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bstract

A discharge longer than 5 h was successfully achieved on TRIAM-1M by fully non-inductive lower hybrid current drive
LHCD). The heat load distribution into the plasma facing components (PFCs) during the 5 h discharge was investigated using

alorimetric measurements, which estimated that the injected radio frequency (RF) power coincided with the total heat load
mount to the PFCs. The power balance, including the portion of direct loss power of the fast electrons and the heat flux due to
he charge exchange (CX) process, was also investigated.

2006 Elsevier B.V. All rights reserved.

HCD; S

p
C
e
e
t

eywords: Tokamak; Calorimetric measurement; Power balance; L

. Introduction

Steady-state operations are important for realizing
fusion power plant. In ITER, duration discharges

reater than 1000 s are planned [1] and the estimated

eat flux to the divertor is 5 MW/m2 [2]. Treating this
arge, local heat flux is key for steady-state operations.
ne method to effectively treat heat is to cool the

∗ Corresponding author. Tel.: +81 92 583 7706;
ax: +81 92 573 6899.

E-mail address: hanada@triam.kyushu-u.ac.jp (K. Hanada).
1 Present address: NTT advanced technology Ltd., Tokyo, Japan.

1
p
a
6
m
c
R
t

920-3796/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.fusengdes.2006.03.004
teady-state operation

lasma facing components (PFCs). In Tore Supra, the
IEL project, which uses a toroidal pump limiter (TPL)
xperiment, has been enforced. The TPL is designed to
xtract power up to 15 MW [3] and the total heat extrac-
ion capability of Tore supra is upgraded to 25 MW for
000 s [4]. Exhausting the huge heat load allows a high-
ower injected experiment to be implemented. In fact,
n experiment with a discharge duration of more than
min and an injection power greater than 1 GJ, which

eans that an averaged heat load of 2.8 MW could be

ontinuously removed, was successfully conducted [5].
ecently, a discharge greater than 1 h and a total injec-

ion power of 1.3 GJ were obtained on large helical

mailto:hanada@triam.kyushu-u.ac.jp
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evice (LHD) [6,7]. In both cases, the injected power
f the devices (the lower hybrid wave (LHW) in Tore
upra, and the ion cyclotron range of frequency (ICRF),

he electron cyclotron range of frequency (ECRF), and
he neutral beam injection (NBI) in LHD) might be bal-
nced to the power removed by the cooling system of
he device. The cooling capability strongly depends on
he distribution of the heat load to the PFCs, which is
losely related to the power balance of the plasma. The
adiative power emitted from a plasma will completely
eposit on the first wall and the diffusion power will
ainly deposit on the divertor plate around the divertor

egs. This heat load distribution is noted in the ITER
esign report and a radiative power fraction of ≈75%
s required [8]. Therefore, to achieve steady-state oper-
tions, it is important to investigate the power balance.

A discharge in excess of 5 h was maintained on
RIAM-1M by a lower hybrid current drive (LHCD)

n a very low power region. This ultra long duration
ischarge is suitable for measuring the heat load since
he temperature of the cooling water for the PFCs is sat-
rated during the discharge. In this situation, the heat
oad can be derived from the steady temperature rise,
hich is shown in Section 3. The accuracy of the esti-
ated heat load becomes better than that in short pulse
ischarges. Herein, the result of heat load to each PFC
s described and the power balance of the discharge
s shown. The experimental apparatus is introduced in
ection 2, while Section 3 describes the heat load mea-

d
v
3
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ig. 1. (Right figure): Toroidal cross section diagram of the vacuum vessel
he branch of the cooling water channel. (Left figure): Schematically poloi
ivertor plate are illustrated on the same figure.
nd Design 81 (2006) 2257–2265

urements. The experimental results are presented in
ections 4 and 5. Section 5 summarizes the conclu-
ions.

