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FOREWORD 

The 1994 International Atomic Energy Agency Conference on Plasma Physics 
and Controlled Nuclear Fusion Research was characterized by a multitude of 
excellent scientific results on virtually all aspects of controlled fusion and fusion tech
nology. Taken together, these results lay a solid foundation for continued progress 
and future steps. 

The conference was the 15th in a series of meetings which began in 1961 and 
which, since 1974, have been held on a biennial basis. The conference was organized 
by the IAEA in co-operation with the Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas, Asociación Euratom-CIEMAT para Fusión, 
Madrid, Spain, to which the IAEA wishes to express its gratitude. The conference 
was attended by some five hundred participants from over thirty countries and from 
two international organizations. 

In the technical sessions, which included seven poster sessions, more than 
240 papers were presented. Contributions were made on magnetic and inertial con
finement systems, fusion technology, magnetic confinement theory and modelling, 
alternative confinement approaches and next step concepts (ITER, TPX, etc.). The 
traditional Artsimovich Memorial Lecture was given at the beginning of the 
conference. 

These proceedings include all the technical papers and five conference sum
maries. For the second time, the summaries are being published as a separate volume 
before the rest of the proceedings. 

The IAEA contributes to international collaboration and exchange of informa
tion in the field of plasma physics and controlled nuclear fusion research by 
organizing these biennial conferences as well as co-ordinated research projects, 
technical committee meetings, workshops, consultants meetings and advisory group 
meetings on relevant topics. Through these activities, the IAEA hopes to contribute 
significantly to the attainment of controlled fusion power as one of the world's most 
important future energy resources. 
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CHARACTERISTICS OF CONFINEMENT AND 
FUSION REACTIVITY IN JT-60U HIGH-/3p 

AND TFTR SUPERSHOT REGIMES WITH 
DEUTERIUM NEUTRAL BEAM INJECTION 

H.K. PARK, M.G. BELL, M. YAMADA, K.M. McGUIRE, 
S.A. SABBAGH, R.V. BUDNY, R.M. WIELAND, 
and the TFTR GROUP 
Plasma Physics Laboratory, 
Princeton University, 
Princeton, New Jersey, 
United States of America 

S. ISHIDA, T. NISHITANI, Y. KAWANO, Y. KAMADA, 
T. FUJITA, M. MORI, Y. KOIDE, H. SHIRAI, M. KIKUCHI, 
and the JT-60U TEAM 
Naka Fusion Research Establishment, 
Japan Atomic Energy Research Institute, 
Naka-machi, Naka-gun, Ibaraki-ken, 
Japan 

Abstract 

CHARACTERISTICS OF CONFINEMENT AND FUSION REACTIVITY IN JT-60U HIGH-/3p 

AND TFTR SUPERSHOT REGIMES WITH DEUTERIUM NEUTRAL BEAM INJECTION. 
The high performance regimes achieved in JT-60U and TFTR have produced peak DD fusion 

neutron rates of up to 5.6 x 1016/s for similar heating beam powers, in spite of considerable 
differences in machine operation and plasma configuration. A common scaling for the DD fusion 
neutron rate (SDD <x Pai«HneVp0'9) is obtained, where Pabs and Hne are the absorbed beam power and 
beam fueling peaking factor, respectively, and Vp is the plasma volume. The maximum stored energy 
obtained has been up to 5.4 MJ in TFTR and 8.7 MJ in JT-60U. Further improvements in the fusion 
neutron rate and stored energy are limited by the jS-limit in Troyon range, j8N ~ 2.0-2.5. A common 
scaling for the stored energy (Wtot oc PabsVpHne

2) is also proposed. 

1. INTRODUCTION 

For an economically attractive tokamak fusion reactor, a centrally 
peaked profile of the plasma pressure is desirable to minimize the plasma 
energy for a given fusion power output and to maintain a large, useful 
bootstrap current component. Such profiles have been consistently obtained 
with intense neutral beam injection (NBI) in TFTR supershot [1] and JT-60U 
high-pp [2] regimes. In both devices, peak ion and electron temperatures of 
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35-41 keVand 10-13 keV, respectively, have been achieved. The peak central 
electron density was -7.5 x 1019 m-3in JT-60U and -9.5 x 1019 m-3 in TFTR. 
The maximum density peaking factors Fhe (= ne(0)/<ne>) were greater than 3 
in both regimes. Energy confinement times were up to 3 times the prediction 
of L-mode scaling with deuterium NBI powers up to -30 MW. Recently 
deuterium and tritium (DT) supershot experiments [3] have been successfully 
demonstrated in TFTR. In JT-60U the confinement has been further improved 
when the high-pp mode is combined with H-mode characteristics [4]. This 
paper presents the first comparative study of the two regimes in the two 
devices, including the conditions necessary for their occurrence, the plasmas 
obtained and their limitations. In particular, a search for common plasma 
parameters describing the enhanced neutron yield and energy confinement for 
both regimes is conducted via a scaling study. In principle, the stored energy 
of fast-beam ions should be studied separately from thermal plasmas. 
However, there is a problem in distinguishing thermal ions from fast-beam 
ions when the ion temperature, as inferred from the measured Carbon 
temperature, approaches the incoming beam ion energy. Therefore, the fast 
ion energy is not excluded in the total stored energy. Note that if the 
conventional analysis is applied, the fast ion fraction in the TFTR supershot 
and JT-60U high-pp regimes is about 30 - 40 % of total stored energy and the 
fast ion fraction is decreasing as the operating plasma current is increased in 
both regimes. 

2. PRODUCTION OF HIGH pp AND SUPERSHOT REGIMES 

The high-pp regime in JT-60U is produced in non-circular, diverted 
discharges with an elongation typically 1.7 and an aspect ratio -4.3 with the 
plasma volume Vp = 42 - 51 m3 configured to achieve central deposition of 
nearly perpendicular NBI (up to 24 MW). In addition to the perpendicular 
NBI system, JT-60U has two off-axis tangential NBI injectors (up to 12 MW) 
balanced in the co- and counter- directions with respect to the plasma current. 
The tangential NBI provides effective control of the heating beam profile and 
the plasma rotation. Control of the edge recycling is a prerequisite for high-pp 

regime and has been achieved by a combination of the divertor action and 
boronization of the first wall. Suppression of sawtooth oscillations by 
reducing the internal inductance below -1.2, and the avoidance of locked 
MHD modes by using counter tangential NBI prior to the main beam power 
injection, are necessary for improved performance. This has now been 
achieved for plasma currents up to 2.8 MA. The improved confinement of the 
high-Pp regime occurs in combination with H-mode characteristics [4]. 
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TABLE 1. TYPICAL RANGES OF PLASMA PARAMETERS 

TFTR (Vp = 30 m3) TFTR (Vp = 37 m3) JT-60U (Vp = 48 m3) 

ao 

Ro 

B, 

Ip 

Pabs 

q* 

Hne 

K 

0.8 m 

2.45 m 

4.0-5.2 T 

0.9-2.0 MA 

5-33 MW 

3.5-6.5 

1.5-4.0 

1.0 

0.86 m 

2.52 m 

4.7, 5.0 T 

1.5-2.0 MA 

12-32 MW 

3.5-4.6 

2-4.5 

1.0 

0.7 m 

3.05 m 

4.3-4.5 T 

1.0-2.5 MA 

5-30 MW 

3-7 

1.2-4.0 

1.7 

Supershots heated by tangential NBI have been extensively studied in 
DD plasmas in TFTR with nearly circular cross-sections, aspect ratios from 
2.9 to 3.1, and plasma volumes ranging from Vp = 27 to 48 m3. TFTR is 
equipped with tangential NBI (up to 32 MW). Efficient central beam fueling 
can be achieved as long as a low edge plasma density is maintained. 
Supershots occur when the carbon limiter surface has been conditioned to 
reduce the recycling of the hydrogenic species. As techniques for decreasing 
the limiter recycling have been developed, the plasma current at which 
supershots can be produced has increased to 2.5 MA. Sawteeth are suppressed 
during beam injection in supershots even though they may be present in the 
preceding ohmically heated phase. Locked modes occur infrequently in TFTR 
and have not been a barrier to raising the current, despite the very low plasma 
densities of the ohmically heated phase. The internal inductance of the pre-
beam target plasma has been ranging from -0.9 to ~1.2 for both regimes and 
decreasing with the increased plasma current. The typical ranges of plasma 
parameters in the two regimes are illustrated in Table 1. Here, a set of TFTR 
supershot discharges with two different plasma volumes (Vp = 30 and 37 m 3) 
are shown in addition to JT-60U high-pp discharges with Vp = 48 m3. 

3. FUSION NEUTRON RATES 

The relationship 3/2nD(r)Tj(r) = <Wion> F(r) - <Wtot> F(r) is often 
used to deduce the correlation between fusion neutron rate and stored energy, 
where <Wion> and <Wt0t> are volume averaged total stored ion energy and 
total energy, respectively, F(r) represents the pressure profile shape, and no 
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and T¡ are ion density and temperature, respectively. It was shown that 
Wion/Wtot ~ 0.15 for TFTR supershots [5] and a similar relationship is also 
observed in the JT-60U high-pp regime. In general the DD neutron rate for 
plasmas with the central ion temperature ranging from 20 to 40 keV can be 
represented as follows: 

SD D = 1/2J n^ <ov> dV « G - ^ , where G = constant<F(r)2>. (1) 

Here, Wtot is the magnetically measured stored energy. Fig. 1 shows the 
measured neutron yield as a function of ^ / V p for both the TFTR supershot 
and JT-60U high-pp regimes. For a given stored energy, the neutron yield in 
the JT-60U high-pp regime is significantly less than that in the TFTR 
supershot regime. It should be remarked that the parametric dependence of 
the G factor is inconsistent among the data from the three different plasma 
volumes; this is addressed later in this section. 

In the JT-60U high-fp and TFTR supershot regimes, for fixed plasma 
size, magnetic field and current, the DD fusion rate increases almost with the 

X TFTR Supershot Vp = 30 m J 

_ • TFTR Supershot Vp = 37 rrr 

• JT-60U High p Vp = 48 rrf 
B H-modeHighP 

1.6 

2 0 12 2 3 
W t o t / V p ( 1 0 W / m ) 

FIG. 1. Fusion reactivity for TFTR and JT-60U is shown as a Junction of W2
loi/Vp in the TFTR super-

shot and JT-60U high-$p regimes. For a given stored energy, fusion reactivity in TFTR supershots is 
significantly higher than that of the JT-60U high-@p discharges. 
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square of the absorbed NBI power. In TFTR, it has also been found that, for 
fixed NBI power, there is a strong correlation between the DD fusion rate and 
the peakedness of the NBI power and particle deposition profiles [5], which is 
controlled by the configuration and energy of the NBI system and plasma 
geometry. Once these are fixed, it is further controlled by the plasma average 
density and density profile shape. The peakedness of the neutral beam fueling 
profile is described by the parameter I^ e = Sbe(0)/<Sbe> where Sbe(O) and 
<Sbe> are, respectively, the central and volume averaged electron source rates 
originating from the heating beam [5]. For the subset of TFTR supershots at a 
major radius of 2.45 m (Vp = 30 m3) which have been analyzed by the 
TRANSP code [6], Fhe

 may be described by the fitted expression Hne °° 
FneeJVne where ne is the plasma line average density, Fneis the electron density 
profile peakedness, and y is a proportionality constant. Applying this fitted 
expression for Hn e to the DD supershots (discharges with the energy 
confinement time improved by more than 1.5 times that of the L-mode 

2 0 0 9 scaling), it has been found that the DD fusion rate is proportional to P : H n e . 
The fitted expression for Hne is found to be a reasonable description for the 
plasmas with larger major radius in TFTR. 

We now investigate whether a similar dependence on Hn e is apparent 
in the JT-60U high-(5p regime. The beam deposition in JT-60U is complicated 
by the use of both on-axis perpendicular and off-axis tangential NBI injectors. 
However, a study of Hne in JT-60U high-pp regime showed that the fitted 
expression was quite similar to that of the TFTR. Since there is a difference in 
defining a line average density in two machines, the expression Hne from 
TFTR is tested with ihePV and found to be a good fit for TFTR discharges. 
Therefore, it is assumed that the expression for Hne for JT-60U is Hn e «= 
FnePabs and the constant of proportionality is normalized to a number of 
calculated values deduced from both the OFMC [7] and TRANSP [6] codes. 
Here the subset of JT-60U data which has Fne data is employed in this 
analysis. The range of Pabs and Ip for this subset data is 20 - 32 MW and 2 ~ 
3 MA, respectively. Finally, a regression study is performed for TFTR and JT-
60U data with Pabs» Hne> and Vp as independent variables. The deduced 
common scaling for the DD neutron rate for both TFTR and JT-60U is as 
follows: 

S D D ~ P ^ < ? V p ° - 9
 ( 2 ) 

When the measured DD neutron rate is compared with the scaling, the 
agreement is quite good as shown in Fig. 2. Note that JT-60U H-mode high-
Pp discharges are excluded in this study. 
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FIG. 2. The measured fusion neutron rate is compared with the common scaling for TFTR supershot 
and JT-60U high-(3p regimes. The fusion reactivity is a strong function of the heating beam power and 
fueling profile shape. C is a proportionality constant. 

On the other hand, it is also found that the G factor in Eq. 1 is roughly 
proportional to YT for both the supershot and high-pp regimes. The 
dependence of the G factor for two different volumes in TFTR supershots is 
vastly different when JT-60U data are included as shown below. 

and 
H^V p

0 - 7 for TFTR data 

G - H¡¡e
5 Vp17 for TFTR and JT-60U data. 

(3a) 

(3b) 

This difference in the G factor cannot be explained by the small difference in 
observed pressure profiles in the two machines except in a few extremely 
broad pressure profiles in the JT-60U H-mode high-f3p discharges. Further 
investigation is needed to resolve the difference in G-factors. Possible 
candidates can be differences in the fraction of ion energy (Wi0n/Wt0t) and/or 
thermal and non-thermal components of Wtot for the two regimes. 
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4. OPERATING BETA REGIONS 

For fixed operating parameters, the strong dependence of the fusion 
neutron rate on the total plasma energy implies that the highest fusion rates are 
always obtained near the p-limit in both the TFTR supershot and JT-60U 
high-|3p regimes. It is particularly interesting that similar PN limits (PN ~ 2.5) 
are observed in both regimes in spite of differences in plasma operation and 
configurations. The similarity is apparent in Fig. 3. In TFTR this limit is 
manifested either by the onset of quasi-continuous MHD instabilities, which 
degrade the global confinement, or by minor or major disruptions. In JT-60U, 
fast collapses, named "pp collapses", sometimes resulting in major 
disruptions, occur at the p-limit [2]. The operating beta domains of the JT-60U 
high-Pp and TFTR supershot regimes almost overlap within a relatively high 
q region (q* = 3 - 10) in the ftj - epp diagram with similar heating power, 
plasma current and toroidal field as shown in this figure. Here q* is defined as 
Tca2Bt(l+K2)/(noIpRp). Transient peaking of the current profile shape, 
produced by decreasing the plasma current on a time scale less than the global 
resistive diffusion time, has increased PN well beyond its usual limit for low 
current plasmas (q* > 5) in both TFTR and JT-60U. These experiments 

CO. 

pa 

X TFTR Supershot Vp = 30 mJ 

• TFTR Supershot Vp = 37 rrr 

JT-60U High p Vp = 48 m3 

B H-modeHigh fL 

0.0 0.2 0.4 

Epsilon Poloidal Beta (e |8p) 

0.6 0.8 

FIG. 3. The domains of operating beta for both devices are shown in @N - e&p space. The best 
performance of the discharges is obtained near the beta limit (/3/V ~ 2.5) in both machines. 
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demonstrate the possibility of increasing the P-limit through current profile 
control and eventually leading to further improvement of performance in 
fusion reactivity and energy confinement in both regimes [8]. 

5. ENERGY CONFINEMENT 

TFTR supershots have been studied over a wide range of plasma 
currents (0.8 - 2.5 MA) and heating power (5 - 33 MW) where the maximum 
heating power for each current is restricted by the P-limit. The major radius 
has been varied from 2.45 to 2.62 m (corresponding minor radius from 0.80 to 
0.97 m). At fixed plasma size, the global energy confinement time is 
influenced by neither the heating power nor the plasma current. In reference 
[5], it is pointed out that the ion stored energy (Wi = Wtot-We) is strongly 
correlated with Pabs and Hne whereas the electron energy (We) is not 
influenced by Hne at all. For supershot discharges operating near the p-limit, 
where Wi/Wtot is constant (-0.75), Wtot ~ P ^ HJ¡¡?. The toroidal field does 
not affect the confinement time of supershots provided the P-limit is not 
approached too closely. Under otherwise constant conditions, the confinement 
time improves as the plasma size is increased. For fixed machine settings, the 

FIG. 4. Magnetically measured stored energy (Wtot) is shown as a Junction of VpIpB,/a. The stored 
energy near the ¡3-limit (f3N ~ 2.5) is increased as the plasma volume is increased. 
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(a) 
0.8 

0.6 

0.4 

X TFTR Supershot Vp = 30 nr 

• TFTR Supershot Vp = 37 m-

n JT-60U High p p Vp = 48 m3 

» H-modeHighpn 

0.2 — 

0.0 

n D a 

D B na 

mi i *F*I* 
0.0 1.0 2.0 

Plasma Current (MA) 
3.0 

1.0 2.0 
Plasma Current (MA) 

FIG. 5. (a) The global energy confinement time (rE = Wtot/Pnel) is shown as a function of plasma 
current for TFTR supershot and JT-60U high-$p regimes, where Pnet is defined as (Pabs - dWtot/dt). 
(b) The energy confinement time excluding dWlot/dt (Wtot/Pabs) is shown as a function of plasma 
current. In general, the energy confinement time is not influenced by the variation of the plasma current 
in either the TFTR supershot or JT-60U high-fip regimes. However, the highest energy confinement 
time in JT-60U was obtained at high plasma current when the JT-60U high-f3p regime is combined with 
H-mode characteristics. 
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10 
X TFTR Supershot Vp = 30 nr 

• TFTR Supershot Vp = 37 nr 

- • JT-60U High p p Vp = 48 m" 

CPabs(MW)VpHje
2 10' 

FIG. 6. The measured global stored energy (Wm) is compared with the common scaling for TFTR 
supershot and JT-60U high-{$p regimes. The stored energy has a strong linear correlation with the 
plasma volume. C is the proportionality constant. 

stored energy is always obtained near the (3-limt for both regimes. The 
measured Wtot as a function of VpIpBt/a is shown in Fig. 4 along with 
normalized-P lines of PN = 2 and 3 defined as ^ = Pt#Bt/Ip where a is the 
minor radius. The stored energy was increased from 5.4 MJ in TFTR to 8.7 
MJ in JT-60U with the plasma volume (Vp) due to the similar P-limits. 

