁertor discharge, radiation profile during the flattop shows the
almost steady shape with poloidal asymmetry on the divertor side (Fig. 4
(c)). Radiation profile is taken to be flat ( @ ) in calculating the total
radiation power. It makes difference only by 13 % whether the profile is
taken to be flat (@ ) or periphery-peaked profile ( (D ). The error by
neglecting the asymmetric component is about 20 %Z. Taking into account
the accuracy of calibration (6 %), expected total error of Pgain value is
below 25 %;

maln dlv
Figure 5 shows radiation in main and divertor plasma (P

) and
the product of plasma current and the surface voltage (IP % VS) as a

function of plasma current. In limiter discharges (Fig. 5(a)),

—3—
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flow to the divertor chamber is blocked by 30°-limiters. So it is
required to keep it wider than this value for sufficient particle exhaust.
In Fig. 2(b), radiation in divertor plasma (Pgiv) also decreases
significantly below 835 of 2 ~ 3 cm. So &30 wider than 2~ 3 cm is
required for particle exhaustion and heat removal to be effective.
Experimental results shown in the following were performed keeping Jio
above this critical walue.

Figure 3 shows typical waveforms of plasma current and radiation loss

in main plasma. In this figure, the upper line indicates Pgaln in the
limiter discharge and the other line Pgaln in the divertor discharge (ﬁe

is slightly higher in this case). In contrast to the limiter discharge,
Pgaln settles down early to low level in the divertor discharge. This
indicates that impurity influx to main plasma is suppressed to low level

with divertor operatiom.

4. THE CHARACTERISTICS OF RADIATION LOSS

To estimate the total radiation power, relative signals of four
bolometers viewing main plasma are compared with the calculated results for
some axisymmetric model profiles shown in Fig. 4(d). In a limiter
discharge, typical radiation profile at the beginning of the current

flattop, when density is low about 1 x 10% w73

T, 1is recognized to be
parabolic (Fig. 4(a)) and radiated power is estimated to be 0.8 MW in the
case of 1 MA discharge. At the end of the flattop, where energy balance
is discussed in the following, bolometer signals lie in the region
between calculated results for flat and periphery-peaked profiles
(Fig. 4(b)). Radiation power at this time is halved to 0.4 MW, 1In a
typical diﬁertor discharge, radiation profile during the flattop shows the
almost steady shape with poloidal asymmetry on the diﬁertor side (Fig. 4
{(c)). Radiation profile is taken to be flat (@) in calculating the total
radiation power. It makes difference only by 13 7% whether the profile is
taken to be flat (@ ) or periphery-peaked profile (D). The error by
neglecting the asymmetric component is about 20 Z. Taking inte account
the accuracy of calibration (6 %), expected total error of Pgain value is
below 25 7.

Figure 5 shows radiation in main and divertor plasma (Pgain’ Pgiv) and
the product of plasma current and the surface voltage (IP x VS) as 4

function of plasma current. In limiter discharges (Fig. 5(a)),

—3—



JAERI-M 86-056

PgalnllP x VS tends to increase with I and it is about 60 Z at 1.6 MA.
In divertor discharges (Fig. 5(b)), Pglv increases with IP, attaining the

in

value of 0.35 MW at 1.5 MA, and Pﬁa tends to saturate with current-

increase. In this figure, each IP X V., is an almost steady value and can

S .
in

be considered to be the ohmic input power. Therefore the ratio of Pga

to the input power decreases with current-increase and attains 20 % at 1.5

MA.

In Fig. 6, IP x VS, Pgaln and Pglv are shown as a function of main
plasma density in the case of divertor discharge. IP x Vg and Pgaln

increases slowly with Ee (Fig. 6(a), (b)).

Pgiv shows interesting feature (Fig. 6(¢)). In low density
regime, it increases with ﬁe and saturates at certain Eé value, At
further high ﬁe’ it begins decreasing. The reason of this decrease is

not clear at present.