. Experimental apparatus

TRIAM-1M is a small size (R0 = 0.8 m, a × b =
.12 m × 0.18 m) tokamak with a high toroidal mag-
etic field up to 8 T excited by 16 toroidal field coils,
hich are composed of Nb3Sn, a super-conducting
aterial [9]. TRIAM-1M has two vacuum vessels.
ne is to avoid thermal penetration into the super-

onducting coils from the outside. The other is to keep
vacuum condition of 1 × 10−6 Pa or less since a low-
ressure level (<1 × 10−5 Pa) must be maintained to
ake a plasma. Fig. 1 is a schematic toroidal cross sec-

ion diagram of the latter vacuum vessel, which is made
f stainless steel. The shaded area shows the region cov-
red by the molybdenum divertor plates, which were
nstalled on the bottom of the vacuum vessel.

Five limiters covered by molybdenum were installed
n the vacuum vessel. Three poloidal ring limiters,
hich are referred to as “fixed limiters” in this paper

nd are shown in Fig. 1, were distributed in the toroidal

irection to avoid direct contact of the plasma with the
acuum vessel. These limiters had toroidal widths of
2 mm, poloidal lengths of 1040 mm, and were 17 mm
hick. They were installed on stainless steel bases,

for the plasma chamber. Numbering on the vacuum vessel indicates
dal cross section diagram. The VML, the HML, fixed limiters, and
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to the injected RF power. The leaked power was mea-
sured in several short pulse discharges. Fig. 2 shows
the results. Consequently, the estimated power leakage
was as 7 W for every 1 kW of injection power. Unfor-
K. Hanada et al. / Fusion Engine

hich played a role in attaching the fixed limiter to the
urface of the vacuum vessel. These limiters could be
ndirectly cooled through water channels, which con-
isted of copper brazed on the stainless steel base. Since
he inner and outer parts of the limiters could not equip
ater-cooling channels, the thermal transport of the

nner and outer parts was quite poor compared to the
ther parts of the fixed limiters. A limiter installed on
he top port of the vacuum vessel moved in the vertical
irection. Hence, it is called the vertical movable lim-
ter (VML). The limiter head was composed of molyb-
enum brazed on the water-cooled support, which was
ade of stainless steel using a thin copper foil attach-
ent. Consequently, the thermal transport was sig-

ificantly better than the other limiters. The moving
istance could be varied between +32.5 and +80.0 mm
sing a bellows seal and a motor (the plus sign indicates
hat the direction is to the plasma side from the surface
f the poloidal fixed limiter). The area of the limiter
urface that faced the plasma was 30 mm × 160 mm.
he other movable limiter could shift its surface in the
orizontal direction up to +23 mm. Hence, it is called
he horizontal movable limiter (HML). A single probe
as installed on the HML and the parameters of the
OL plasma were measured. The size of plasma facing
urface had a toroidal width of 34 mm and a poloidal
ength of 74 mm. This limiter was copper covered with

olybdenum. The molybdenum cover was fixed to the
opper base by four screws. Thus, the thermal trans-
ort was not as good as the VML. The copper base was
ttached to a water-cooled support.

Two types of microwave sources, which had fre-
uencies of 2.45 and 8.2 GHz, were used to excite
ower hybrid waves. In addition, a microwave source
ith a frequency of 170 GHz was used to inject

lectron cyclotron waves (ECW). All the microwave
ources were installed as additional heating sources
n TRIAM-1M. The microwave source with a fre-
uency of 2.45 GHz could produce up to 50 kW in the
teady state and was mainly used in the experiments
escribed in this paper. The source microwave excited
y a crystal oscillator of 2.45 GHz was amplified by
klystron. To inject microwaves into the plasma, high
ower microwaves were transferred through the waveg-