The energy confinement time in the JT-60U high-Pp regime with a 
fixed divertor geometry at a typical major radius of 3.05 m (corresponding 
minor radius 0.70 m) has a more complicated dependence on plasma 
parameters. Figure 5a and 5b show two different energy confinement times for 
both regimes as a function of the plasma current. TE = Wtot/Pnet where Pnet = 
Pabs - dWtot/dt (Pabs is the heating power absorbed in the plasma) is the 
standard definition for the global energy confinement time. Thus, TE = 
Wtoi/Pabs when the transient energy variation (dWtot/dt) is excluded or 
negligible. The upper bound of the energy confinement time of the JT-60U 
data differs by a factor of 2 in the two figures whereas that of the TFTR data 
remains the same. This is due to the fact that TFTR supershots have no 
appreciable dWtot/dt (< less than ± 5 %) at the time of analysis whereas 
discharges in JT-60U high-Pp regime have significant values of dWtot/dt (up 
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to 50 % of Pabs)- Despite the higher energy confinement time at higher plasma 
current with H-mode characteristics in Fig. 5 a, the energy confinement time is 
not influenced by the variation of plasma current. Under the assumption that 
the ratio (Wi/Wtot) is similar for the two machines, a regression study for the 
stored energy (WW) employing the same sets of independent parameters used 
in the previous section is performed. The common scaling for Wtot is 

\kj Ü1.0V1.0TT0.2 MX 
W tot~PabsVp Hne' (4> 

This correlation indicates that the increased global stored energy is largely due 
to the variation of the plasma volume for a given heating beam power. The 
reduction of the exponent in H n e from 0.5 (TFTR data) to 0.2 may arise from 
the differences in confinement characteristics of electrons in the two regimes. 
The derived scaling for the stored energy for both regimes is compared with 
the measured stored energy in Fig. 6. 

6. CONCLUSION 

Significantly improved neutron rate and energy confinement have been 
produced from two different regimes (TFTR supershot and JT-60U high-pp) 
in two considerably different machines. There has been an extensive 
collaboration between the JT-60U and TFTR teams. The characteristics of 
each regime are studied, and common scalings for the fusion neutrons and 
stored energy are proposed for both regimes. Here the fusion neutron rate and 
stored energy in both regimes are characterized by the absorbed beam power, 
fueling peaking parameter and plasma volume. The performance in fusion 
reactivity and stored energy is presently limited by a p-limit (PN = 2.0 - 2.5). 
Energy confinement times used in this paper have a significant transient 
component (dWtot/dt) in JT-60U high-pp data whereas this term is negligible 
in TFTR supershot data. The dependence energy confinement time on the 
plasma current is quite similar in both regimes when transient energy 
variations are excluded. However, the highest energy confinement time in JT-
60U has been obained at higher plasma current when a high-pp mode is 
combined with H-mode characteristics. 
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Abstract 

CONFINEMENT OF OHMIC AND ICRF HEATED PLASMAS IN ALCATOR C-MOD. 
A series of confinement experiments has been carried out in Alcator C-Mod. It was found that 

data from both ohmic and ICRF heated plasmas can be fitted with an L mode scaling law. The ohmic 
data show no scaling with density in any regime, the rE of these discharges being as much as 2-3 times 
neo-Alcator. For the small size and relatively high current in this tokamak, L mode confinement is often 
larger than neo-Alcator. With ICRF heating, confinement degrades with increasing power approxi
mately as P,ôJ/2. Overall, the confinement properties of the ohmic and ICRF plasmas are apparently 
distinguished only by the level of input power. Ohmic and ICRF H modes are obtained over a wide 
range of discharge parameters, extending the range in the international database for surface power den
sity, P/S, by almost a factor of 10. The power threshold for ELM free discharges was in rough agree
ment with the old ITER database scaling P/S = 0.044nB. ELMy H modes were obtained at powers at 
least a factor of 2 lower than the ELM free ones. These results were obtained with all molybdenum 
plasma facing components and no special wall treatment or coating. 

Work supported by US Department of Energy contract DE-AC02-78ET51013. 
ENEA, Frascati, Italy. 
Johns Hopkins University, Baltimore, Maryland, USA. 
University of Maryland, College Park, Maryland, USA. 
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1. INTRODUCTION 

The Alcator C-Mod tokamak is a compact high field device capable of produc
ing shaped diverted plasmas. Confinement studies have been carried out in hydrogen 
and deuterium plasmas with 0.35 < Ip < 1.05 MA, 3.5 < BT < 5.4 T, 0.20 < 
a < 0.24 m, 0.65 < R < 0.70 m, 0.7 < r^ < 2.4 x 1020 nr3 , and 1.1 < K 

< 1.6. The Zeff is low, typically <1.5 for ne > 1.5 X 1020 nr3 . All the plasma 
facing components are made of molybdenum with no special wall treatment or 
coating. Plasma stored energy is calculated by integration of the density and tempera
ture profiles and by analysis of the MHD equilibrium. These generally agree to 
within 20%. However, for ICRF plasmas, WMHD is systematically higher than Wkin. 
This systematic difference is probably attributable to energy in the minority ion tail. 
When 'no plasma' shots are available for subtraction of stray field effects, we can 
also obtain the stored energy by analysis of the diamagnetic loop signals. These are 
in good agreement with WMHD. Shots for confinement analysis were chosen with 
'standard' criteria: quasi-steady-state, sawtoothing, and non-disruptive. 
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FIG. 1. Measured rE versus rE(neo.Alcator) scaling for ohmic data. The data do not show agreement with 
the scaling. 
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2. OHMIC L MODE CONFINEMENT 

Early in our experimental campaign, clear differences between Alcator C-Mod 
and its predecessor Alcator C emerged. In the ohmic plasmas, stored energy 
increased with Ip but not with rig. Figure 1 shows the measured rE plotted against the 
calculated neo-Alcator TE [1]. Note that for most discharges, the measured TE is 
greater than the neo-Alcator value. The increase in stored energy with Ip suggested 
an L mode behaviour. Figure 2 shows the measured rE plotted against TE(ITER89-P) 

[2]. The agreement in this case is clearly much better. Our conclusion is that our 
ohmic confinement is following an L-mode-like scaling which for low densities and 
high currents can exceed neo-Alcator by as much as a factor of 3. 

A linear regression can be performed to calculate the best fit to a power law 
scaling for the C-Mod data alone. The range of some parameters (a, R, BT) in our 
database is too limited to include in the regression. However, significant results were 
obtained by fitting against Ip, Ptot, r^, K and amu (effective ion mass). It should be 
noted that there are significant covariances in the database. In particular, Ip, ne, K 
and amu are generally correlated. Of course for the ohmic data there is an additional 
correlation between Ip and Poh. The results, which include data for ICRF plasmas, 
are shown in Fig. 3. The coefficients are not distinguishable from ITER89-P within 
the error bars of the two fits. 
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FIG. 2. Measured rE versus TE(frER89_P) for ohmic data. 
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FIG. 3. Measured TE versus power law regression, fitting to Ip, K, ne, PM and amu (effective ion 
mass). Both ohmic and ICRF data are included. The coefficients are essentially the same as for 
ITER89-P within the error bars. 

3. ICRF HEATING AND CONFINEMENT 

ICRF heating was performed using a dipole antenna (two current straps spaced 
toroidally and driven out of phase) with up to 2 MW of power at 80 MHz. The heat
ing scenario was hydrogen minority heating in deuterium at BT = 5.3 T. Efficient 
heating was observed, roughly doubling electron and ion temperatures at the higher 
RF powers. Code calculations show that more than 90% of net RF power is absorbed 
and thermalized. There were substantial variations in the relative temperature 
increase of the electrons and the ions. The minority concentration was typically 
around 10% but was not well controlled or characterized in these experiments. The 
energy of the ion minority tail should decrease at higher density and minority frac
tion, resulting in less slowing down on the electrons and more (indirect) ion heating. 
Evidence so far suggests such a correlation but is not conclusive at this point. 

Traces of Te(0) and T¡(0) versus time are shown in Fig. 4. The electron and 
ion temperatures are strongly modulated by sawtooth activity. The sawteeth them
selves are modified, their period increasing by factors of 2-4 over otherwise similar 
ohmic plasmas. Despite a small increase in density and Zeff, Prad/Ptot is unchanged. 
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FIG. 6. Plasma stored energy versus total input power for various ranges in Ip. The solid lines are 

ITER89-P scaling. 

Figure 5 shows traces of the calculated TE versus time; the data follow L mode scal
ing right through the ohmic and ICRF phases. This point is reiterated in Fig. 6, 
where the stored energy is plotted against total input power for several ranges of Ip. 
In Fig. 5, the larger value of TE determined from the MHD equilibrium calculation 
is probably due to the effect of the ion tail energy. 

4. LOCAL ANALYSIS 

Initial runs of the TRANSP code [3] have been performed. For the ohmic shots 
at Ip = 0.8 MA, tie = 1 x 1020 m"3, we have found xe (a/2) « 0.5 m2/s. At low 
densities, where electron and ion transport can be separated, x¡ = Xe and is mildly 
anomalous with x/Xneo = 1 - 3 with large uncertainties. For a typical ICRF plasma, 
with PRF = 1.8 x 106 W, Ip = 0.8 MA, and r^ = 1 x 1020 m"3, the calculations 
show that approximately 90% of the RF power is thermalized within r/a = 0.5 and 
an ion tail with approximately 10-15 kJ out of a total stored energy of 60 kJ. This 
is in good agreement with measurements of AW from kinetics, MHD and diamag-
netism. For the ICRF plasmas, xe «ses to about 1.3, with little change in x¡-
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5. H MODE 

A series of experiments was carried out to look for H mode in ohmic plasmas. 
Because C-Mod operates at much higher toroidal field and density than other toka-
maks, it offers the opportunity to significantly expand the international database. 

With the ion grad B drift towards the divertor, clear L-H transitions were 
observed. Further efforts to lower the threshold power by ramping down BT to 3 T 
and lowering the density resulted in the achievement of ELM free H modes [4]. 
Accompanying the transition was a drop in Ha light, a strong rise in density and 
stored energy, a steepening of the edge profiles and a decrease in edge turbulence. 
A plot of C-Mod data versus the 'consensus' scaling P/S = 0.044nB [5] is shown 
in Fig. 7. While the ELM free data agree well with the empirical curve, ELMy 
H modes were obtained at substantially higher values of nB. No boronization or other 
coating on the all molybdenum first wall was necessary to obtain these results. There 
are some indications that lithium coating, the remnants of lithium injection experi
ments, may lower the power threshold further. H modes were also achieved with 
ICRF heating [8] with similar power thresholds, as seen in Fig. 7. 
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are shown for comparison. 
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The ELM free periods were short lived, typically lasting 50 ms. These were 
limited by an uncontrolled density rise and disruptions as q(a) dropped to near 2 
(because of the BT ramp). While the energy confinement showed a large increase 
during the ELM free periods, it was not possible to make definitive measurements, 
because of the strong transients. TE in the L phase of these plasmas was around 
30 ms. After the L-H transition, TE rose to 50-100 ms. The latter figure comes 
from including the plasma dW/dt term, which could be as large as 60% of the input 
power; thus the plasma conditions were far from steady state. The ITER H mode TE 

for these plasmas is around 55 ms [9]. 
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Abstract 

ENERGY CONFINEMENT IN FTU OHMIC PLASMA. 
The paper presents energy confinement data for FTU deuterium plasma in the ohmic regime, in 

detail discussing the role of ion transport and confinement scaling with the toroidal magnetic field. New 
experimental data on ion temperature are presented; their analysis shows that, if the experimental error 
bars are taken into account, a role of ion transport in saturated energy confinement cannot be excluded, 
even with an ion thermal diffusivity less than, or equal to, three times its neoclassical value. The 
magnetic field dependence of the energy confinement is shown to be weak, from an analysis of 
experimental results at 2.5, 4, 6 and 7 T. The scalings of the relevant plasma quantities with the mag
netic field are also presented. 

1. INTRODUCTION 

The standard feature of energy confinement of ohmic plasma is the linear 
increase of the energy confinement time r^with density at low densities (LOC), 
followed by a saturation at high densities (SOC). Energy confinement in ohmic con
ditions remains a relevant issue both because the rE values in the SOC regime 
appear to be in agreement with the scaling laws derived for the L mode plasma, 
suggesting a similar physics for the two regimes, and because some of the operating 

1 ENEA guest. 
2 Istituto di Física del Plasma, CNR Milano, Italy. 
3 Dipartimento di Fisica, Ha Université degli Studi di Roma, "Tor Vergata", Rome, Italy. 
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scenarios for ITER stress the role of ohmic heating with only a limited additional 
power input. The FTU tokamak (minor radius a = 0.3 m, major radius R = 0.93 m) 
has been operated in ohmic conditions at a magnetic field BT in the range from 2.5 
to 7.5 T, up to the ohmic density limit. The plasma current Ip has been varied 
between 0.25 and 1.2 MA. FTU has a stainless steel wall chamber and a system of 
metallic poloidal limiters [1]. 

2. ENERGY BALANCE ANALYSIS 

The plasma energy content is evaluated in FTU from kinetic measurements. The 
plasma geometry is retrieved from the magnetic measurements, by means of an 
equilibrium reconstruction code. The electron temperature Te is measured by 
electron cyclotron emission (ECE) analysis at BT > 4 T, while the results at 
BT = 2.5 T are based on Thomson scattering data. Ion temperature T¡ profiles are 
computed by solving the ion energy balance equation, using the neoclassical ion 
thermal diffusivity with the option of introducing an anomaly factor. The computed 
T¡ profiles are compared with experimental results from neutron yield monitors, 
from a neutral particle analyser and from a high resolution crystal spectrometer. The 
electron density profile is obtained by the inversion of line averaged plasma densities 
measured by a five chord DCN interferometer. The Zeff value is usually obtained by 
making use of Spitzer resistivity but the bremsstrahlung value is also available. 
Radiation losses have been measured by a 12 chord bolometer array. Local analysis 
includes radiation and electron-ion coupling. A confinement database has been pre
pared with data of plasma discharges in stationary conditions, with sawtooth activity. 
Deuterium filling gas was used for most of the discharges. The present database does 
not include discharges dominated by low Z impurity at low densities. 

3. ION ENERGY BALANCE 

Previous T¡ profile measurements by a high resolution crystal spectrometer [2] 
were restricted to conditions where the Cr XXIII line was sufficiently strong, i.e. low 
density or medium density and high current. By argon injection it has been possible 
to obtain T¡ profile data from the Doppler width of Ar XVII lines at BT = 6 T, qcyl 

= 3.7 for the volume averaged density (i^) in the range of (0.3-1.1) X 1020 m"3. 
This range includes the transition from the LOC to the SOC regime which occurs at 
<ne> « 0.7 X 1020 m"3. In Fig. 1 the experimental Te and T¡ profiles are shown for 
four discharges at ( n j = 0.3, 0.6, 0.9 and 1.1 X 1020 m"3, together with T¡ 
profiles calculated with Chang-Hinton ion thermal diffusivity and with an anomaly 
factor (2 for ( n j = 0.3, 0.6 x 1020 nr 3 and 3 for <ne> = 0.9, 1.1 X 1020 m"3). 
The neoclassical T¡ profiles are in agreement with T¡ from Ar XVII lines in all 
cases. In the lowest density case, also neutrons and NPA results agree with the 
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ECE, (•) Tjfrom crystal spectrometer, (—) T¡ neoclassical, (—-) T¡ with anomaly factor 2 in (a), (b) 
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neoclassical values while at higher densities their results match the data with the 
chosen anomalies. As at high density the error bars on T¡ from the Ar XVII lines do 
not permit excluding agreement with the given anomaly factors, it can be concluded 
that in FTU an anomaly factor between 1 and 3 is in agreement with the full set of 
ion temperature diagnostics. The role of ion transport in global energy transport can 
be discussed by taking into account the stated uncertainty on T¡ values. In Fig. 2 the 
radial profiles of the electron and ion heat fluxes are shown for the same four dis
charges, with the effect of the T¡ uncertainty indicated by the shaded area. It can be 
concluded that, while at low densities the ion channel does not play a significant role 
in global energy transport, at higher densities the relevance of ion energy transport 
cannot be excluded so that ions could play a direct role in the transition to the SOC 
regime. In this analysis the electron heat transport has been estimated by taking into 
account the radiation losses, now routinely available in FTU, which reduce the esti
mate of the electron heat flux of about 25 to 40% at half-radius in the given cases. 
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These discharges with argon injection have confinement times similar to standard 
deuterium discharges at the same density, while the density profile is generally more 
peaked, especially at high <ne>. The Zeff value decreases from 8 at low density to 
1.7 at high density. It has proved impossible to inject a significant amount of argon 
at densities higher than 1.1 X 1020 m"3 without inducing strong plasma detachment 
followed by a disruption. At very high densities «ne> > 2 X 1020 m~3), the only 
available ion temperature diagnostic is the neutron yield. Taking into account the 
experimental error bars and the reduced variation of T¡ with the anomaly factor, due 
to the strong ion-electron coupling, both cases with neoclassical x¡ and with an ion 
anomaly equal to 3 are in agreement with the experimental data. In the case of an 
anomaly factor equal to 3, the ion channel in the energy transport becomes compara
ble to the electron channel so that the conclusion obtained from an analysis of the dis
charges with argon injection can be extended to the very high density case. 
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4. BT SCALING 