5. GLOBAL ENERGY BALANCE

The diverted energy from the main plasma into the divertor chamber is
dissipated by heat deposition onto the divertor plates as well as by
radiation loss described above, Figure 7 shows global energy balance
including the heat deposition in the plates. In this figure, each value is

time-integrated energy over the current flattop period and their meanings

are;
Qin : time-integrated value of IP ® VS (almost equal to the ohmic
input energy in this figure)
anin : radiation energy in the main chamber
Qﬂiv : radiation energy in the divertor chamber
Q%iv : heat energy deposited in the divertor plates

The sum of Qﬁain, Qﬁiv-and Q%iv almost balances with QU and 70 ~ 100 %
of input energy is accounted. Therefore Q%iv + QgiV, which reaches about
70 # of input energy, is diverted energy into the diﬁertor chamber
through the scrape—-off layer. About a half of it is due to radiation loss.
Such remote radiative cooling plays an important role from a ﬁiewpoint of

heat load reduction of divertor plates.
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Pmaln/I X V. tends to increase with I_. and it is about 60 % at 1.6 MA.

R P S

In divertor discharges (Fig. 5(b)), Pglv increases with I attaining the

P!

value of 0.35 MW at 1.5 MA, and Pgaln tends to saturate with current-

increase. In this figure, each IP X VS

be considered to be the ohmic input power. Therefore the ratio of Pga

to the input power decreases with current—increase and attains 20 Z at 1.5

MA.

is an almost steady value and can
in

main

. di . s
In Fig. 6, IP X VS’ PR and PR:Lv are shown as a function of main

plasma density in the case of divertor discharge. IP * VS and Pgaln

increases slowly with Ee (Fig. 6(a), (b)).

Pgiv shows interesting feature (Fig. 6(c)). In low density
regime, it increases with Ee and saturates at certain ﬁé value. At
further high Ee’ it begins decreasing. The reason of this decrease is

not clear at present.

5. GLCBAL ENERGY BALANCE

The diverted energy from the main plasma into the divertor chamber is
digsipated by heat deposition onto the divertor plates as well as by
radiation loss described above, Figure 7 shows global energy balance
including the heat deposition in the plates, In this figure, each value is
time-integrated energy over the current flattop period and their meanings
are;

Qin : time~integrated wvalue of I, x VS (almost equal to the ohmic

input energy in this figure)

an%n ¢ radiation energy in the main chamber

Qﬂiv ¢! radiation energy in the divertor chamber

Q%iV : heat energy deposited in the divertor plates

The sum of Qﬁain, Q%iv and Q%iV almost balances with Qin and 70 ~ 100 %
of input energy is accounted. Therefore Q%iv + Qgiv, which reaches about
70 % of input energy, is diverted energy into the diverter chamber
through the scrape-off layer. About a half of it is due to radiation loss,

Such remote radiative cooling plays an important role from a viewpoint of

heat load reduction of divertor plates.
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6. IMPURITY BEHAVIOR

Impurity behavior is investigated by the time dependence of radiatiom.
Radiation profile is almost unchanged for a few second current flattoep
(Fig. 8) and no internal MHD oscillation is observed during this period
[8]. This fact indicates that impurity accumulation around axis is not
occurred even without internal MHD oscillation. Gross impurity confine-
ment time is measured by switching of configuration from limiter toodiver-
tor during current flattop. Figure 9 shows the time dependence of bolome-
ter signal viewing the plasma center. Gross impurity confinement time is
estimated from the decay time after the transition to diverter configuration
and it is about 340 msec for the following plasma parameters and this value

is in the same order as energy confinement time I9]; IP =(0.>MA, B, = 3 T,

T
n, > 1 x 101° mfg. Detail discussions need spectroscopic data.

7. SUMMARY AND CONCLUSION

Following divertor effects are obtained in the initial chmic heating
experiment of JT-60. When clearance $i¢ is kept more than 23 cm.
Radiation loss in main plasma is reduced to about 20 % of ohmic input
power and this ratio tends to decrease with increase in plasma current.
main / I x V_, tends to increase with current and

R P S
reaches to 60 % at 1.6 MA). Good heat and particle exhaust were performed.