ide with a rectangular cross section to a stainless steel
auncher. The launching system was a 4 × 1 grill type
aveguide array and the dimension of the grill waveg-
ide was 15 mm × 71 mm. The phase difference, �Φ,
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etween adjacent waveguides can be changed by a
hase shifter. For the 5 h operation and the other long
uration discharges, �Φ = 110◦ [10]. The injection
ower was estimated by the microwave power divided
y the directional coupler in front of the launcher inlet.
he monitored microwave power was measured with
alibrated crystal diodes. Thus, the injected power can
e measured during the discharge. To obtain the exact
ower absorbed into the plasma, the reflected power
ack to the launcher, the uncoupling power, and the
ower loss by propagation through the launcher need to
e estimated. The reflected power back to the launcher
as measured using the same method as that for the

njected power. The reflected microwaves were mainly
xcited by coupling the microwaves with the plasma.
he uncoupling microwave power was measured as the

eaked microwave power through the vacuum window,
hich was made of sapphire. The power level was cor-

ected using the following procedure. The microwave
ower leakage was measured at the window when a
icrowave was injected directly into the vacuum vessel
ithout the plasma. The injected power was monitored

s described above. Without the plasma present, all the
njected RF power was absorbed by the wall, except
or the leaked RF power through the window. The RF
ower flux to the wall was assumed to be homoge-
eous and the leaked power displayed a homogeneous
F power flux to the wall. The absolute RF power to the
all was estimated by comparing the leaked RF power
ig. 2. Estimated RF power leakage as a function of incident RF
ower. Points in the range of 7–13 kW show the leaked power in
ong LHCD discharges with various injected power levels. The point
round 3 kW shows the estimated data for the 5 h discharge since the
ata was not measured.
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Table 1
Flow rate of each PFC in the 5 h discharge

Vacuum
vessel

Flow rate
(g/s)

Divertor Flow rate
(g/s)

Limiter
and LHCD

Flow rate
(g/s)

No. 1 138 No. 2 60 No. 1 fixed
limiter

74

No. 2 142 No. 4 71 No. 4 fixed
limiter

65

No. 3 140 No. 5 63 No. 9 fixed
limiter

43

No. 4 140 No. 6 68 VML 220
No. 5 137 No. 7 75 HML 217
N
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unately, power leakage could not be measured during
he 5 h discharge. The estimated value of the leaked
ower in the 5 h discharge was derived from the linear
caling shown in Fig. 2 and its power level (25 W) was
nsignificant in the total power balance.

The microwaves also lost power via a dumping pro-
ess of microwave propagation in the waveguide. Since
he launcher consists of stainless steel, the resistance
n the surface of the waveguide was significant. The
ower loss on the launcher should be estimated to deter-
ine the net injected power and the measured value
as obtained using the calorimetric method described
elow.

Fig. 3 illustrates the branch diagram of the cooling
ater system. The cooling water system for the HML is

ndependent of the other cooling systems for the PFCs.
he main cooling water system used pure water pro-
uced by the ion-exchange resin method. The branch of
he cooling water for the 2.45 GHz microwave source
s connected to the main cooling water loop through
he heat exchanger shown in Fig. 3. The main cooling
ater channels were divided into 18 branches.
The cooling water temperature was measured at the

oints shown in Fig. 3 using thermistors with an accu-
◦
acy of ±0.02 . Thermistors are thermal sensitive resis-

ors and their resistance values change significantly
ith a very small temperature change. The incremen-

al changes in the water temperature between the inlet

ig. 3. Schematic diagram of the cooling water system. V.V. means
he vacuum vessel for the plasma chamber, Div corresponds to the
ivertor plate, and Lim shows the fixed limiter shown in Fig. 1. HEX
hows the heat exchanger.
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o. 6 142 No. 9 72
No. 671 44 Launcher 367
No. 673 62

nd outlet, �T, were necessary to estimate the heat
oad to each PFC. The data acquisition system was dif-
erent from the main one since the water temperature
ust be continuously monitored until the PFCs were

ompletely cooled after the discharge was terminated.
able 1 shows the flow rate of each PFC water branch.