BT scaling of plasma confinement is an important issue in understanding 
plasma confinement. FTU results for deuterium plasma at qcyi = 3.5-4 are shown 
in Fig. 3, where the global energy confinement time rE is plotted as a function of 
<ne> at BT = 2.5, 4, 7 T, while the reference results at BT = 6 T are the shaded 
area. At this value of qcyl the saturation density is about 0.7 X 1020 mf3. In the LOC 
regime, where data are available in the full BT range, no dependence on BT is 
observed. In the SOC regime, data at BT = 4 T show only a slight reduction of rE 

values compared to BT = 6 T and BT = 7 T. At fixed density and qcyl, the Zeff 

values increase with BT because of the higher input power. The fraction of radiated 
power ranges from 0.4 to 0.8, without correlation with the rE or BT values. The 
density profile peaking factor varies from values between 2-2.5 at low <ne> to 1.5 
at high <ne>, without any observable dependence on the BT value. The ratio 
T¡(0)/Te(0) increases with <ne>, attaining 90% at 1 x 1020 nr3 , irrespective of the 
BT value. A regression of the dependence of the main quantities on the full deu
terium database provides: peak electron temperature Te(0)keV = 0.475 B°82 

x ZÏ <ne global energy content WMJ = 0.0265 I ^ 8 <nei9> , resistive 
voltage Vr = 0.86 Bf030 Z°ff

31 ( n ^ ) 0 4 2 , average electron temperature <Te>keV 

= 3.63 I¿ii2 <nel9>"069. These results are similar to ASDEX results [3] and show a 
weak dependence of the global confinement on the BT value. Local analysis also 
shows no BT dependence of the electron thermal diffusivity at half-radius (typical 
values between 0.4 and 0.8 m2/s), with no dependence on <ne>, either. The analysis 
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FIG. 3. Confinement time versus density at qcx, = 3.5-4. The shaded area marks the results at 6 T. 
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of the dependence in the SOC regime can either be done by a regression of TE 

versus BT and Vr, if an explicit dependence on power is considered, or versus BT 

and Z¿ff, if the role of the ohmic constraint is considered. The results of the regres
sion of FTU data in the range <ne> = (10-14) x 1020 nr3 , which includes the SOC 
regime at BT = 4, 6 and 7 T, provide TE « B°07±002/Vr

0-8±007 or re <x B?0 2 ± 0-3 

x Zeff26±007. If the bremsstrahlung Zeff is used, the second regression provides rE <x 
Bo.25±o.o3 zaoeio.oe^ s o t h a t t h e eff e c t iv e BT and Zeff dependences, which are indeed 

coupled in the database, cannot be resolved. It can be concluded that the BT depen
dence of TE in FTU is weak, definitely lower than Bf5. 

REFERENCES 

[1] ALLADIO, F., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1992 (Proc. 
14th Int. Conf. Würzburg, 1992), Vol. 1, IAEA, Vienna (1993) 141. 

[2] BOMBARDA, F., et al., in Controlled Fusion and Plasma Physics (Proc. 20th Eur. Conf. 
Lisbon, 1993), Vol. Í7C, Part I, European Physical Society, Geneva (1993) 115. 

[3] MCCARTHY, P.J., et al., Nucl. Fusion 31 (1991) 1595. 



IAEA-CN-60/A2/A4-P4 

H-MODES IN ITER-LIKE CONFIGURATIONS 
ON COMPASS-D TOKAMAK 

SJ. FIELDING, P.G. CAROLAN, D.A. GATES, 
J. HUGILL, A.W. MORRIS, M. VALOVIC, 
J.D. ASHALL, K.B. AXON, R.A. BAMFORD, 
R. BARNSLEY1, M. BOOTH, C.A. BUNTING, 
A. COLTON, NJ . CONWAY2, T. EDLINGTON, 
A.M. EDWARDS, J. FERREIRA3, B. LLOYD, 
S.J. MANHOOD, I.M. MELNICK4, R. O'CONNELL2, 
A. PATEL, N.J. PEACOCK, D.C. ROBINSON, 
P.R. SIMPSON, M. SINGLETON5, 
K. STAMMERS, T.N. TODD, J. TOMAS, 
COMPASS TEAM, ECRH TEAM 
UKAEA Government Division, Fusion, Culham, 
UKAEA Fusion/Euratom Association, 
Abingdon, Oxfordshire, 
United Kingdom 

Abstract 

H-MODES IN ITER-LIKE CONFIGURATIONS ON COMPASS-D TOKAMAK. 
H-mode plasmas are obtained on COMPASS-D in single-null X-point divertor configurations 

similar to ITER and JET, when PTot/S(MW/m2) à: 4.4 x 10"3 ñ,,BT (1019nT3-T). A low-density 
threshold is found for the L- to H-mode transition which is insensitive to input power. Fresh boroniza-
tion increases the operating density range and allows long ELM-free periods (up to 100 ms, 
i.e. ~ ( 4 - 8 ) T E ) , with energy confinement times of up to 25 ms, corresponding to ~1.8 x ITER-89P. 
ELM-free H-modes are also achieved with off-axis fundamental ECRH at relatively low powers 
(Ptot ~ 350 kW). 

1. Introduction 

H-mode plasmas in deuterium are obtained on COMPASS-D (R=0.57m, 
a=0.17m) over a wide parameter range (for Ohmic heating: 130kA<Ip < 200kA, 
0.84T<BT <2.0T, 2.8<q95 <4.5, 2.5xl019m~3 < ñe < 1.5 X Í020m-3) with 
single-null X-point divertor (SND) configurations (b/a~1.6, very similar to 
ITER and JET) and the ion grad-B drift downwards towards the X-point. 

University of Leicester, United Kingdom. 
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3 Department of Engineering Science, University of Oxford, United Kingdom. 
4 University College, London, United Kingdom. 
5 University College, Cork, Ireland. 
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In Ohmically heated plasmas, where the current is fixed and the Ohmic input 
power is approximately constant, the density is raised during the shot and H-
modes are only observed at higher densities. These Ohmic H-mode discharges 
therefore primarily explore density thresholds in the P/S vs neBy operating di
agram. H-mode has also been obtained on COMPASS-D with fundamental 
and second harmonic ECRH (60 GHz), where the L-H transition is effected by a 
large increase in input power at approximately constant density, so investigating 
power thresholds. 

Fresh boronization results in considerable improvement in discharge quality in 
terms of lengthened ELM-free periods leading to very high densities, ñe in ex
cess of 1.5xl020m~3 at low toroidal field (LIT) (Murakami parameter, ñeR/BT 
> 7.5 (1019m~*T-1) ) The highest densities are obtained in discharges with no 
gas puff over the majority of the ELM-free period [1]. 

2 Threshold behaviour 

Figure 1 shows representative shots in PTOÍ/S vs ñeBT space for deuterium 
SND plasmas, together with the suggested [2] power threshold scaling line 
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SND discharges in deuterium. The vertical lines correspond to density thresholds below which H-modes 
are not observed at the indicated BT value. 
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PT o í /S(MW/m2) = 4.4xlO-3ñe^T (1019m-.3T). H-modes in COMPASS-D 
occur in the same region of this diagram as on other devices, ie primarily above 
and close to the line. H-modes are not observed at low densities but gradually 
develop as the density is increased[3], showing no sharp transition from L to 
H-mode. We define a density 'threshold', ñ**"", as that density below which no 
clear ELMy behaviour is observable. This threshold appears to be a function of 
toroidal field value, decreasing as the field is decreased, as well as being sensitive 
to edge conditions. Gas puffing at a level of only a few % of the recycling influx 
can raise the density threshold by up to a factor of two. Frequent boronization 
(~ every 50 plasma shots) widens the whole operating window, slightly reducing 
the density threshold and considerably increasing the maximum operating den
sity. The density threshold appears to be insensitive to input power since both 
Ohmic (~ 200kW) and 20^ ECR heated discharges (~ 800kW), at the same 
Ip (150kA) and B T (LIT) exhibit the same density threshold (Fig.l), although 
at the H-mode threshold density ECRH is injected into overdense plasmas (see 
section 5) and it is not clear how much of the incident power is absorbed. 

3 . Conf inemen t 

H-modes, after fresh boronization, can exhibit long ELM-free periods (up to 
100ms, ie ~4 -8XTE) , with continuously rising density to ñ e > 1.5xl02Om~3. At 
this density fip ~ 0.85, grroyon ~ 1-5 (i.e. > 50% of the Troyon-Sykes /3-limit), 
and (j¿) ¡Kñe ~ 0.6 X 10~14Am, above the Greenwald limit. The longest en
ergy confinement times, up to 25ms (Fig.2) corresponding to ~1.8xITER89P, 
~3xneo-Alcator, are obtained at the beginning of ELM-free periods and show 
good agreement with global Rebut-Lallia and Lackner-Gottardi scalings [4]. 
The long quiescent periods can terminate by an abrupt reversion to L-mode, or 
development of ELMs. 

Figure 3 shows H-factors for representative Ohmic and ECRH H-modes versus 
power loss. Highest H-factors are seen after fresh boronization in ELM-free 
Ohmic discharges, whereas ECRH discharges have an H-factor of order unity, 
although the calculation underlying the ECRH points has assumed 100% absorp
tion of the incident RF power. Recent power deposition measurements suggest 
that this overestimates the amount of power absorbed, but quantitative data is 
not yet available for H-mode conditions. In all the above confinement analysis 
radiative losses have been ignored. 

Changes in plasma rotation near the edge, measured by Doppler spectroscopy on 
trace boron (BIV 282nm, calculated to be ~30-50mm inboard of the last closed 
flux surface), are gradual. During ELM-free H-modes, changes in toroidal rota
tion of ~20km/s in the ion drift direction occur on a time scale ~20ms (Fig.4) 
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FIG. 2. Time history of plasma parameters in a deuterium H-mode discharge (BT =1.1 T), in a 
recently boronized vessel, showing a long ELM-free period. 



IAEA-CN-60/A2/A4-P4 33 

o 
o 
CO 

fa 
X 

2.0-

'• 

1.5-

1.0 

0.5-

0.0-

* A ^ 

A M A 
° A 

D[£%V 

«a 

i . . . i , i . i i i i i , i , , 

OÉ 

O » 

AA 

(¿ce 

m 

LMode 

ELMy H 

ELM-Free H 

2wce 

• 

• • i • i • • i i • > i , 

200 400 600 

P (kW) 
800 1000 

FIG. 3. H-factor, defined as H = TE/TE ¡TER-89P> w^tn TE computed from power loss, PL = POH 

+ PEC - Wdia. PEC corresponds to the ECRH power delivered to the plasma edge. Open points are for 
the ohmic discharge and shaded points for EC heated shots. Errors due to diamagnetic measurements 
are, typically, ±17%. 

10 

* Oh 1 ' w 
4? 'N 

'o 
fi -20 

1.0 

0.5 

0.0 

Shot 12570 

100 120 140 200 220 240 160 180 

Time (ms) 

FIG. 4. Time history of impurity toroidal rotation in a deuterium ohmic H-mode discharge 

(BT = 1.3 T, lp = 180 kA). 



34 FIELDING et al. 

and, ignoring pressure gradient effects and poloidal rotation, would correspond 
to an increase in the radial electric field outwards. Similar rotation changes are 
observed for CI ions in the core [5] (C1XVI 0.497nm). 

4 . E L M charac te r i s t i c s 

Type-IQ ELMs are regularly observed. Isolated ELMs at the end of ELM-free 
periods, which may be type-I, do not occur with sufficient numbers in any one 
discharge to get a scaling of frequency with power. 

ELM MHD precursors have been studied with two toroidally opposing 24-coil 
poloidal arrays of Mirnov coils. The coils have a bandwidth of ~500kHz and 
are located close to the plasma edge (r/a ~1.1) allowing good resolution of high 
frequency high-m modes. High-m number (~7-13) rotating (~80 kHz) precur
sors to ELMs are observed, as well as low-m (~2-4) activity that appears to be 
coincident with the observed D a rise. 

MHD ELMs ' — ' L-H ELMs 

FIG. 5. Evolution ofDa and MHD fluctuations near the strike point, showing the continuous transi
tion, and close MHD similarity, between asymmetric (type-Ill) ELMs and dithering ELMs (No. J J 752, 
Ip = 150 hi, BT= 0.93 T). 
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A study of the MHD characteristics of type-IQ ELMs (Fig. 5, t~110ms) and 
dithering ELMs (Fig.5, t~137ms) suggests that no clear difference can be found 
between these two phenomena, both having a coherent high-m precursor, an 
MHD burst, and an MHD fluctuation level that approximately follows the D a 

amplitude. This study has led to the hypothesis [6] that L-mode is charac
terised by a continuum of such MHD events which decrease in frequency of 
occurrence during the L to H transition. 

5. E C R H H - m o d e s 

COMPASS-D has 5 high-field side and 6 low field-side ECRH X-mode anten
nae, with power/antenna < 0.18MW. At 1.9T (u>ce heating with high field anten
nae only, R rea=0.5m) ELMy H-modes are produced (forñe > ñ*hr, 5x l0 1 9 m - 3 ) 
for Pxot >400kW, with ELM-free periods developing when Pxot >600kW. At 
densities ñ e ~7 .5xl0 1 9 m - 3 or above, H-mode is not obtained even at maxi
mum RF input power (~800kW) probably due to refraction/reflection of the RF 
(nf •' <8.9xl01 9 m - 3 ) . For lower densities and powers (PT o í ~ 600-700kW), 
regular (~400Hz) ELMs are reliably obtained, at near constant density. At 
1.8T (Rre,=0.47m) to 1.65T (6^=0.43111) the transition to ELM-free H-mode 
is readily achieved with ECRH at relatively low powers (Pjot ~ 350KW), al
though it cannot be achieved by Ohmic heating (~ 250KW). These discharges 
show a hysteresis behaviour in that ELM-free H-mode is retained after the RF 
is turned off. 

For 2u;ce heating (nf , 4=2.2xl01 9 m~3) at L I T (RrC8=0.57m) H mode is only 
observed whenñe exceeds the threshold density of 3 .5xl0 1 9m - 3 i.e. in overdense 
plasmas. The mechanism and location of power absorption is uncertain in this 
case. For second harmonic ECRH off-axis resonance positions no H-mode is 
observed below n1^. Above threshold, ECRH is injected into a discharge which 
is already in Ohmic H-mode. This can result in ELMy discharges changing 
to ELM-free, but ECRH injection into ELM-free discharges is not observed to 
produce ELMs [7]. 

6. Summary 

A density threshold for the transition to H-mode, which appears to in
crease with Br , is observed in Ohmic and ECRH plasmas in COMPASS-D. 
This could have important implications for low density H-mode scenarios 
on ITER and needs further investigation on other devices. 
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Frequent boronization has resulted in a wide H-mode operating parameter 
range, with long ELM-free periods during which the density rises to very 
high values. Energy confinement times exceed 25ms in Ohmic H-modes, 
with H-factors of up to 1.8. 

H-modes (ELMy and ELM-free) have been produced in fundamental ECR 
heated plasmas at 1.9T, at plasma currents where Ohmic H-modes are 
not observed. ECRH induced ELM-free periods are also obtained at lower 
toroidal fields, for off-axis RF deposition. These periods can extend into 
the Ohmic phase. H-modes with 2ufce ECRH are only seen in overdense 
plasmas, where the ECRH absorption mechanism is as yet unclear. 

ACKNOWLEDGEMENT 

The work was jointly funded by the UK Department of Trade and Industry and 
Euratom. 

REFERENCES 

[1] FIELDING, S.J., et al., Plasma-Surface Interactions (Proc. 11th Conf. Mito, Japan, 1994), to 
be published in J. Nucl. Mater. 

[2] RYTER, F., et al., in Controlled Fusion and Plasma Physics (Proc. 20th Eur. Conf. Lisbon, 
1993), Vol. 17C, Part I, European Physical Society, Geneva (1993) 23. 

[3] CAROLAN, P.G., et al., Plasma Phys. Control Fusion 36 (1994) A l l l . 
[4] FIELDING, S.J., et al., in Controlled Fusion and Plasma Physics (Proc. 21st Eur. Conf. 

Montpellier, 1994), Vol. 18B, Part I, European Physical Society, Geneva (1994) 322. 
[5] PEACOCK, N.J., et al., ibid., 513. 
[6] VALOVIC, M., et al., ibid., 624. 
[7] MORRIS, A.W., et al., IAEA-CN-60/A2-18, these Proceedings, Vol.1. 



IAEA-CN-60/A2/A4-P5 

ENERGY CONFINEMENT IN OHMIC H MODE 
IN TUMAN-3 

M.V. ANDREJKO, L.G. ASKINAZI, V.E. GOLANT, 
A.P. ZAKHAROV1, V.A. KORNEV, S.V. KRIKUNOV, 
S.V. LEBEDEV, L.S. LEVIN, B.M. LIPIN, S.V. MIRNOV2, 
K.A. PODUSHNIKOVA, G.T. RAZDOBARIN, 
V.A. ROZHANSKIJ3, V.V. ROZHDESTVENSKIJ, 
A.I. SMIRNOV, M. TENDLER4, A.S. TUKACHINSKIJ, 
V.M. SHARAPOV1, S.P. YAROSHEVICH 
A.F. Ioffe Physico-Technical Institute, 
Russian Academy of Sciences, 
St. Petersburg, Russian Federation 

Abstract 
ENERGY CONFINEMENT IN OHMIC H MODE IN TUMAN-3. 

It is shown that boronization resulted in an improvement of plasma performance in both the ordi
nary ohmic regime and the ohmic H mode. In a boronized vessel, higher density and higher plasma 
current were achieved, allowing the parametric dependences of the energy confinement time on density, 
plasma current and input power to be studied. A weak TE dependence on <n> and pronounced depen
dences on Ip and Pinput in the ohmic H mode are contradictory to neo-Alcator scaling. T ° h m H mode 

corresponds to DIII-D/JET H mode scaling for auxiliary heated plasmas. At maximum plasma current 
(155 kA), TE reaches 30 ms. From the observed favourable rE dependence on Ip a further improvement 
of energy confinement is to be expected after upgrading TUMAN-3 with the aim of increasing Ip up 
to 200 kA. 