(In limiter discharges, P

Almost 70 % of input energy is exhausted from the main chamber into the

divertor chamber and about a half of it is due to radiation loss,
Impurity accumulation around the axis is not observed for a few sec

without internal MHD actiﬁity and impurity confinement time is several

hundred msec.
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6. IMPURITY BEHAVICR

Impurity behavior is investigated by the time dependence of radiation.
Radiation profile is almost unchanged for a few second current flattop
(Fig. 8) and no internal MHD oscillation is observed during this period
[8B]. This fact indicates that impurity accumulation around axis is not
occurred even without intermal MHD oscillation. Gross impurity confine-
ment time is measured by switching of configuration from limiter toodiver-
tor during current flattop. Figure 9 shows the time dependence of bolome-
ter signal viewing the plasma center. Gross impurity confinement time is
estimated from the decay time after the transition to divertor configurstion
and it is about 340 msec for the following plasma parameters and this value
P 0.5 MA, BT =3 T,

ne'2 1 x 1019 mfa. Detail discussions need spectroscopic data.

is in the same order as energy confinement time [9]; I

7. SUMMARY AND CONCLUSION

Following divertor effects are obtained in the initial chmic heating
experiment of JT-60. When clearance &3¢ 1s kept more than 23 cm.
Radiation loss in main plasma is reduced to about 20 % of chmic input
power and this ratio tends to decrease with increase in plasma current.
ggin / IP X VS tends to increase with current and
reaches to 60 % at 1.6 MA). Cood heat and particle exhaust were performed.

(In limiter discharges, P

Almost 70 7% of input energy is exhausted from the main chamber into the

diﬁertor chamber and about a half of it is due teo radiation loss.
Impurity accumulation around the axis is not observed for a few sec

without internal MHD actiﬁity and impurity confinement time is several

hundred ﬁsec.
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Poloidal cross-sectional view of JT-60 with separatrix surface and
arrangement of diagnostics relevant to emergy balance study. Ch

1 ~ 4 .indicates the chord number of bolometers. Jag is the
minimim clearance between toroidal limiters and the separatrix

magnetic surface.



Fig. 2

Fig., 3

(a) Hu and (b) bolometric signal in divertor plasma as a function

'E642"

of (330.

(a) Typical wave forms of plasma current (IP) and (b} radiation
loss in main plasma (Pmaln) in the case of limiter and divertor

discharges.

in the period indicated by an arrow and impurity influx is

suppressed.
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(a} Limiter 1

.

| ! | |
ch4 ch3 ch2 chi

(b) Limiter

] { | |

(¢) Divertor

{d} l

radiation density
//

o
o

Relative signals of bolometer array. Closed circles are experi-
mental results and lines are calculated results for some
axisymmetric profiles;

(a) 1limiter discharge at the beginning of the current flattop.
(b) 1limiter discharge at the end of the current flattop,

(c) divertor discharge at the end of the flattop,

(d) axisymmetric radiation prefiles for calculation.
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Fig. 6 (a) The product of Ip and the surface voltage V. and radiation

main

R —
function of main plasma density (ne). Open and closed circles
shows the data of 1 MA and 1.5 MA, respectively. Pgaln and
div

loss in (b) main (P Y and (c) diﬁertor (Pglv) plasma as a

Ip x VS show only a little change. P takes a maximum value at

R
certain density.
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Energy balance of diverted dischargs. Ohmic input energy (Qin),

. . . . . main
radiation energies in main (QR

) and divertor (lev) plasmas
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d
and heat deposition in divertor plates (chv) About 70 % of input

energy are exhausted into divertor chamber and fair amount of them

is dissipated by radiation less.
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Fig, 8 Detected power of each bolometer during current flattop. Relative

values between them is almost unchanged during this period.
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Fig. 9 Detected power of the center-viewing bolometer. Its decay time

after transition to divertor configuration gives gross impurity

confinement time.