. Estimation of the heat load from the
ncremental changes in water temperature

In this section, the estimated heat load from the
ncremental changes in the cooling water temperature
s described. The following equation is used to calcu-
ate the heat load from water temperature,

= CG
∫

�Tdt

τdis
, (1)

here Q is the heat load (W), C the specific heat of
ater (J/g K), G the flow rate of the cooling water

g/s), �T in the temperature difference (K), and τdis
s the discharge duration (s). When the water tempera-
ure reaches the steady state, a simpler equation without
ntegration is sufficient.

= CG�T (2)

Eq. (1) is used to measure the water tempera-
ure until the PFCs are completely cooled. Since a
mall temperature difference is difficult to measure,

his method undervalues the results. When the cooling
apability is poor, the small temperature difference will
ast. Thus, a large error appears in the results. In fact, it
s difficult to measure the temperature difference until
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he PFCs are completely cooled. On the other hand, the
eat load can be accurately estimated when the water
emperature is in the steady state.

When the water temperature of the inlet is varied,
he temperature change of the PFCs due to the change
n the cooling water temperature occurs. In this case,
he PFCs work as a heat sink or source. The heat load
stimated in this situation includes the heat caused by
he temperature change of the PFCs, which leads to
large experimental error. Therefore, the heat load to

he PFCs during the 5 h discharge was estimated by
ssuming that the inlet water temperature was also in
he steady state.

. Experimental results
Fig. 4 shows the waveforms of the plasma current,
p, the net injected RF power, PLH, and the inten-
ity of the H� signal during a 5 h discharge. The
lasma current was fully driven by the LHW, except

ig. 4. Typical waveforms for a 5 h discharge. Plasma current (a),
he net injected RF power detected by the crystal diodes (b), and the
ntensity of H� signal (c) are plotted.

Fig. 5. Waveforms for the incremental changes in the water tem-
p
m
a

a
n
p
t

c
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w
t
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o
m
e
i
e

erature of the vacuum vessel (a), the divertor plate (b), the vertical
ovable limiter (c), and the fixed limiter (d) are plotted. The vertical

xis units in all figures are degrees.

t the beginning of the discharge (the first 0.2 s). The
et injected RF power demonstrated the difference in
ower between the injected RF power monitored with
he calibrated diode and the reflected one.

Fig. 5 shows typical waveforms for the incremental
hanges in the cooling water temperature for various
FCs. The slow fluctuation in the water temperature
as caused by the changes in the coupling between

he RF and the plasma. Details about this phenomenon
re reported in Refs. [11,12]. In view of the stability
f the inlet water temperature, calorimetric measure-
ents were conducted around 4 h and all the param-
ters appear to be in the steady state. Hence, Eq. (2)
s applicable. The VML was inserted into plasma to
ffectively remove the heat load. Thus, the last closed
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ux surface (LCFS) was attached to the VML. The
et injected power, which was measured by crystal
iodes, was 5710 W and the calorimetric measurement
f the launcher indicated that the estimated power loss
t the launcher was 2220 W. The heat load of each
FC was estimated as follows. The 5 h discharge was
n the limiter configuration at a given time and the
ivertor plate was far from the plasma. Therefore, the
ivertor plate only worked on a part of the vacuum
essel.

ixed limiters 360 W (10%)
ovable limiters 1200 W (34%)

acuum vessel (include divertor plates) 1930 W (56%)

Two processes mainly caused the heat load to the
imiters: (1) particle and heat fluxes diffusing from the
ore plasma to the LCFS and (2) fast electron heat
uxes via direct losses. The affect of radiation to the
eat load of the limiters was neglected since the surface
rea of limiters was less than 2% of the total surface
rea in all PFCs. The heat flux to the limiters from the
crape-off layer (SOL) plasma was estimated from the
lectron temperature, Te, and the density, ne, measured
ith the probe installed on the HML. To measure the
rofiles of Te and ne, the HLM was inserted during sev-
ral discharges, which were maintained by a LH power
f 7200 W. The duration of these discharges was less
han 10 s and the discharges were repeated using the
ame operation parameters. Fig. 6 shows the profiles
f Te and ne in the SOL region during short pulse dis-
harges. The head of the probe receded by 1 mm from
he HML surface on the plasma side. Despite the deep
nsertion of the HML into the plasma, the value of Te
nd ne did not change in the range of 5 and 7 mm.
his indicates that the head of the HML attaches to