1. INTRODUCTION 

The H mode was discovered in 1982 in experiments with powerful heating by 
neutral beam injection in ASDEX [1]. The H mode in ohmically heated plasma 
("ohmic H mode") was found in DIII-D [2] and later in many tokamaks. In 
TUMAN-3, the ohmic H mode was found in the circular limiter configuration [3]. 
The ohmic H mode in TUMAN-3 could appear spontaneously, after a short increase 
of the deuterium puffing rate or after single LiD pellet injection [4-6]. 

In previous experiments the critical role of the radial electric field in the 
L-H transition was demonstrated [7]. According to Ref. [8], the density gradient 
could cause a radial electric field resulting in establishing an H mode. Vn control by 
LiD pellet injection was shown to trigger the H mode in TUMAN-3 [4]. 

1 Institute of Physical Chemistry, Moscow, Russian Federation. 
2 TRINITI, Troitsk, Moscow Region, Russian Federation. 
3 State Technical University of St. Petersburg, St. Petersburg, Russian Federation. 
4 Alfvén Laboratory, Royal Institute of Technology, Stockholm, Sweden. 
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Transport studies have shown that the ohmic H mode is characterized by dra
matically decreased particle transport at the periphery and by anomalous inward con
vection in the confinement region [9, 10], which is in agreement with the results 
obtained in other experiments [11, 12]. Energy transport analysis has demonstrated 
that in the ohmic H mode thermal diffusivity drops in both peripheral and confine
ment regions [9]. 

In the ohmic H mode in DIII-D, the energy confinement time exceeded the neo-
Alcator value by a factor of 1.2 [2]. In previous TUMAN-3 experiments, an enhance
ment factor of 2-4 over TNA was found [3, 9]. The studies of the TE dependences in 
the ohmic H mode described in this paper were performed after boronization, which 
resulted in a substantial increase in the density and current ranges. 

2. BORONIZATION PROCEDURE AND PLASMA PERFORMANCE 
AFTER BORONIZATION 

Boronization was performed by using helium glow with carborane (C2B10H12) 
admixture [10] (its partial pressure was 5-30%). Solid carborane begins to evaporate 
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FIG. 2. Time evolution of loop voltage, plasma current, averaged plasma density, Da emission and 
soft X ray (SXR) radiation in a shot with 30 ms energy confinement time. 

when being heated up to 350-370K. During the process, the metallic walls were 
baked up to 450K. The boronization lasted two hours. The procedure was repeated 
three times during 1.5 years. The best plasma performance was observed during two 
weeks after each boronization (200-300 shots). Then the influence of the coating 
diminished gradually, but did not disappear completely during three to four months 
of operation. 
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As a result of the boronization, the oxygen and carbon concentrations were 
reduced by factors of 4-8 and 2-3, respectively. The SXR intensity dropped by about 
ten times. The reduction of the impurity content allowed higher densities to be 
obtained in the boronized vessel. Figure 1 shows a Hugill diagram for TUMAN-3. 
In the ohmic H mode after boronization, the highest density exceeds the Greenwald 
limit (2.7 Ip/a). 

The plasma resistance became by a factor of 1.5-2.0 lower than before boroni
zation. This low resistance could not be explained by low Zeff only. The transport 
simulations using the experimental profiles revealed the essential role of the bootstrap 
current. In the particular case of the ohmic H mode, the high pressure gradient near 
the edge yields Ibs = 0.2 Ip. 

In the boronized vessel, the ohmic H mode could be triggered by a moderate 
increase in the deuterium puffing rate (similar to the technique used before boroniza
tion). In all cases, the input ohmic power before the transition was by a factor of 3-10 
higher than the threshold power predictions derived from recent experiments on 
ASDEX-U and DIII-D [13, 14]. We note that the transition also occurs in the 
boronized vessel while the input ohmic power is by a factor of 1.5-2.0 lower 
than before boronization. This means that the discharge enters the H mode opera
tional window through the low density margin. The low density margin was also 
observed in other experiments [15]. For TUMAN-3 conditions the margin is 
(1.3-1.6) x 10"19 m~3. The observations show that the value of the threshold den
sity does not depend on the input power and increases slightly with BT. 

In the boronized vessel, the maximum plasma current was increased up to 
155 kA without essential changes in Zeff, which allowed a study of the TE depen
dence on Ip to be carried out. The temporal evolution of some plasma parameters in 
the shot with the ohmic H mode at Ip. = 155 kA is shown in Fig. 2. A comparison 
of the temperature and density profiles in the ordinary ohmic regime with those in 
the ohmic H mode for the above discharge is presented in Figs 3(a) and (b). 

3. ENERGY CONFINEMENT STUDIES IN THE OHMIC MODE 
AFTER BORONIZATION 

Measurements of the energy confinement time in the ohmic H modes with 
Ip = 63, 112 and 155 kA have revealed a strong dependence of TE on the plasma 
current (Fig. 4) [16]. The changes of the other plasma parameters in this scan were 
not too large: <n> = (1.7-3.5) X 1019 nr3 , qcyl(a) = 2.4-3.1. The neo-Alcator 
values corresponding to these parameters are also shown by the hatched area in 
Fig. 4. The strong dependence TE(IP) is in contradiction with the neo-Alcator 
predictions and is similar to the scalings for auxiliary heated plasmas. The favourable 
tendency of confinement with the current resulted in very long confinement times at 
high Ip. In 155 kA, the ohmic H mode TE reaches 30 ms. This value exceeds TE

 A by 
a factor of ten. The essential Ip dependence of the energy confinement in the ohmic 
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H mode was proved in the experiments on Alcator C-Mod [17]. Contrary to results 
presented in Ref. [17], the energy confinement time in the ordinary ohmic regime in 
TUMAN-3 does not depend on Ip and is consistent with neo-Alcator scaling. 

A study of the TE dependences on input power and density in the ohmic 
H mode was performed in the regime with a plasma current of 112 kA. A substantial 
decrease in the loop voltage after boronization allowed plasmas with similar global 
parameters (Ip, BT, <n>, Ro and aO and different input powers to be obtained. We 
mention that the difference in input power is mainly due to the difference in Zeff, 
which was 2.0-2.5 before and =1.0 after boronization. The decrease in the input 
power (by a factor of two), in combination with small changes in the density and tem
perature profiles, implies a significant increase in the energy confinement (Fig. 5). 
This figure also indicates a weak, if any, rE dependence on the density. The data 
presented are not sufficient for conclusions to be made on exact Pinput and <n> 
dependences, but prove a contradiction to OH scalings and a similarity with the 
auxiliary heated plasma TE scalings. 

A comparison of the results from ohmic H mode confinement studies on 
TUMAN-3 with the scaling for ELM free H mode plasma (DIII-D/JET H mode 
scaling) shows unexpected agreement. We note that this scaling was proposed for 
plasmas with powerful auxiliary heating (JET, DIII-D, ASDEX). Figure 6 shows that 
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the majority of the points from TUMAN-3 lies near the linear approximation for 
three tokamaks. These data indicate a similarity of the energy confinement physics 
in the H mode, independently of heating method and machine size. From the rE 

dependences observed we may expect an extremely long energy confinement time in 
large tokamaks (DIII-D, JET, etc.) during operation in the ohmic H mode. 

In 1993, a new vessel was installed in the tokamak. The vessel will allow the 
plasma current in the device to be increased up to 200 kA and the strong TE depen
dence on Ip observed to be verified. The first ohmic H mode was found during the 
initial phase of TUMAN-3M operation. The next experimental run will be performed 
after vessel boronization at the end of 1994. The purpose of the further experiments 
is to study the rE dependences in the ohmic H mode and the power threshold for the 
L-H transition. 
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Abstract 

OH MODE WITH L-H-LIKE TRANSITION AFTER BORONIZATION IN THE T-11M 
TOKAMAK. 

After the last boronization of the T-11M vacuum vessel, an OH mode with a sharp transition to 
a state of improved confinement was obtained. In this state the energy confinement time TE is approxi
mately a factor of 2 greater than TE in the ordinary OH mode, in which there was good agreement with 
both Neo-Alcator scaling and the Merezhkin-Mukhovatov scaling derived earlier for T-11. This OH 
mode is characterized by a gradual increase in the average plasma density, by a progressive decline in 
the loop voltage Uf to 0.8-0.9 V, a value that is lower than Uf for the conventional OH mode by a 
factor of 1.5, and by a drop in the Da intensity near the limiter. Before the transition f¡ was 1.1 and 
at the end of the process f¡ decreased to 0.9-1.0. The OH mode with the transition had good repeata
bility for Bt = 12 kG, Ip = 90 kA and q = 3.1-3.5. The moment of the L-H transition without gas 
puffing usually coincided with the end of the current rise. After the L-H transition an additional current 
rise of about 3-4% was observed, while the loop voltage declined. At the moment of transition a sharp 
change in the rate of increase of 0 p , Etot, ne and TE was observed. After the L-H transition, sawtooth 
oscillations in the Da intensity near the limiter, and sawtooth oscillations and ELMs in the microwave 
radiation, were observed. The set of data and all the features agree with the H mode achieved on the 
TUMAN-3 tokamak. The calculations using a one dimensional transport code show that a good agree
ment with the data set may be obtained by assuming a sharp decrease in the anomalous electron diffusion 
coefficient by a factor of 2 and by using the local T-ll scaling for anomalous xe-

1. INTRODUCTION 

After the boronization of the T-ll M vacuum vessel by means of a glow 
discharge in a helium and B10C2HI2 vapour mixture, a substantial improvement of 
the plasma performance was achieved: a drop in the impurity concentration, a reduc
tion of the loop voltage Uf and an increase in the density limit [1]. Also, we have 
obtained a kind of OH mode with a monotonie increase in the plasma density in 
combination with a progressive decline in the loop voltage to a very low value, 
0.8-0.9 V. The measurement of the total thermal energy and the energy confinement 
time for this OH mode by the diamagnetic technique showed that there is a sharp 
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transition in the improvement of energy confinement, in which rE is approximately 
a factor of 2 greater than TE in the ordinary OH mode. This is in good agreement 
with both the Neo-Alcator scaling and the Merezhkin-Mukhovatov scaling derived 
earlier for T-ll without boronization. 

2. PHENOMENOLOGY 

The OH mode with L-H-like transition has good repeatability immediately after 
boronization, without heating of the vessel and without pulsed gas puffing, in the 
range of plasma parameters: Ip = 85-100 kA, Bt = 12 kG, q = 3.1-3.5 and 
rig = (1.5-3.5) X 1013 cm-3. After boronization and pumping, the vessel was filled 
with pure deuterium (P = 10~2 Pa). The hydrogen concentration in the discharge, 
estimated by the ratio H/D of the neutral flux, was about 30%. 

The L-H transition can be identified by the following features: 

— A step in the derivative of the total plasma energy dE/dt; 
— A monotonie decrease in the loop voltage to 0.8-0.9 V; 
— A sharp rate of increase of the plasma density at the periphery; 

Shot 7696 

FIG. 2. Temporal behaviour of average electron density and Da intensity near to (—16 cm) and far 

from (+16 cm) the limiter. 
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FIG. 3. Oscillation intensity of2wce microwave radiation for r = +16 cm after the L-H transition 
at 50 ms. 

— A sharp rise in the confinement time after the L-H transition; 
— A decrease in the Da intensity near the limiter and the appearance of oscilla

tions, correlated with the central sawtooth; 
— ELM-like and sawtooth-like oscillations in the 2wce radiation from the 

peripheral plasma region. 

The L-H-like transition occurs spontaneously approximately 10 ms after the plasma 
current has reached a stationary value. After the transition an increase in the plasma 
current of 2-4% can be observed while the loop voltage declines. The value of the 
internal inductance % before the transition was 1.1 and at the end of the process 
decreased to 0.9-1.0. 

The main global parameters of the plasma in a discharge with an L-H-like 
transition are shown in Fig. 1. In this shot the transition took place at 52 ms. For 
this shot the average electron density on the centre chord (+2 cm) did not change 
in the 50-70 ms time interval, while the total thermal energy increased by a factor 
of 2 and the ohmic power decreased by a factor of 1.5, and as a result the energy 
confinement time increased by more than a factor of 2. It should be pointed out that 
in the same time the average electron density on the chord (+10 cm) after the 
transition increased (Fig. 2). The rate of the density rise at the periphery at the 
moment of the transition has a sharp step in the derivative, while the Da intensity 
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decreased. In 5-10 ms after the L-H transition the oscillations of the Da intensity on 
the chord ( -16 cm) near the limiter (19 cm), as well as sawtooth-like and ELM-like 
oscillations of the 2wce microwave radiation, rose (Fig. 3). 

The dependence of the energy confinement time on the plasma current and on 
the average electron density is shown in Fig. 4 and Fig. 5, respectively. Both the 
current scans were produced for a toroidal field of 12 kG. 

The calculations using a one dimensional transport code showed that for a good 
agreement with the data set it is sufficient to use the local T-ll scaling for the 
anomalous electron heat diffusivity xe

 ai*d it is necessary to assume a sharp decrease 
in the anomalous electron diffusion coefficient De by a factor of 2 (Fig. 5). 

3. DISCUSSION 

The increase in the energy confinement time rE after the L-H transition is 
caused by two factors: the rise of the total plasma energy and the decrease of the 
ohmic power POH. The comparison of the electron temperature, measured by the 
soft X ray diagnostic for the centre of the plasma, and average electron temperature 
<T|P>, calculated by the ohmic resistivity, has shown that for the L mode reason
able conformity can be obtained by choosing the known temperature profile for T-ll , 
while for the H mode there is a significant discrepancy: <Te

sp> appears to be outside 
the reasonable range of values. Taking into account the fact that the central electron 
temperature after the transition has weak variations (which is confirmed by the 
constancy of the sawtooth frequency), we can assume that both the energy rise and 
the drop of the ohmic power are due to the processes associated with the reconstruc
tion of the ne(r) and Te(r) profiles near the edge. Indirectly this is confirmed by the 
decrease of the internal inductance and the behaviour of the average electron density 
on the chord (+10 cm) (Fig. 2). The results of the calculations using the one dimen
sional transport code also showed that for an agreement with the whole data set there 
should be a flatter density profile with a significant value of the gradient on the 
periphery, which produces a high value of the bootstrap current, which in turn causes 
the decrease of the loop voltage, as well as of the ohmic power. 

4. COMPARISONS AND CONCLUSIONS 

This OH mode with L-H-like transition achieved on the T-l 1M tokamak is very 
close to the set of data and all the features of the TUMAN-3 ohmic H-mode [2]. The 
energy confinement time dependence on the current is in good agreement with the 
TUMAN-3 data [2]. The dependence of TE on density, in contrast to the results of 
Ref. [2], according to our data for the middle values of the density is nearly linear 
and for higher density is weak and even has a trend to degradation to the level of the 
ordinary OH mode. 



IAEA-CN-60/A2/A4-P6 51 

ACKNOWLEDGEMENT 

We wish to thank V.G. Merezhkin, TRINITI, Troitsk, for the code and for 
useful discussions. 

REFERENCES 

[1] BUZHINSKY, O.I., et al., J. Nucí. Mater. 191-194 (1992) 1413. 
[2] ANDREJKO, M.V., et al., IAEA-CN-60/A2/A4-P5, this volume. 





IAEA-CN-60/A2/A4-P7 

PLASMA TURBULENCE AND 
ASSOCIATED TRANSPORT IN 
TFTR D-D AND D-T DISCHARGES* 

RJ. FONCK, R. DURST, H. EVENSEN, J.S. KIM 
Department of Nuclear Engineering 

and Engineering Physics, 
University of Wisconsin, 
Madison, Wisconsin 

N.L. BRETZ, E. MAZZUCATO, R. NAZIKIAN, S.F. PAUL, W.W. LEE, 
F.M. LEVINTON, S.E. PARKER, R. SANTORO, S.D. SCOTT, 
W.M. TANG, G. TAYLOR, M.C. ZARNSTORFF, and the TFTR GROUP 
Plasma Physics Laboratory, 
Princeton University, 
Princeton, New Jersey 

A.C. ENGLAND, G.R. HANSON, M. MURAKAMI, J.B. WILGEN 
Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 

United States of America 

Abstract 

PLASMA TURBULENCE AND ASSOCIATED TRANSPORT IN TFTR D-D AND D-T 
DISCHARGES. 

The bulk of the low-amplitude turbulent density fluctuations are found in the range <kxp¡> ~ 
0.1 - 0.3 for supershot and L-mode confinement regimes in TFTR. The wavenumber spectrum in the 
radial direction peaks at k,. = 0, while the poloidal spectrum peaks near k^o, == 0.1 - 0.3, in general 
agreement with expectations from nonlinear ion drift wave turbulence models. A nonlinear wave-wave 
coupling analysis indicates a positive linear growth rate at very low kep-, < 0.06, and a cascade of 
energy to the higher-k, shorter-wavelength modes at the peak of the power spectrum. In contrast, the 
edge region shows additional unstable modes at high k which cascade to the lower k peak. The observed 
density fluctuation level and corresponding decorrelation lengths and times are sufficient to account for 
the observed local thermal transport in the plasma confinement region and generally indicate scaling 
consistent with the local transport, but direct evidence of causality between these fluctuations and trans
port has not been shown. The relative scalings of fluctuation amplitude versus correlation length do not 
agree with a simple mixing length scaling in the confinement region. Initial comparisons of fluctuation 
data for D-D and D-T plasmas indicate that changes in ñ/n for r/a > 0.5 are less than or comparable 
to statistical variations in the data, and do not appear to proportionally scale with the decreases in x¡ 
observed at smaller radii in the plasma. 
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1. INTRODUCTION 

Experiments on the TFTR tokamak have determined the characteristics of 
broadband density turbulence in neutral-beam-heated discharges and explored 
their relation to local and global plasma confinement properties. Observations 
from correlation reflectometry, beam emission spectroscopy (BES), and 
microwave scattering reveal the S(kj_) spectra to be dominated by long 
wavelengths, with typically < kj_pj > ~ 0.1-0.3. Similar spectra are seen in all 
confinement regimes and across the confinement zone of 0.2 < r/a < 0.9. In 
general, the total fluctuation amplitude ñ In is large (20 - 40%) in the scrapeoff 
region but falls rapidly to 1-3% at r/a ~ 0.9 and decreases slowly as r/a decreases 
across the core confinement region [1]. We describe here results of experiments 
to characterize these fluctuations and explore their relation to the local anomalous 
transport, and report a preliminary comparison of turbulence in D-D and D-T 
plasmas. 