he LCFS. Thus, this method can determine the posi-
ion of the LCFS. The dotted curves in Fig. 6 show
he fitted profiles of the electron density and tempera-
ure. Unfortunately, the plasma parameters in the SOL
egion were not measured during the 5 h discharge since
he probe position cannot be changed during the dis-
harge and it is difficult to avoid the damage to the
robe. The heat flux from the SOL plasma was derived

rom the plasma parameters as described in Refs.
13,14].

Next a 240 s discharge with a net injected power of
400 W was executed to measure the direct loss power

C
o
t
a

ig. 6. Density and temperature profiles in the SOL plasma region.

f the fast electrons. The fast electrons, which were
ccelerated by microwaves, slowed via a collision
rocess. Some of the fast electrons were occasionally
cattered by magnetic fluctuations. The fast electrons
uickly diffuse to the LCFS. The flux surface caused
he orbits of the fast electrons to deviate. When the
ML is attached to the LCFS, all of the fast electrons
utside the LCFS collided with the HML and VML.

onsequently, the power transferred by the direct loss
f the fast electrons was measured as the heat load on
he HML and VML. The total heat load to the HML
nd VML also included heat and particle fluxes from
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Fig. 7. Toroidal distribution of the H� intensity along the toroidal
distance, Z (m), at 18,000 s. The location of the VML in the toroidal
direction corresponds to Z = 0 m of the abscissa axis. The vertical
axis shows the H� intensity normalized by that at the location of
the VML. All circumference of the vacuum vessel corresponds to
5.28 m. The triangles are measured data and the dotted line shows
the fitting data of the toroidal distribution. As described in Ref.
[16], the particle sources in TRIAM-1M are three fixed limiters and
VML. The toroidal distribution of the H� intensity has the strong
peaks at the fixed limiters and VML position and the observed
FWHM value, λ, is 0.33 m in low density discharge [16]. The VML
and one fixed limiter are installed at the position of 0 m in the
figure. The next fixed limiter is installed at 1m and the final one is
installed at 3.6 m. According to Ref. [16], the H� intensity at 1 m
and at 3.6 m are the same, therefore in this figure the peak values
of the H� intensity set to the same value in the fitting procedure.
The value of FWHM is assumed as 0.33 m. As for the fitting
around 0 m, two experimental data at Z = 0 and 0.4 m are used to
do the fitting and as the result the value of λ is adjusted to 0.18 m.
Finally, the distribution of the H� intensity can be adjusted by
0.05 + 0.95(exp(−|Z|/0.18) + exp(−|5.28 − Z|/0.18)) + 0.13(exp(−
|
t
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he SOL plasma. Therefore, the heat load from the SOL
lasma must be subtracted from the total heat load to
he HML in order to estimate the fast electron direct
oss [15]. Since both the VML and HML were inserted
n this discharge, the fast electrons attacked both the
ML and HML. The heat load to the VML and HML,
hich included the heat load from the SOL plasma and

he fast electrons, was 590 and 260 W, respectively.
he estimated value of heat load to the VML and HML

rom the SOL plasma was calculated as 430 and 160 W,
espectively. Consequently, the estimated direct loss
ower of the fast electrons was 260 W during the 240 s
ischarge. The heat load to the other fixed limiter was
ainly due to the SOL plasma and was 1100 W. The

otal heat load from the SOL plasma corresponded to
690 W.

Only the VML was inserted into the plasma during
he 5 h discharge. The injected RF power was 3490 W.
t was assumed that the heat load from the SOL plasma
as proportional to the net injected RF power, which is

easonable as shown in Ref. [13]. Under this assump-
ion, the heat load from the SOL plasma was estimated
s 1340 W. Hence, the fast electron power was esti-
ated as 220 W for the 5 h discharge.
The heat load to the vacuum vessel was due to the

ollowing processes: (1) radiation, (2) charge exchange
CX), and (3) particle and heat fluxes from the SOL
egion. Radiation mainly affected the load of vacuum
essel since radiation was isotropic and vacuum vessel
ad the PFC most area. CX was comparable to radia-
ion, but CX was anisotropic since the abundant neutral
articles were anisotropic.

CX, which is a phenomenon between a charged par-
icle and neutral particle, was anisotropic due to the
neven sources of neutral particles (in this experiment,
ainly hydrogen atoms). Since the plasma parame-

ers had toroidal symmetry, the toroidal asymmetry
f a hydrogen atom was measured with the toroidal
istribution of the H� signal [16]. Fig. 7 shows the
oroidal distribution of the H� intensity in 5 h dis-
harge. The particle source was on the VML due to
he strong contact with the plasma. Fig. 8 shows the
ater temperature measurements on various parts of

he vacuum vessel. The results for the No. 1 vacuum

essel were consistent with those for No. 4, but the
esults for Nos. 3 and 6 clearly differ. Nos. 1 and

each included a fixed limiter as shown in Fig. 1.
n the other hand, No. 3 had a VML and a fixed

t
d
i
5

1.0 − Z|/0.33) + exp(−|3.6 − Z|/0.33)) The offset value corresponds
he recycling neutral from the vacuum vessel [16].

imiter, while No. 6 did not have a limiter. There-
ore, it is conceivable that the differing results are due
o the CX effect. The estimated heat load difference
etween Nos. 3 and 6 was 55 W. The toroidal asymmet-
ic heat load of the CX process caused this difference.
he toroidal distribution of H� (Fig. 7) was integrated
long the toroidal distance in the range of the Nos.

and 6 parts of the vacuum vessel. The length of
he toroidal distance is shown in Fig. 1. The ratio of

he integrated H� in the entire vacuum vessel to the
ifference of that in Nos. 3 and 6 was 3.18, indicat-
ng that the total heat load from the CX process was
5 W × 3.18 = 175 W. Consequently, the total heat load
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Fig. 9. Totally power balance of the 5 h discharge. The measured
power is illustrated by characters. The net RF power is 5710 W. A
part of the injected RF (2220 W) is lost in a launcher. The heat load
to the vacuum vessel including divertor plate is composed of leaked
RF (25 W), radiation (1730 W), charge exchange (175 W), and the
total value is 1930 W. The radiation power (1730 W) is derived from
total value of heat load to the vacuum vessel (1930 W)-CX (175 W)-
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Fig. 8. Comparison of the vacuum vessel temperatures.

f the CX process was derived from the distribution of
he H� intensity and corresponds to 175 W during the
h discharge.

. Power balance of a full LHCD 5 h discharge
nd conclusion

The power generated in a 2.45 GHz LHCD sys-
em (10260 W) is lost in the antenna (2220 W) and
s reflected (4550 W). The remaining power (3490 W)
s injected into the plasma and the virtual power cou-
les with the fast electrons (3465 W). However, some
ower leaks (25 W) as microwave power. Most of the
nergy from the fast electrons is transferred to the ther-
al plasma via a slowing process (3205 W). The rest

f the energy is inputted into the VML via a direct loss
f fast electrons (220 W). The bulk plasma energy is
istributed by three different processes: CX (175 W),
adiation (1730 W), and diffusion (1340 W). The power
alance of a long operation can be quantitatively esti-
ated as shown in Fig. 9.
In this very low power steady-state discharge,
he radiation power corresponds to 50% of the total
ower injected into the plasma. This appears to be
aused by the high Zeff due to the significantly low
ensity.
eaked RF (25 W). The heat loads to the movable limiter and the fixed
ne are composed of direct loss of fast electron (220 W), diffusion of
OL plasma (1340 W) and the total value is 1560 W (to the movable

imiter (1200 W) and to the fixed one (360 W)).
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