2. TURBULENCE CHARACTERISTICS 

BES and correlation reflectometry provide density fluctuation 
measurements in the long-wavelength (i.e., k^Pj < 1) regime, while microwave 
scattering allows measurements at higher k. BES measures the collisionally 
induced neutral beam fluorescence to determine the plasma density fluctuations 
in a small volume determined by the beam and viewing optics, and allows 
multipoint correlation measurements by simultaneous observations at several 
neighboring positions in the plasma. The BES analysis employs a multipair 
correlation technique to eliminate the fluctuations in the local neutral beam 
emissivity arising from beam density fluctuations, which can give rise to false 
readings of long wavelength turbulence in the true plasma fluctuations [2]. In the 
method of correlation reflectometry the turbulent density characteristics are 
inferred from the scattering amplitude and correlation length of waves reflected 
from radially displaced cutoff layers. By stepping the relative frequency between 
two microwave channels every 20ms the radial coherence of the scattered waves 
is obtained as a function of the cutoff layer separation, whereas the scattering 
amplitude is obtained from the ratio of the coherent to the incoherent reflection. 
With this information, the density fluctuation level and density correlation length 
can be determined according to the random phase screen model [3,4]. The 
derived radial correlation lengths from the two diagnostics are typically 1-3 cm 
and agree well upon direct comparison. Recently, a differential reflectometer 
diagnostic has been brought into operation, and it can provide very qualitative 
information on the behavior of fluctuations in the outer half of the plasma [5]. 

Multipoint correlation analyses show that the S(kj) spectra peak at or near 
krPi = 0, while the S(ke) spectra peak around kepj = 0.1-0.3 [6]. This feature of 
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FIG. 1. Radial and poloidal wavenumber spectra from (a) gyrokinetic simulation and (b) experiment. 

anisotropic S(kr), S(k0) spectra is very robust, and found under all operation 
conditions in the core plasma region. The radial and poloidal correlation lengths, 
and hence the average width of the k-spectra, vary only slowly in radius. This 
behavior is very similar to that given by a nonlinear gyrokinetic simulation [7] of 
turbulence driven by ion temperature gradient modes in a TFTR supershot plasma 
similar to that for which the BES spectra were obtained, as shown in Fig. 1. 
However, most drift-wave theories give similar spectral structure and hence these 
results do not yet confirm that a particular mode is responsible for the observed 
turbulence. 

The frequency spectra observed in the laboratory frame are found to be 
completely dominated by rotation-induced Doppler shifts of the local S(k) 
spectrum [8]. The width of the frequency spectrum in the plasma frame is 
deduced to be of the order of the local diamagnetic drift frequency or less. The 
average propagation velocity of the unimodal turbulence spectrum in the 
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FIG. 2. Spectral moments and energy cascade for outer core region (r/a = 0.7) in supershot plasma, 
(a) Poloidal wavenumber spectrum, (b) Average dispersion junction, (c) Linear growth rate and energy 
transfer as a Junction ofke. yk is the linear growth rate for mode k, Tk/Pk represents the normalized 
power transfer from mode k. Shaded regions indicate extent of random errors in the analysis. 

confinement region is typically 0.5 ± 0.5 times the local diamagnetic drift speed 
in the ion direction. 

The dominance of the Doppler shift in the measured spectra allows a study 
of the nonlinear coupling between unstable modes at varying k through a 
bispectral analysis [9] of the frequency spectra. In the core region, r/a < 0.7, such 
an analysis shows a net flow of fluctuation power from a lower k^pj (< 0.06 cm~ 
l) unstable regime to a higher k^pj (> 0.06 cm-1) damped regime, in qualitative 
agreement with ion drift models (cf. Fig. 2). In this analysis, the highest 
fluctuation power arises from energy cascade from the unstable modes with 
positive linear growth rate to more stable modes. In the periphery, energy flows 
from both very low k^pj to higher k and cascades from higher k^pj > 0.12 to 
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lower values at which the peak fluctuation amplitude occurs. This picture is 
consistent with the identification of both electron and ion modes in the edge 
region as discussed below, and agrees with the data obtained in the edge region of 
TEXT [10]. 

To further examine clues into the nature of the unstable modes driving the 
turbulence, a new high frequency charge exchange recombination spectroscopy 
diagnostic, HF-CHERS, has been installed on TFTR [11]. This system is capable 
of measuring small amplitude high frequency fluctuations in the plasma ion 
temperature and parallel flow velocity through high-speed measurements of the 
spectral line profile of CVI radiation. The comparison of T/Tj, ñ/n, v,/cs and their 
relative phase differences may help identify the underlying instabilities. For cases 
where ion modes are dominant, most linear and nonlinear theories suggest that 
Tj/Tj > ñ/n, while the opposite is expected if electron drift modes dominate [12]. 
In addition, large values of v„ can under appropriate conditions be indicative of 
ion temperature gradient modes. The first results from a TFTR supershot with a 
single-spatial-channel HF-CHERS diagnostic indicates that the relative carbon ion 
temperature spectrum is similar in shape to the local ñ/n, and has an amplitude of 
Tj/Tj ~ 3-4 x ñ/n. The carbon ñ/n value is comparable to that of the background 
ions. With further refinement in the measurement and spatial scans under 
different operation regimes, these measurements should substantially test the 
applicability of nonlinear drift turbulence models for high temperature tokamaks. 

3. RELATION TO TRANSPORT 

The fluctuation amplitude, ñ In, from BES was found to scale inversely with 
the global plasma confinement time [13]. The value of ñ /n was found to scale 
with TE and not the heating power Pinj, suggesting the observed fluctuations were 
related to the confinement characteristics of the plasma. This correlation between 
ñ /n and T E held only for interior plasma locations (r/a < 0.9), and not for the 
edge density fluctuations, which were found to be uncorrelated with the plasma 
confinement [14]. 

A comparison of the plasma thermal diffusivity from standard transport 
analysis with estimates of the diffusivities expected from the observed turbulence 
levels in the same discharge indicate that the low-k turbulence has a magnitude 
which is adequate to account for the observed transport [6]. Two model 
turbulence-driven diffusivities were evaluated, one from a simple random walk 
diffusion estimate using the measured radial correlation length and decorrelation 
times determined from BES correlation analyses, and the second from a simple 
strong turbulence transport model. Both give reasonable agreement with the local 
ion thermal conductivity derived from power balance analysis in the core 
confinement region. 
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FIG. 3. Turbulence characteristics versus plasma rotation speed at r/a = 0.7 in an L-mode discharge, 
(a) Radial wavenumber spectra at low and high rotation speeds, (b) Decorrelation length à and time 
TC versus toroidal rotation speed, (c) Turbulence-induced random-walk diffusivity, Dr = Ô2/TC, and 
power balance thermal diffusivity x versus rotation speed. vgroup indicates the group velocity in the 
laboratory frame, from projection of the toroidal rotation onto the vertical plane through the field line 
tilt. 
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Comparisons of the turbulence and radial variations and power scaling 
studies of the transport in L-mode plasmas again show that the turbulence 
generally follows the trends of the local transport, but additional details have been 
obtained. For example, the observed turbulence levels across the radius of L-
mode plasmas depend on the injected heating power Pinj but consistently fall 
below the levels expected from simple mixing length models. This deviation from 
the mixing length model is also evident in power scaling studies of turbulence in 
supershot plasmas [3]. Here, the density scale length and the turbulence 
correlation length are roughly independent of Pjnj while the value of ft /n 
increases rapidly, in contrast to the mixing length limit scaling which gives ñ /n ~ 
6/Ln where Ô is the radial correlation length of the turbulence. 

In addition, BES measurements show large variations in correlation lengths 
and decorrelation times when the plasma rotation speed is varied, but the derived 
random-walk diffusivity varies much less strongly and stays similar to the local 
ion thermal diffusivity (Fig. 3), suggesting some nonlocal influence on the 
transport properties of the plasma even as the local plasma conditions determine 
the size and decay of the local turbulent eddies. More explicitly, the S(kr) 
spectrum is seen to shift to higher kr values as the rotation speed is increased. This 
suggests the stretching of the turbulent eddies due to a velocity shear effect, but 
more definitive conclusions await the simultaneous measurements of the S(kr) and 
S(k0) spectra under such conditions. 

4. EDGE-CORE TURBULENCE COMPARISONS 

A marked change in the turbulence is observed in the plasma edge region 
[14]. The core region (0.2 < r/a < 0.9) turbulence is unimodal with an average 
propagation in the ion drift direction, but the edge region (r/a > 0.9) exhibits a 
bimodal turbulence spectrum, consisting of a fast electron mode (vphase »

 vDe)> 
and a slower ion mode which is distinct from the ion mode seen in the core 
region. The transition from core to edge turbulence characteristics occurs in a 
highly localized transition layer, typically of 1-2 cm width, and lying several cm 
inside the limiter radius. Comparisons with smaller tokamaks indicate that the 
turbulence observed in the edge region is representative of the core region of 
smaller tokamaks, suggesting that the turbulence properties of fusion-grade 
plasmas may be fundamentally different from those in cooler, smaller 
experiments. 

5. TURBULENCE CHARACTERISTICS IN D-D and D-T PLASMAS 

The present experimental campaign is concentrating on comparisons of the 
turbulence and transport characteristics in D-D and D-T plasmas with high fusion 
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FIG. 4. Fluctuation comparisons between D-D and D-T plasmas, (a) ñ/n from correlation reflecto-
meter at R = 3.05 - 3.15 m (r/a « 0.5) as a Junction of neutral beam power for BT = 4.8 T and 
Ip = 1.6 MA. (b) rms differential phase fluctuation level as a function of major radius, from the edge 
differential X-mode reflectometer. Data are shown for deuterium (lighter line) and tritium (darker line) 
plasmas with BT = 4.5 T, Ip = 1.6 MA, and PNB, = 12 MW and 14 MW, respectively, (c) ñ/n versus 
radius from BES for a D-D shot (circles) and a D-T shot (squares) with BT = 4.8 T, Ip = 1.6 MA and 
PNBI = 14 MW. 



IAEA-CN-60/A2/A4-P7 61 

power yields. A series of transport and isotope scaling studies have indicated 
improved ion confinement properties as the T/D ion density ratio is increased. 
The local ion thermal diffusivity %i is observed to decrease by roughly a factor of 
1.5-2 deep in the plasma interior as one goes from a D-D to D-T plasma [15], and 
it is of particular interest to see if these changes are related to observable changes 
in the turbulence characteristics. 

Fluctuation measurements have been made in discharges as part of an 
isotope scan. In particular, several supershot plasmas were made with a varying 
combination of D^ and T® sources. Relatively low total power (up to 15 MW) was 
used for these first experiments to minimize the chance of interfering MHD 
fluctuations. The initial results are ambiguous in that no large differences in the 
value of ñ/n for D-D and D-T plasmas are evident at r/a > 0.5 outside the 
experimental scatter of the data. Transport analysis of similar shots indicates that 
changes in the local %i m m e region of ñ/n measurements were on the on the 
order of 30-60%, suggesting that the relevant changes in ñ/n may be 30% or less 
if %i ~ ñ2- Transport-relevant variations in the turbulence may exist deeper in the 
plasma core and/or below the statistical noise in the present data. Data from 
various ñ diagnostics is shown in Fig. 4. 

Fig. 4(a) shows the plot of the inferred density fluctuation level as a 
function of the neutral beam power, obtained using correlation reflectometry, in 
both tritium and deuterium plasmas at r/a = 0.5 for BT = 4.8 T and Ip = 1.6 MA. 
No systematic difference between deuterium and tritium plasmas is observed 
within the shot-to-shot variability of the data. The inferred radial density 
correlation length for the same data set is ~ 1cm with little indication of species or 
beam power dependence within the experimental uncertainties of the 
measurements. Fig.4(b) shows the rms differential phase fluctuation level 
obtained using the swept differential reflectometer system on TFTR. The data 
were taken in deuterium and tritium plasmas with Bx= 4.5 T, Ip= 1.6 MA and 
PNBI = 12-14 MW. Although the differential phase measurement is a complicated 
function of the permittivity scale length, density fluctuation level, and density 
correlation length [16], it nonetheless serves as a useful indicator of any dramatic 
variations in plasma fluctuations. It is apparent that there is no observed variation 
in the differential phase fluctuation level as a function of major radius between 
the deuterium and tritium plasmas. A detailed radial profile of ñ/n from BES is 
shown in Fig. 4(c) for a supershot plasma with Bj = 4.8 T, Ip = 1.6 MA, and PNBI 

= 14 MW. This suggests that the present data at relatively small r/a can support a 
systematic variation of ñ/n with isotope mixture on the order of < 30% of the 
usual D-D value, but the uncertainties in the measurements are presently of the 
same magnitude. Additional isotope variation experiments with detailed 
fluctuation measurements and transport analyses across the profile will be pursued 
in the future to decrease the influence of statistical uncertainties in the average ñ/n 
values. 
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In conclusion, changes in ñ/n on the order of the observed fractional 
changes in %j in the center of D-T plasmas (i.e., -1.5) are not readily observed in 
the data at r/a > 0.5 or so. Measurements deeper in the plasma core region would 
help clarify the relation of local ñ/n variations to the observed confinement 
changes and will be pursued in the future. Of course, measurements of ñ/n alone 
may not be sufficient to completely expose isotope-dependent variations in the 
turbulence-driven transport since variations in the local electrostatic potential 
fluctuations and/or the phase angle between ñ and $ can also change the local 
transport and not be observable with present capabilities. However, the present 
findings do contrast somewhat with earlier D-D power scaling studies where the 
local values of ñ/n in the confinement region (0.3 < r/a < 0.9) tended to scale with 
the global confinement properties of the plasma [12]. Additional D-T 
experiments which provide a larger database plus measures of correlation lengths 
and times will allow us to search for more subtle changes in the turbulence under 
these isotope variations. 
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Abstract 

RESULTS OF TURBULENCE INVESTIGATIONS ON T-10 WITH CORRELATION REFLECTO
METRY AND MULTIPINE LANGMUIR PROBE. 

The results of turbulence investigations on T-10 with the new three wave heterodyne reflecto-
meter capable of measuring the radial and poloidal correlation length and with multipine Langmuir 
probe are summarized. Reflectometry and probe data agree well. The relative level of fluctuations 
increases with the radius, while the rotation of fluctuations reverses from the electron to the ion dia-
magnetic drift direction. The radial correlation length decreases with radius from 1.5 to 0.3 cm. 
Bispectral and fractal analyses show a qualitative change of fluctuations from the relaxation type in the 
cold region near the wall to the chaotic type with higher dimensionality in the hot regions. 

1. INTRODUCTION 

It is well known experimentally [1-3] that correlation reflectometry may pro
vide important information on plasma turbulence although a number of questions are 
connected with its interpretation. They concern the experimentally found better radial 
localization of measured phase fluctuations [1-3], then predicted by one or two 
dimensional calculations [4], the reduction of the radial correlation length due to the 
interference of simultaneous reflections from several turbulence structures [3] and the 
'phase runaway' problem [5]. Thus, special attention was paid to a direct comparison 
of reflectometry with probe data. 
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2. EXPERIMENTAL SET-UP 

The main parameters of the discharges investigated were: a plasma current 
of 170-200 kA, a magnetic field of 2.25-2.75 T, an average density of (1-4) 
x 1013 cm-3 and a T-10 major radius of 1.5 m. The scheme of T-10 limiters, 
reflectometry antennas and probe positions is shown in Fig. 1. The circular graphite 

FIG. 1. Scheme of experiment: (1) rail limiter; (2) circular limiter; (3a, b) inner and outer probe 

positions; (4) reflectometry antenna system. 

limiter was placed at 33 cm and the wall at 38 cm. Two types of OH discharges with 
the rail limiters at 30 and 22 cm were investigated. Density fluctuations in the bulk 
of the plasma were measured with a new type of three wave heterodyne reflectometer 
[6, 7], using the ordinary mode in a frequency range from 25.5 to 56 GHz. The 
amplitude of the launch wave is modulated in the frequency range from 50 to 
1000 MHz, thus splitting the wave into three frequency components which are 
reflected from the three different minor plasma radii. The receiver systems separate 
each frequency component independently, enabling simultaneous phase fluctuation 
measurements at three adjacent radial layers. The output signal was taken from a fre
quency discriminator; it was proportional to the Doppler frequency shift of the 
reflected wave or the analog phase converter. 

3. EXPERIMENTAL RESULTS 

The radial dependence of the relative level of fluctuations, measured by 
reflectometry and probes, is presented in Fig. 2. Two discharges were investigated, 
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FIG. 2. Radial dependence of relative turbulence level. Triangles: reflectometry data (filled triangles: 
for discharge with rail limiter radius 30 cm; open triangles: for discharge with rail limiter radius 
22 cm). Circles: probe data. 

with densities of 1.6 X 1013 cm"3 and 2.7 X 1013 cm-3 and rail limiter positions of 
30 cm and 22 cm, respectively. The probe and reflectometry data represent the ratio 
of the root mean square value of the ion saturation current or the phase fluctuations 
in the frequency range of 5-10 to 500 kHz, to their average value. The phase shift 
was measured by an analog phase-amplitude converter. The average phase of the 
reflected wave was calculated by using the experimental density profile as measured 
with an eight channel interferometer. On the basis of 1-D calculations, for the case 
of short wave turbulence, it was assumed that the normalized phase fluctuations must 
be five to ten times less than the probe data. There is good agreement with the 
experimental data. The poloidal correlation length for a radius of r = 24 cm, esti
mated from the probes, is 0.5 cm, so that the radial correlation length can be esti
mated to be 0.25-0.5 cm, which is close to the correlation length as measured by 
reflectometry at a frequency of 25.5 GHz. This value of the correlation length is 
2.5-5 times lower than the vacuum probing wavelength. The rotation of the fluctua
tions was established by simultaneously recording the signals of two poloidally 
separated antennas, as is shown in Fig. 1. Figure 3 presents the typical results of 
poloidal cross-correlation analysis for the case of central and peripheral reflection for 
two opposite directions of the toroidal magnetic field. We see that reversal of 
magnetic field leads to mirror reversal of cross-phase plot and velocity. There is also 
an evident difference between the central and the peripheral cases. The rotation only 
takes place for frequencies higher than 70-100 kHz for the central region, thus 
indicating the existence of two types of instability in the central parts of the plasma. 
At the periphery all fluctuations rotate with the same velocity. 

The radial dependence of the rotation velocity of the fluctuations for the two dis
charges is shown in Fig. 4. The data are obtained from poloidal correlation reflec
tometry, multipine probes and m = 1,2 MHD activity. We clearly see good 
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FIG. 3. Cross-phase and coherence spectra: (a) reflection radius r = 70.5 cm; (b) reflection radius 
r — 21 cm. Thick line: toroidal magnetic field counter-clockwise; thin line: toroidal magnetic field 
clockwise. 
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FIG. 4. Radial dependence of rotation velocity of fluctuations. Triangles: reflectometry data (filled 
triangles: for discharge with rail limiter radius 30 cm; open triangles: for discharge with rail limiter 
radius 22 cm). Circles: probe data (filled circles: reference discharge from the same series as reflecto
metry; open circles: accumulated). Squares: estimates from m = 1 and 2. 

correlation of probes and reflectometry. Both diagnostics indicate the presence of 
velocity shear close to r = 24 cm. The value of the velocity is in good correlation 
with the MHD data, indicating that fluctuations rotate in the plasma interior together 
with the plasma in the electron diamagnetic drift direction. The radial correlation was 
found by means of independent recording of two satellites, obtained by amplitude 
modulation of the incident wave. The fluctuations did not propagate radially. The 
value of the radial correlation length, Lcor, for low (15-50 kHz) frequencies was 
found to be equal to 0.04 Ln; it decreases from 1.5 cm at r = 10 cm to 0.3 cm at 
r = 24 cm for the rail limiter at 30 cm and was equal to Lcor = 0.08 Ln for the rail 
limiter at 22 cm. Here, Ln is the density decay length. Good correlation was again 
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found between reflectometry and probe data. The poloidal or radial correlations are 
very useful for detecting the resonant MHD modes, because of their greater correla
tion length. A number of such modes were observed in experiments in this way. 

Four systems were used on T-10 for the phase measurements: homodyne 
Wharton type; heterodyne with phase shift measurements of the main frequency; 
AM modulation with phase shift measurements between satellites; homodyne with 
quadrature (cross-detection) reflectometer. Different antenna alignments were used, 
and the rotation of the fluctuations was changed by magnetic field reversal. 'Phase 
runaway' was never seen with the first three systems, which use analog phase 
registration. In contrast, this effect was recorded by the quadrature detector [5]. 

4. BISPECTRAL AND FRACTAL ANALYSIS OF FLUCTUATION DATA 

Edge turbulence investigations on T-10 showed a qualitative transition of the 
fluctuations from the relaxation type in cold plasma near the circular limiter to the 
chaotic type in hotter plasma near the rail limiter [8]. A bispectral analysis was 
carried out following Ref. [9]. The results, integrated over one frequency axis, are 
presented in Fig. 5. The thick and the thin solid lines correspond to the analysis of 
the probe ion saturation currents, taken at radii of 30.4 and 23.5 cm, respectively. 
The straight line is the test result of a random signal. Bicoherence definitely exceeds 
the random value for the probe position near the wall and vanishes for a more inner 
probe position. This result just supports the change in the signal waveform, but not 
the presence of non-linear effects. No indication of wave coupling processes was 
found for the continuum case, neither in the probes nor in the reflectometry data. 
Wave coupling only occurs for discrete modes, which are usually present in the probe 
spectrum excited by the m = 2 mode. 

The same data were analysed with respect to their fractal dimensionality by 
using the method of Grassberger and Procaccia [10], or the the Hausdorf dimension 
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FIG. 5. Bicoherence spectra. Thick line: for shot 59 104 with probe at r = 30.5 cm. Thin line: for 
shot 58 777 with probe at r = 23.5 cm. Straight line: level of random signal. 
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of the turbulence attractor. The structure of this turbulent process is revealed by 
measuring the low correlation dimensionality (lower bound for Hausdorf dimension) 
of 6.2 ± 0.5 for the signal of the ion saturation current in the edge plasma at 
r = 30.5 cm. Processing the probe signal of the ion saturation current at 
r = 23.5 cm gives a large fractal dimensionality of 11-12, which is comparable to 
white noise with the same embedding space dimension. This result was supported by 
a technique using eigenvectors and eigenvalues of the covariance matrix [11, 12]. 

5. CONCLUSIONS 

The reflectometry data are in good correspondence with the probes for all 
measured parameters although the vacuum probing wavelength was longer than the 
typical dimensions of the fluctuations. The fluctuations rotate practically at all radii 
together with the plasma: in the ion diamagnetic drift direction in the SOL and in the 
electron direction in the plasma interior. There are two exceptions: in the velocity 
sheath where they propagate, with respect to the plasma, in the electron diamagnetic 
drift direction as do the electron drift waves [8], and in the central region, where low 
frequencies of up to 70 kHz are at rest. 

Fractal analysis yields a low dimensionality in the cold plasma. In hot regions 
near the rail limiter, the results do not converge, indicating the random nature of the 
signal. No indication on non-linear waves coupling for the continuum was found by 
bispectral analysis of reflectometry and probe data, so far. 
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Abstract 

ROLE OF FLUCTUATIONS IN DETERMINING TRANSPORT IN TEXT. 
Experiments to elucidate the characteristics of fluctuation spectra, and their role in determining 

transport in the tokamak TEXT, are described. Both magnetic and electrostatic fluctuation components 
are considered. Electron temperature fluctuations have been measured for the first time in the core of 
a tokamak. It is concluded that neither magnetic nor long wavelength electrostatic fluctuations are 
responsible for the transport of heat in the discharges studied. Short wavelength electrostatic fluctuations 
remain a candidate. 

1. Magnetic fluctuations 
We initially consider magnetic fluctuations, making use of a previous 

result [1] which shows the diffusivity of high energy electrons Dfe can be used to 
infer the normalized magnetic fluctuation level bx/B^. Except as noted, all 
discharges discussed here were produced with toroidal field B^ « 2 T, plasma 
current Ip ~ 200 kA, central chord-averaged density ïïe « 2xl019 nr3, producing 
a central electron temperature Te(0) ~ 1 keV. There are three major results: 

1.1. Electron-cyclotron emissions at 98-112 GHz from fast electrons (E < 
100 keV, E|| < 15 keV) were observed along a vertical central chord (B = 2 T) 
during application of 170 kW, 56 GHz central electron-cyclotron heating. The 
emission spectra were then simulated using a radiation code and a Fokker-Planck 
code [2]. Figure 1 shows that the emission falloff at the farthest downshifted 
frequencies (due to electrons with 5 keV <E|( <15 keV) is well reproduced when 
assuming quasilinear magnetic radial diffusive losses with a diffusivity 

Dfe = ^ R v ^ H ^ / B J , with vne (En) the electron velocity (energy) parallel to the 
magnetic field, q the safety factor, R the major radius. A good fit is obtained for 
bx/B, = 3xlO-5, corresponding to Dfe (mV1) = 0.05 E,(

1/2 (keV1/2) (throughout 
the paper a superscript ~ implies an rms fluctuation level). These fluctuation 
levels are too small to explain the observed electron thermal diffusivity Xe ~ 1 
nvV1. 

1.2. The measured characteristic energy Ecn of hard X-rays resulting 
from runaway electrons is used to determine Dfe and thus bj/B#. Drift orbit 
averaging implies a sensitivity to fluctuations with poloidal mode number m < 100 
(poloidal wave numbers ke < 8 cnr1). Results obtained during a plasma density 
(ïïe) scan gave Ech « 2 MeV, independent of rîe. This corresponds to a fast 
electron confinement time tfe > 24 ms, a diffusivity Dfe < 1 mV1 , a fluctuation 

level bx/B^ < 10-5, and an associated thermal Xe < 0-03 mV 1 . This Xe is too 

small to explain the measured Xe- The scalings of Dfe and xe
 w i t n ñ"e and B^ in 

ohmic discharges are found to be Dfe <* n°B¡¡ and ^ « ñ¿ B¿ * . The 
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FIG. 1. Measured and computed radiation temperature for three different levels of b — b JB^, as a 
function of frequency. 
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significant differences again imply that magnetic fluctuations cannot explain 
electron thermal transport. We also find no correspondence between the scaling 
of interior and scrape off layer magnetic fluctuations. Figure 2 summarizes the 
various estimates of Xe resulting from magnetic fluctuations as a function of 
normalized minor radius p = r/a, with r the minor radial coordinate and a the 
limiter radius. Data other than that discussed here is presented [3]. Radially 
averaged results (sawteeth, runaway energy) are depicted at p ~ 0.5. The 
experimental value obtained from power balance analysis is plotted, as is (for 

comparison) the expectation from drift wave like fluctuations, bx/B^ ~ fiqñ/n. 
We conclude that, for the discharges studied, magnetic fluctuations cannot explain 
plasma heat transport. 

1.3. An electron cyclotron emission (ece) system is used to view a plasma, 
defined by horizontal rail limiters, that is swept in major radius. Electron 
temperature profiles, reconstructed with respect to a repetitive and reproducible 
sawtooth crash, show no evidence of significant gradient changes outside the 
sawtooth inversion radius. The results suggest no magnetic structures exist on 
radial scales > 1 cm, poloidal scales > 3 cm (m < 50), for time scales > 50 us. 

2. Electrostatic fluctuations 
2.1. Ion feature. In addition to a drift-wave-like electron feature (with ke 

= 3 cm"1), beam emission spectroscopy has uncovered the presence of a distinct 
ion feature at low frequencies. So far measurements are restricted to the plasma 
outer core, p > 0.7. The mode exists at p < 1, has a typical spectrally averaged 
frequency f « 3 0 kHz, an average k„=1.2 cm-1, and propagates in the 

laboratory frame with a phase velocity vph = 1.5xl03ms"1 in the ion drift 
direction. Accounting for typical radial electric fields (Ef = -30 Vcm-l) this 
means that vph in the plasma frame is « 3xl03 ms_1 in the ion direction, much 
faster than the expected ion drift velocity. These characteristics are similar to 
those observed previously at high density by FIR scattering [4]. The amplitude of 
the mode increases with increasing ïïe, and decreases coincident with the onset of 
improved particle confinement instigated by gas puffing changes. 

2.2. Electron temperature fluctuations. An ece correlation radiometer, 
sensitive to poloidal wave vectors 0 < ke < 2 cm"1, is used to deduce radial profiles 

of electron temperature fluctuation amplitudes Te/Te [5]. Results have been 
obtained on the horizontal axis. Fluctuations with frequencies up to 200 kHz are 
found. On axis, Te /Te < 0.4% for 20 < f < 200 kHz. This time averaged value is 
dominated by fluctuations approximately coincident in time with the sawtooth 
crash; between sawteeth the on axis value is Te/Te < 0.1%. For larger radii the 

crash has less influence on Te/Te. The sawtooth crash also affects interior 

density fluctuations. Preliminary results show the Te fluctuation amplitude is in-
out symmetric. 
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Previous measurements with a heavy ion beam probe have shown 
0/Te = ñ e /n e in the plasma interior (0 is the plasma potential). Assuming this 
Boltzmann relationship is always applicable allows us to estimate the maximum 

fluctuation driven conducted electron heat flux Q^yConducted = —ne(TeËey/B from 

measurements of Te/Te, ñe /ne , and ke (assuming optimum phase and 

coherency): Qe,conducted < ~ ^ K 
3nT2,- ft V= A 

vTey 
Figure 3 shows the measured 

Te/Te> ñe /ne , and average ke (= 0.5 cm-1) in the range 0 < ke< 1.5 cm"1. 
Figure 4 shows the associated maximum conducted heat flux is less than 0.2 of 
the total flux deduced by a power balance analysis. 

3. Conclusions 
Previous observations of an ion feature have been extended to the plasma 

outer core. Concerning the relationship between turbulence and transport, we find 
neither low ke (< 1.5 cnr1) electrostatic, nor magnetic (ke < 8 cm-1) fluctuations 
are sufficient to contribute significantly to electron thermal transport in TEXT. 
However, FIR scattering demonstrates that higher k modes (> 2 cm"*) exist, whose 
contribution to transport remains to be directly measured. 
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Abstract 

VORTICES, HOLES AND TURBULENT RELAXATION IN SHEARED ELECTRON COLUMNS. 
Magnetically confined electron columns evolve as ideal 2D fluids, allowing quantitative study of 

shear flow instabilities, vortex formation, turbulence, and self-organization. It is found that rapid global 
symmetrization of a distorted column can occur by a decay instability due to non-linear beat wave damp
ing. In the free relaxation of turbulence, it is found that the relaxation rate is limited by vorticity holes 
which persist for hundreds of rotations even in strong background shear. Finally, turbulence is observed 
to self-organize to a meta-equilibrium state which is accurately predicted by minimization of enstrophy 
for a range of unstable initial conditions. 

1. Introduction 
Magnetically confined pure electron columns are excellent systems for 

observing 2D vortices, turbulence, and self-organization in the presence of 
background shear flow [1]. The electron columns are confined radially by a 
uniform magnetic field, Bz, and contained axially by voltages applied to end 
sections of the cylindrical wall. The confined plasma is sensed and manipulated 
by antennas in the wall, and the z -averaged electron density n (r ,6,r ) is accurately 
measured by dumping the column onto a phosphor screen imaged by a 512 x 512 
x 16 bit CCD camera. 

The axial bounce frequency of an electron is large compared to the E x B 
drift rotation frequency (coB »<%), so the flow can be described by the 2D drift-
Poisson equations. These are isomorphic to the 2D Euler equations for an 
incompressible inviscid fluid, and are close cousins to the Hasegawa-Mima 
equations for drift-wave turbulence. The measured electron density n(r,Q,t) is 
proportional to the vorticity of the flow. 

We study instabilities and relaxation by creating well-controlled but unstable 
initial conditions and then observing the free evolution. Shear-flow instabilities 

1 Current address: Los Alamos National Laboratory, High Energy Physics, Los Alamos, New 
Mexico, United States of America. 
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FIG. 1. Contours of the density (vorticity) during instability, vortex driven transport, and relaxation 
to a meta-equilibrium state. 

lead to the formation of vortices, which then merge, shed filaments, and eventually 
relax to an axisymmetric, sheared meta-equilibrium state (MES). An example of 
such an evolution is shown in Fig. 1, labeled in bulk rotation times vR. 

2. Shear Flow Modes and Instabilities 
If we start with a smooth, symmetric density profile n (r ) and add a small 

perturbation in 0, we are able to study near-linear modes and instabilities. Our 
n(r,Q,t) data allows us to completely characterize the kz = 0 flute modes, varying 
as exp(im9-/(ûmf). For hollow profiles, we observe both the expected Kelvin-
Helmholtz instabilities and other stable E x B drift, or "diocotron" modes. These 
modes are not well-predicted by the usual step-profile analysis; however, both the 
frequencies and growth rates are reasonably well characterized by computational 
solution of the eigenvalue equation using the measured density profiles [2]. An 
exception is m = l, where we observe a robust exponential instability [3] where 
cold fluid theory predicts only algebraic growth; here, FLR and finite length effects 
may cause the instability [4]. 

Similar flute modes have been extensively analyzed [5] and have recently 
been observed in neutral plasmas with electric fields arising from regions of non-
neutrality [6,7]. One interesting question is the net charge of the plasma and the 
effects of image charges in the walls. For cylindrical geometry, the image charges 
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from a net plasma charge give rise to the stable m = 1 diocotron mode, wherein the 
entire displaced plasma column orbits around the center of the confinement 
cylinders. For toroidal geometry, this image charge mode would be more 
complicated. 

The stable m > 2 flute modes can be damped [8] by a spatial resonance at rs, 
where com =mcùR(rs), analogous to velocity-space Landau damping. For all readily 
detectable mode amplitudes, this damping is observed to be nonlinear, in that 
cat's-eye density filamentation forms around rs as the mode damps. The observed 
damping rates are thus substantially less than the predicted linear rates. 

Recently we have observed a decay instability [9] in which a nominally 
undamped mode with amplitude Am decays to a daughter mode Am_\. This occurs 
due to spatial Landau damping of the nonlinear beat between the two modes at 
cO/n-Cûfl,.!. The daughter mode is observed to grow exponentially, at a rate 
varying roughly as A%. These rates (normalized by xR) are shown in Fig. 2 for 
mode numbers 4->3, 3->2 and 2 -> l . Also shown is an initial large amplitude 
m =3 state and the m =2 state which results 10 %R later. 
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This decay process is seen to give rapid global symmetrization of a distorted 
column, while presumably also generating fine-scale resonance filaments within the 
vortex. For highly distorted vortex profiles, this beat wave damping is observed to 
be an important mechanism for symmetrization. 

3. Relaxation of Fluctuations in Shear 

Vortices generated by the shear-flow instabilities result in rapid cross-field 
particle transport to a state which is no longer globally unstable, as at 23 zR in 
Fig. 1. This state can be treated as a sheared 6-averaged background profile, plus 
turbulent fluctuations on various spatial scales. 

We find that the fluctuations then decay about 50 times slower than predicted 
by simple "passive tracer mixing" in the presence of shear, and that the measured 
"noise" is strongly skewed from Gaussian [10]. These effects are due to the 
longevity of "holes," i.e. self-trapped regions of negative relative electron density 
or vorticity. These holes are clearly visible in the fourth and fifth frames of Fig. 1. 
Figure 3 shows that the shot-to-shot density fluctuations, ñ (at r =RIRW =0.33), 
decay in hundreds of iR, whereas a passive tracer would be smeared out in a few 
xR. The probability distribution p for measuring density n is strongly skewed 
towards low densities. 
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A simple fluid model [11] shows that elliptical vortices can be in equilibrium 
with a weak imposed shear, but are elongated and destroyed by strong shear. 
Specifically, if the shear is prograde (in the vortex rotation direction), elliptical 
equilibria exist for all shear strengths; however, strong shear gives unphysically 
large elongations. If the shear is retrograde, equilibria exist only for weak shear. 

Thus, in flows with strong negative shear (i.e. d(ûR/dr <0), such as Fig. 1 
after = 30 xR , density clumps and shallow holes are sheared apart by the 
background flow, while relatively intense holes remain self-trapped. Measurements 
of the aspect ratios of these elliptical holes agree with the equilibria predicted for 
the measured shear [10]. However, we also observe that the holes slowly drift 
outward (due to unknown effects) and are eventually destroyed. For other 
evolutions with less shear, intense clumps (i.e. regions of 4x enhanced electron 
density) are observed to dominate the "noise" at large times. 

4. Meta-Equilibrium States 

Eventually, the system relaxes to a low-noise meta-equilibrium state (MES). 
We observe that the MES is axisymmetric with a monotonically decreasing density 
profile and lasts for about 104 T̂  before non-ideal effects cause it to evolve 
further [12]. The total number of electrons, angular momentum and electrostatic 
energy, given by 

N=R2jd2rn 

P^\d2T(l-r2)nlnQ 

H^-±¡d2r(n/n0)m0) 

are well conserved from the initial conditions to the MES. Here, n0=N/R2, and 
§Q = eN. However, less robust "ideal" invariants such as enstrophy and mean-
field entropy, given by 

Z2=l/2¡d2r(n/n0)
2 

S=-jd2r(n/n0)\n(n/n0) 

vary significantly, due to measurement coarse-graining or dissipation of small 
spatial scales. 

We have compared the measured MES density profiles to various theories 
based on maximization of entropy or minimization of enstrophy [13]. We find that 
minimization of enstrophy accurately predicts the meta-equilibrium profiles for 
hollow initial conditions of moderate energy [12] such as shown in Fig. 1. These 
profiles are significantly different from the predictions of maximum entropy. The 
minimization is subject to constant N, P e , and H^, and to the physical constraint 
that n >0. The explicit P e dependence of the solution is removed by rescaling the 
enstrophy as Z2=4ît(l -PQ)Z2, and considering the excess energy 
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Here, Hjjf™ = 1/2 {l/2-ln[2(l -PQ)}} is the minimum energy possible for given N 
and PQ, i.e. the energy of a uniform density column. Figure 4 shows the measured 
MES Z2 (circles) and the predicted minimum Z2 (curve) for a range of excess 
energies. 

We have recently upgraded a containment apparatus to operate at 20 kG, to 
obtain better spatial and temporal resolution. We are now able to create initial 
conditions which result in greater fine-scale filamentation than those of Fig. 1, 
resulting in substantially greater excess energies. Figure 5 shows an evolution 
with JF/JXC = 45.x 10~3. For these cases, substantially different final profiles are 
observed, and the minimum enstrophy and maximum entropy states can not yet be 
predicted. However, it is clear that the turbulence self-organizes to a specific state 
independent of the details of the initial conditions. 
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Abstract 

HELIUM TRANSPORT AND EXHAUST STUDIES IN ENHANCED CONFINEMENT REGIMES 
ON THE DIII-D TOKAMAK. 

Recent experimental studies on DIII-D in L-mode and enhanced confinement regimes (ELM-free 
H-mode, ELMing H-mode, and VH-mode) are beginning to provide a better understanding of He trans
port in the plasma core and plasma edge. These diverted plasmas operating in enhanced confinement 
regimes are a good model for ITER. To simulate the presence of He ash in DIII-D, a 50 ms He puff 
is injected into the plasma, resulting in a He concentration of ~ 10%. Overall, these DIII-D He transport 
studies are encouraging. He exhaust has been demonstrated in a diverted, ELMing H-mode plasma by 
using an in-vessel cryopump conditioned with an Ar frost layer. Following a He gas puff, He is observed 
to reach the plasma core and is then readily removed from the plasma by the cryopump with a time 
constant of —8 energy confinement times (T*HJTE ~ 8), which is within the acceptable range for a 
fusion reactor. Detailed analysis of the He profile evolution indicates that the exhaust rate is limited by 
the exhaust efficiency of the pump ( ~ 5 %) and not by the intrinsic He transport properties of the plasma. 

1. INTRODUCTION 

Substantial benefits could be realized in plasma performance if next-generation 
tokamaks, such as the International Thermonuclear Experimental Reactor (ITER), 
could be designed to operate in an enhanced confinement regime, such as H-mode or 
VH-mode. One possible difficulty, however, is that the core plasma helium (He) 
particle confinement time is expected to be longer than that for L-mode [1]. For 
burning fusion devices, continuous purging of the He ash is essential. Estimates [2] 
show that newly created He ions must be removed from the system within 7 to 15 
energy confinement times to maintain a continuous burn (r*He/'rE ^ 7-15). The ratio 
t*He/tE is a global figure of merit for a reactor, where x He = ^He/ 0-RHe). ̂ He is 
the global He recycling coefficient, tHe the particle confinement time, and XE is the 
energy confinement time. Recent measurements [3-6] on several tokamaks have 

1 General Atomics, San Diego, California, USA. 
2 Department of Nuclear Engineering, University of California, Berkeley, California, USA. 
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demonstrated that He can be readily exhausted from the plasma core in L-mode. The 
TEXTOR L-mode measurements [4] yielded values of T*He/̂ E « 9-20. More recent 
measurements on TEXTOR with ALT-II pumping [7] investigated an enhanced con
finement regime (similar to an "ELM-free" H-mode) which is produced by an edge 
polarization electrode. In the polarization-induced enhanced confinement regime, the 
ratio T*He/tE increases to -70. These measurements suggest that He removal may be 
more difficult for high confinement regimes in burning plasmas; however, ELMing 
H-mode conditions were not investigated in TEXTOR. A way to meet reactor 
ignition requirements could be realized if the He density in the core could be 
regulated by low-level edge-localized modes (ELMs) and sawtooth activity, without 
undue adverse effects on energy confinement. 

In this paper recent results from DIII-D experiments are presented which give an 
encouraging preliminary view of the suitability of the H-mode for reactor plasmas. 
The core transport rate has been studied as a function of neutral beam power (and/or 
ELM frequency) and a demonstration of He exhaust from an H-mode plasma in a 
diverted tokamak is presented. The exhaust rate of He from these ELMing H-mode 
plasmas appears to be within the acceptable range for a fusion reactor, like ITER, 
based on a measured value of T*He/tE = 8. 

2. Dffl-D EXPERIMENTAL ARRANGEMENT 

To simulate the presence of He ash in DIII-D, concentrations of 10% He (relative 
to ne) are puffed into the plasma during an otherwise steady-state phase of the 
plasma. A lower, single-null divertor (double-null for VH-mode) configuration was 
used with a toroidal magnetic field of 2.1 T, a major radius of 1.67 m, and a plasma 
current of 1.6 MA. To investigate a variety of confinement regimes the NB power 
was varied from modest levels of 2 MW and 4 MW to achieve L-mode and ELM-free 
H-mode, respectively. At higher NB powers ELMing H-mode and VH-mode occur. 
The vacuum vessel walls were conditioned via boronization and He glow discharge 
cleaning. The transport of He is determined from the temporal evolution of the 
absolute He density profile in the plasma core with charge-exchange recombination 
(CER) spectroscopy (4686 Á transition), in conjunction with NB injection. 

3. He EXPERIMENTS IN H-MODE WITHOUT He PUMPING 

The He density profile measured by CER and the electron density profile mea
sured by Thomson scattering exhibit the same shape. In Fig. 1, a comparison of the 
electron density and He density profiles measured in L-mode, ELM-free H-mode, 
ELMing H-mode, and VH-mode is displayed. The profiles in each case were taken 
-1.0 s after the He gas puff, allowing the He enough time to come into equilibrium in 
the discharge. This observation suggests a strong similarity between deuterium and 
He transport and an encouraging absence of preferential accumulation of He in the 
plasma core. 

From the CER measurements, the He particle flux T^e is evaluated by solving 
the continuity equation,-^- = -V • THe + SHe, where nHe is the He density and SHe 
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is the He source rate. The He flux is assumed to consist of diffusive and convective 
flows, represented by: rH e(r,t) = -DHc(r)VnHe(r,t) + nHc(r,t)VHe(r), where DHe is 
the anomalous diffusion coefficient and V¡je is the convective velocity. Using the 
excellent spatial and temporal resolution of the DIII-D CER system, the He flux T//g 

can then be inferred directly through the inversion of the continuity equation to 
determine both Dne and VHe using the method of Refs. [8,9]. 

To compare the He diffusivity and thermal diffusivity, a local power balance 
analysis is used to determine a single-fluid heat diffusivity ^ from the ONETWO 
transport code. A comparison of DHe and Xeff f o r L-mode and ELM-free H-mode, 
is shown in Fig. 2 for similar configurations. The large decrease in both Dfte and 
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Xeff between L-mode and H-mode is a clear indication of a marked improvement in 
both particle and energy confinement in H-mode discharges. In both cases, 
DHe/Xeff ~* o v e r m o s t o f the plasma radius, consistent with previous measurements 
onTFTR[8]. 

As the injected power is systematically increased, edge localized modes (ELMs) 
become prominent with the ELM frequency increasing at higher NB powers. These 
ELMs expel both plasma energy and particles from the plasma edge [7]. In terms of 
He transport properties within the core, both DHe and %eff increase as the NB power 
is increased (see Fig. 3). As noted earlier, this increase in auxiliary power is 
accompanied by an increase in ELM frequency (40 Hz at 6 MW to 120 Hz at 
12 MW). However, because the ELMs are generally localized near the plasma edge, 
their effect on core energy and particle transport (p < 0.5) is expected to be minimal. 
More importantly, Fig. 3 suggests that Dnel%eff ~1 for p < 0.5 and appears to be 
insensitive to changes in input power. For p > 0.5 the quantity DHelxeff increases 
with increasing NB power indicating that He is more quickly transported out of the 
plasma, probably due to the ELMs. This suggests that a favorable trend exists for 
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enhancing He transport relative to energy transport as the ELM frequency is in
creased and makes an ITER scenario based on ELMing H-mode conditions more 
feasible. 

4. He EXHAUST EXPERIMENTS IN H-MODE 

Recently, active He pumping experiments were performed on DIII-D using the 
advanced divertor cryo-pump [10], which was conditioned with an Ar frost layer to 
provide He pumping. During the active He pumping phase of the experiment, the 
Advanced Divertor Program (ADP) cryo-pump was conditioned with an Ar frost 
layer between shots (~1500 torr-liters of Ar), which provides a He pumping speed of 
-18,000 liters/s, when the layer is fresh. Fig. 4 shows a typical DIII-D discharge 
with active He pumping. The discharge is similar to those described earlier, but the 
plasma current is 1.0 MA. For the discharge in Fig. 4, the electron density of the 
background plasma was ne ~ 4 x 1019 m"3 during the NB phase. As shown in Fig. 4 
the He density rises sharply just after the 50 ms He gas puff (at 1.5 s), and the He 
appears in the core plasma (p = 0.3 and 0.5) within ~ 200 ms. For this discharge the 
outer strike point (OSP) is initially well removed from the pumping baffle (no He 
pumping) until 2.0 s, when the OSP is moved into the optimum pumping location. 

' 1.5 2.0 2.5 3.0 3.5 4.0 
Time (s) 

FIG. 4. Temporal evolution of He density (points) with Ar frost pumping compared with a standard 
MIST calculation where RHe = 0.95. The dashed line is for the RLWB model with RHe = 0.97. 
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For the period without He pumping (< 2.0 s), the He density remains constant after 
the initial rise, indicating full recycling (Rne ~ 1.0) of the He. With active He 
pumping, which begins at 2.0 s, the He density drops rapidly and -70% of the He 
found in the discharge is exhausted within ~2 s. This discharge is an ELMing H-
mode discharge with an ELM frequency of ~40 Hz. The active removal of He in this 
discharge is very similar to the results found on TEXTOR for L-mode [3]. Utilizing 
the decay of the He density versus time during the pumping phase, the He particle 
confinement time in the vacuum vessel is T*He ~ 1-1 s» while diamagnetic 
measurements give TE ~ 0.137 s. This yields a T*He/̂ E ~ 8. Based upon the data of 
Fig. 3, as the ELM frequency is increased ("grassy" ELMs), one should expect an 
even more favorable value for T*He/tE. A limited number of ELMing H-mode 
discharges have been investigated on DIII-D, but for cases studied 8 < I*HQ/ÏE ^ 12. 

Comparisons with the MIST impurity transport code [11] using anomalous 
transport coefficients (Due. Cv) based on ELMy H-mode transport, and the Rebut-
Lallia-Watkins-Boucher (RLWB) predictive particle transport model [12] are shown 
in Fig. 4. Both models show good agreement with the radial profile evolution during 
He exhaust. These comparisons allow an estimate of the global He recycling 
coefficient, RHe- The MIST calculation that fits the He exhaust data is shown in 
Fig. 3 with Dne (p > 0.8 ) = 2 m2/s , Cv = 1.0. Fig. 4 shows cases with Rne = 0.95 
(MIST) and Rne = 0.97 (RLWB). While the actual Rne is time dependent, these 
limiting values imply an exhaust efficiency of -3-5 %. 

5. SUMMARY AND CONCLUSIONS 

In these DIII-D experiments, He density radial profiles were measured and the 
effect of enhanced confinement regimes on these radial profiles has been presented. 
In terms of the transport of He within the plasma core, these experiments suggest that 
core transport rates for He will likely be sufficient for ITER in either ELMing 
H-mode or L-mode conditions. In addition these experiments have shown that He 
can be exhausted efficiently from an ELMing H-mode plasma in a diverted tokamak 
with a value of I*UGI^ ~ 8, which is within the acceptable range for a fusion reactor, 
like ITER. It is also encouraging that there is no preferential accumulation of He in 
any of the operating regimes studied to date. Taken together, these He transport and 
exhaust experiments on DIII-D provide an optimistic viewpoint for the use of H-
mode plasmas in future fusion reactors. 
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Abstract 

TRANSPORT AND EXHAUST OF HELIUM ASH IN ENHANCED CONFINEMENT REGIMES 
ON JT-60U. 

To simulate the behavior of He ash in a fusion reactor, He transport and exhaust have been 
investigated during ELMy (edge-localized mode) H-mode and high-(3P ELMy H-mode using He beams 
in JT-60U. He transport coefficients in the ELMy H-mode plasmas are found to be DA = 1 - 2 m2/s 
and Cv = 1.0 - 1.5 when a neutral beam of 60 keV He atoms is used for a source of central fueling, 
and DA=1 m2/s and Cv=1.0 - 1.5 when a short pulse He gas puff is used as peripheral fueling. No 
He accumulation is observed during ELMy H-mode. The behavior of He in the divertor region has been 
studied with divertor spectroscopic measurement to be compared with that in the main plasma. The He 
recycling flux in the divertor during ELMy H-mode is about one order of magnitude less than that in 
L-mode with the same level of He gas fueling. The neutral pressure of He in the divertor region during 
high-jSp ELMy H-mode is 5 times lower than that during L-mode in the He beam experiment. 
He removal from the core plasma was observed due to wall pumping caused by solid target boroniza-
tion (STB). The He neutral pressure and He content were reduced by He exhaust to 1/3 of those 
without STB. 

1. INTRODUCTION 

For future steady-state tokamaks, such as the International Thermonuclear 
Experimental Reactor (ITER), control and continuous purging of helium (He) 
ash (thermalized a particles) are essential. ITER is designed to operate in H-mode 
or some other enhanced confinement regime. A detailed experimental data base 
related to He level regulation and He ash removal should be developed for the 
decision of the device size and the margin of ignition achievement. A previous 
study on JT-60 with He beam fueling indicated that He ash could be easily 
exhausted in L-mode discharges [1]. The role of the edge-localized modes 
(ELMs) in reducing the He ash content in the main plasma should be evaluated. 
ELMy H-mode is attractive because of its capability of steady-state operation and 
particle exhaust by MHD relaxation at the plasma peripheral region. In 
particular, data base on He transport and exhaust in ELMy H-mode plasmas with 
H=1.5 - 2 is desirable, where H is the confinement enhancement factor defined 
by H-CE/TE

ITER-89P. 
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Helium transport and exhaust for He ash removal have been studied in 
ELMy H-mode and high beta poloidal H-mode plasmas using helium beams on 
JT-60U. Helium transport diffusivities of ELMy H-mode plasmas have been 
determined by comparing the time evolution of the measured He density and 
calculated results. The behavior of helium in the divertor region is also studied 
with divertor spectroscopic measurement to be compared with that in the main 
plasma. From these data, the relation between the He concentration in the plasma 
core and the He and deuterium influxes in the divertor during ELMy H-mode 
and L-mode is elucidated. The He transport in the case of peripheral fueling is 
investigated by injecting short pulses of He gas in L-mode and ELMy H-mode 
plasmas. The neutral pressure of He and deuterium in the divertor region is 
measured with Penning gauges to study He exhaust. 

2. EXPERIMENTAL ARRANGEMENT 

JT-60U is a single-null open divertor tokamak with a major radius of 3.2 m, 
a minor radius of 1 m, plasma current up to 6 MA and toroidal field up to 4 T 
[2]. A tangential viewing charge-exchange recombination spectroscopy (CXRS) 
system provides radial density profiles of fully ionized helium. CXR emission of 
He II 468.52 nm (n=4-3) is led to 0.5-m and 1.0-m Czerny-Turner spectrometers 
through 80-m pure quartz optical fibers. A detection system consists of image-
intensified double linear photodiode arrays that have high sensitivity and are used 
for He density profile measurement. Instrument calibration of the CXRS system 
was performed by the use of an integrating sphere. 

A set of spectrometers, a Langmuir probe array and an infrared television 
(IRTV) camera are used to measure the divertor characteristics. The influx of 
deuterium and He ions were derived, respectively, from the measured line 
intensities of Da and He I (667.8 nm) with optical fiber array coupled to visible 
spectrometers. The measured electron temperature at the divertor target is used to 
calculate the He influx. 

Three Penning gauges were installed at an inner divertor port, an outer 
divertor port and a horizontal port. The emission of He and deuterium in the 
gauge is led to 0.25-m Czerny-Turner spectrometers through 300-m pure quartz 
optical fibers. The neutral pressure is derived from the calibrated intensity of the 
emission. 

3. HELIUM TRANSPORT IN ELMY H-MODE PLASMA 

Using a 60-keV helium neutral beam as a known source of central fueling of 
helium [1,3,4] and a short pulse He gas puff as peripheral fueling [5] in ELMy 
H-mode plasmas, the time evolution of He^+ density profiles in the plasma core 
was measured by charge-exchange recombination spectroscopy at 8 radial 
locations in JT-60U. Figure 1 shows the time evolution of a typical ELMy H-
mode discharge (plasma current of Ip=1.0 MA, toroidal magnetic field of Bx=2.5 
T, neutral beam power of P N B = 1 2 MW and plasma volume of Vp=56 m^) with 
helium beam injection (58 keV, 12 A and PNB(He)=0-8 MW, for an equivalent 
fueling of 0.33 Pam^/s). During this ELMy phase, the H-factor was 1.5. The 
4"He beam injection started at t=6.0 s and lasted for 1.5 s. The central ion 
temperature was 10 keV, the central electron temperature was 3.5 keV and the 
central electron density was 2x10^ m"3. It is evident that the He I intensity in the 
divertor linearly increased with time during the 4He-beam injection. 
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FIG. 1. Time evolution of (a) NB power and diamagnetic stored energy, (b) line averaged electron den
sity, (c) He beam power and He I intensity in the divertor, and (d) Da intensity (divertor) of a typical 
ELMy H-mode discharge with He beam injection. 

Figure 2 shows the time evolution of the core He concentration, the ratio of 
the He density in the plasma core (r/a=0.2) to the He influx in the divertor, and 
the He and deuterium influxes in the divertor for the same discharge. The He 
concentration linearly increased up to 10% of the electron density. This was 
caused by continuous fueling of helium, high helium recycling (recycling 
coefficient = 1) and short He particle confinement times (=0.1-0.2 s) as compared 
with the duration of He beam. 

In addition, recycling influx profiles of deuterium and helium in the divertor 
region were measured with spectroscopic diagnostics. The time evolution of the 
He concentration in the plasma core shows a similar time behavior as the He 
influx in the divertor (Fig. 2(c)). In fact, the ratio of helium density in the plasma 
core (r/a=0.2) to the He influx in the divertor, nHecore/rHediv> is almost constant 
during the He beam injection (Fig. 2(b)). This result indicates that the He particle 
confinement time THe is short and helium recycling coefficient is high. 

To summarize, no helium accumulation was observed. The increasing helium 
density in the plasma core was caused by the increase in helium recycling source. 
If helium accumulation occurred, one would expect the ratio of nHe c o r e /rHe 
to rise. 

In a helium-puff experiment, the He concentration in the plasma core 
reached a saturation level of 4% at 1.0 s after a He gas puff of 10 Pam3/s x 0.2 s 
start (ELMy H-mode plasma with H=1.4, Ip=2.0 MA, B T = 3 . 2 T, P N B = 1 3 MW 
and Vp=65 m3) as shown in Fig. 3(a). Figure 3(c) shows the He and deuterium 
recycling fluxes in the divertor, where most He and deuterium recycling occurs. 
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FIG. 2. Time evolution of (a) He concentration, (b) ratio of He density in the plasma core to He influx 
in the divertor, and (c) He and deuterium influxes in the divertor during He beam injection in an ELMy 
H-mode plasma (H=1.5). 

The He flux in the divertor increased rapidly at 0.2 s after the He gas puff start 
and then kept increasing in both the ELMy H-mode and the L-mode case. The 
ratio of nHecore/rHediv reached a saturation level, at 0.9 s after the He gas puff start 
in the ELMy H-mode. The ratio of nHecore/rHeciiv reached a saturation level at 0.6 
s after the start of the He gas puff in the L-mode. The He recycling influx in the 
divertor during ELMy H-mode was 6 - 9 times less than that measured during L-
mode with the same level of gas puffing. Similarly the deuterium recycling 
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FIG. 3. Time evolution of (a) He concentration, (b) ratio of He density in the plasma core to He influx 
in the divertor, and (c) He and deuterium influxes in the divertor after a He gas puffin an ELMy H-mode 
plasma (H=1.4). 

influx in the divertor during ELMy H-mode was 6 - 1 1 times less than that 
during L-mode. 

Helium transport coefficients were determined by comparing the evolution 
of the measured He density profiles with calculated results using a 1-D transport 
code. The time evolution of the warm component intensity from the CXRS 
measurement was treated as the source term. 

In the ELMy H-mode case with H=1.5 and He beam injection, the He 
density profile was slightly peaked and the values of transport coefficients were 
found to be D A = 1 - 2 m2/s and Cy= L0 - 1.5, where DA(r) is the radial diffusion 
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coefficient and Cv is a dimensionless peaking parameter defined by VA(r)= -
CyDA(r)2r/a2

 (VA(Î") is the convective velocity and a is the minor radius of 
plasma). In ELMy H-mode discharges with He gas puffing, the He density 
profiles in the central region became peaked with time shortly after a short gas 
puff. The values of transport coefficients in this case were found to be D A = 1 
m2/s and Cy= 1.0-1.5. During He gas puff experiments in the L-mode plasmas, 
the helium density profile was almost flat with D A = 1 m2/s and Cy~ 0.5. This 
result indicates that helium transport coefficients in ELMy H-mode are not very 
much different from those in L-mode. 

4. HELIUM EXHAUST EXPERIMENT 

In discharges of a lower X-point (open divertor) configuration, the neutral 
pressure of He and deuterium in the divertor region was measured with Penning 
gauges during high-(3p ELMy H-mode and L-mode. Figure 4 shows typical 
waveforms in the He beam fueling experiments during high-pp ELMy H-mode 
plasma [6] with H=2.0 - 1.6, pP=2.0 - 1.6, IP=1.0 MA, BT=2.5 T, P N B = 2 0 MW 
and Vp=58 m-* (Vp=64 m^ for solid target boronization). Usually in the high 
recycling case, the He neutral pressure in the divertor region PHe^lv a nd the He 
concentration in the core plasma (r/a=0.2) linearly increased with time.during the 
He beam injection. In contrast, those reached saturation levels of PHe^v =lxl0~3 
Pa and 5% at 0.8 s after the He beam start and were kept constant during the same 
He beam injection into a Solid Target Boronization discharge. STB means that the 
outer divertor strike point hits 300-|im thick B4C coated CFC (Carbon Fiber 
Composite) tiles and B4C layers evaporate in the discharge. Particularly, 
remarkable reduction of helium and deuterium recycling was observed when STB 
was carried out. The He neutral pressure and the He concentration reduced to 1/3 
and the fueling by the He beam injection was balanced with the He removal by 
wall pumping due to STB. This demonstrates that He ash can be actually 
exhausted and an allowable He content is sustained with the He removal by 
pumping from high-Pp ELMy H-mode plasmas in an enhanced confinement 
regime (H=2.0, pp=2.0). 

The effective He particle confinement time in the system THe* fro™ the 
global He particle balance equation dNne/dt = -NHe/^He + $He where Nne is the 
total number of He ions in the plasma and Sne is the external He particle source 
rate (He beam or He gas puff). THe w a s e v a l u a t ed during high-pp ELMy H-
mode from the He gas puff experiment because SHe=0 after the initial He gas 
puffj, XHe*=0-95 s in a STB discharge and THe*~l° s without STB. The ratio of 
THe to the energy confinement time XE was tHe*^E=6- 8 in a STB discharge [7]. 
This result is within the range generally considered to be necessary for successful 
operation of future reactors, such as ITER [8]. The pumping speed by wall 
pumping is roughly estimated to be about 10 m^/s in STB discharges with the He 
beam injection for an equivalent fueling of 0.76 Pam^/s (equivalent to the 
produced He ash for 0.6 GW fusion power) from the He neutral pressure 
measurement. The peak He pressure in the divertor is estimated to be PHed iv 

= lxl0" 2 Pa from the balanced condition. This pressure is one order higher than 
the measured He pressure. The measured location of the pressure (near the inner 
strike point) is not close enough to measure the peak pressure in the divertor. 
Actually, it is difficult to measure both pressures near the outer strike point and 
the horizontal port on the midplane due to the long distance from the separatrix; 
the measured pressure on the midplane was below PHe,D2 = l x l 0 ' 4 Pa. The 
calculated result with the DEGAS code shows the deuterium pressure profiles are 
sharp in the divertor region. 
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FIG. 4. Typical waveforms in the He beam fueling experiments during high-fiP ELMy H-mode. 

Figure 5 shows the neutral pressure of He and deuterium near the inner strike 
point during the high-Pp ELMy H-mode and L-mode (Ip=1.6 MA, Bx=4.0 T, 
P N B = 2 0 MW and Vp=58 m^) in the He beam injection experiment. The He 
pressure (PHedlv~3xl0-3 Pa, n e~2xl0 1 9 m'3) by the He beam fueling in jiigh-pp 
ELMy H-mode plasmas is much lower than that (PHedlv=0-02-0.1 Pa, ne=2.5-
3.5xl019 m"3) in L-mode plasmas. The deuterium pressure (PD2div=0.08-0.3 Pa) 
in L-mode because of deuterium gas puff before NB injection was much larger 
than that (APo2div =1x10"3 Pa) in high-^p ELMy H-mode. APHediv in L-mode 
plasma is 5 times larger than that in high-^p ELMy H-mode plasmas with nearly 
the same ne. The neutral pressures of He and deuterium strongly depend on the 
electron density during L-mode. This result indicates that the He particle 
multiplication factor in the divertor in high-^p ELMy H-mode is less than that in 
L-mode. This demonstrates that active He removal with higher pumping speed in 
the enhanced confinement regime (high-Pp ELMy H-modes) will be necessary to 
obtain the same exhaust rate as in L-mode for the same amount of He ash. 
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FIG. 5. Neutral pressure of He and of deuterium in the divertor region during high-(3P ELMy H-mode 
and L-mode. 

5. CONCLUSIONS 

Using a neutral beam of 60-keV helium atoms as a known central fueling of 
helium and a short pulse He gas puff as peripheral fueling in ELMy H-mode, 
high-Pp ELMy H-mode, and L-mode plasmas, the He transport and He exhaust 
have been studied in JT-60U. Helium transport coefficients in the ELMy H-mode 
plasmas were determined by a short pulse He gas puff, and were compared with 
the result of He beam injection experiment. In both cases, peaked profiles were 
measured and the values of transport coefficients were found to be D A = 1 - 2 m^/s 
and Cv= 1-0 - 1.5 with He beam injection, D A = 1 m2/s and Cy= 1.0-1.5 with He 
gas puff, respectively. No difference was observed between He beam and He gas 
puff, suggesting that He particle confinement time is short and He recycling 
coefficient is large. During L-mode discharges, the He density profile was almost 
flat and the transport coefficients were found to be D A = 1 m2/s and Cv~0.5. 
Since the transport coefficients in ELMy H-mode are similar to those of L-mode, 
helium transport does not appear to be a problem in ELMy H-mode plasmas. 

Spectroscopic measurements show that the He recycling flux in the divertor 
during ELMy H-mode is about an order of magnitude less than that during L-
mode with the same level of He gas fueling. Thus, He removal may be more 
difficult in ELMy H-modes compared with L-modes. 

The neutral pressure of He and deuterium in the divertor region was 
measured with Penning gauges to study He exhaust. The He neutral pressure in 
the divertor region during high-Pp ELMy H-mode is 5 times lower than that 
during L-mode in the He beam experiment. The He pressure and He content 
reduced to 1/3 of those with high recycling by He removal from the core plasma 
due to wall pumping by solid target boronization. 
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Abstract 

RADIATING BOUNDARY IN ASDEX UPGRADE DIVERTOR DISCHARGES. 
Feedback controlled puffing of impurities (neon, argon) and deuterium gas is used to control the 

total radiated power fraction and the divertor neutral particle density in the ASDEX Upgrade tokamak 
simultaneously. The variation of Psep = Phea, - Prad(core) by impurity radiation shows a similar effect 
on the ELM behaviour of the H mode as that obtained by a change of the heating power. For radiated 
power fractions above 90%, the ELM amplitude becomes very small, and detachment from the divertor 
plates occurs. No considerable degradation of energy confinement is observed, and the dilution by neon 
amounts to less than 10%. Additional deuterium puffing is found to increase the pumping rate of neon 
and argon in the divertor via the reduction of the edge particle confinement time. 

1. INTRODUCTION 

The concept of radiating boundary is a promising option for the required reduc
tion of the power flow onto the target plates of a future reactor. Controlled puffing 
of medium Z impurities (e.g. noble gases) leads to enhanced radiative power losses 
by partially ionized atoms, which have to be restricted to the plasma edge to preserve 
good central energy confinement. Such 'cold plasma mantle' concepts have been 
known for several years, and the fundamental feasibility was recently shown under 
L mode conditions on the limiter tokamak TEXTOR [1]. However, the compatibility 
of the radiative boundary with high performance discharge scenarios (H mode) and 
its applicability to the experimental parameters of a future reactor have still to be 
demonstrated. Further critical issues are the degree of dilution and the avoidance of 
impurity accumulation. 

1 IPF Universitat Stuttgart, Germany. 
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We have investigated the properties of single null divertor discharges with con
trolled impurity (neon, argon) puffing and strong additional heating. The radiated 
power fraction as well as the divertor neutral particle pressure are controlled by the 
parallel multitransputer cluster developed for an effective real time control of various 
plasma parameters in ASDEX Upgrade [2]. The transputer system of special interest 
here is dedicated to feedforward and feedback control of: (1) the fractional radiated 
power (Prad/Pheat)> determined by 12 bolometer line integrals, by means of impurity 
gas injection; (2) the neutral particle density in the outer divertor measured by a fast 
ionization gauge via the injection of D2 gas into the main chamber. 

TE relative to ITER-ELMy Divertor Da 

2.5 3 3.5 4 2.5 3 3.5 4 4.5 
time (s) time (s) 

FIG. I. Total energy confinement in terms of the value predicted by the ITER ELMy H mode 
scaling [3], Ne valve fluxes and divertor Da emission for three discharges with different radiation 
levels. P^a, œ 7.5 MW, Ip = 1 MA, q95 = 4, moderate additional D2 puffing, No. 4862 and No. 4894 
with ion V 5 drift towards the X point, No. 4882 away from the X point. The radiated power fraction 
is about 55% without Ne puffing, 80% during moderate puffing (No. 4862) and 95% at the H — L tran
sition (No. 4894). P%~L is the power flux over the separatrix at the H — L transition. 
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2. NEON RADIATIVE BOUNDARY IN H MODE DISCHARGES 

The variable behaviour of H mode discharges with radiative edge cooling by 
additional Ne puffing is illustrated in Fig. 1 [3]. The variation of Psep = Pheat -
Prad(core) by radiation affects the H mode characteristics in a way similar to a heat
ing power scan: with moderate Ne injection (No. 4862), the reduced conductive 
power flux to the separatrix leads to a decrease of the type I ELM frequency. With 
a further increase of the radiated power (No. 4894), the type I ELMs disappear, and 
specific, low frequency ELMs appear. During this phase, complete detachment of the 
inner and outer divertor is observed (CDH mode [4]). The nature of the CDH ELMs 
(dither/type III) is not yet clear. By further increasing Prad, the plasma transits back 
into the L mode. However, only a moderate degradation in confinement is observed. 
Indeed, no marked quiescent H mode is seen while tuning the discharge from type I 
ELM H mode to L mode. The third discharge shown in Fig. 1 was forced back to 
the L mode by a strong, preprogrammed Ne puff. The H — L and L — H transitions 
are abrupt, without any dithering phase, as is always observed in heating power scans 
with the ion VB drift away from the X point [5]. The confinement during the 
L phase still attains 80% of the value predicted by the ITER ELMy H mode scaling; 
however, the L mode cannot be obtained without additional radiation for this level 
of heating power. 

The tomographic reconstruction of the local radiated power from bolometer 
measurements usually exhibits a hollow radiation profile and strong emission from 
the X point region. Measurements with horizontal bolometer chords and the SPRED 
VUV spectrometer reveal a maximum line integrated midplane emissivity compatible 
with H mode operation, under these conditions, of 0.33 MW/m2, 65% of which is 
attributed to the Ne influx. The simulation of the midplane emission of the Ne line 
radiation with the impurity transport code STRAHL shows that about 60% of the 
radiation is emitted inside the separatrix (around ppol = 0.85) by H- and He-like 
neon ionization stages. 

3. NEON AND ARGON PUMPING 

A prerequisite for the feedback control of the radiated power by means of impu
rity injection is the ability to pump the injected species. The investigation of the 
pumping efficiency of the turbomolecular pumps, which are situated at the outer 
divertor chamber, reveals a strong correlation between D2 puffing and the pumping 
rate for noble gases. 

As was observed on DIII-D, the plasma density during type I ELM H modes 
attains a certain level («Ip), which can be only marginally increased by deuterium 
puffing. In fact, D2 puffing increases the ELM frequency, and this degrades the 
global particle confinement time of the edge. Consequently, a higher divertor pres
sure for both D2 and impurities is built up, causing an increased pumping efficiency 
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FIG. 2. Time traces of divertor D2 density and Ne I main chamber recycling flux for two similar dis
charges with different D2 puffing levels and identical Ne puffing rates. The right hand diagram shows 
recycling 1/e decay rates from several discharges after Ne or Ar puffing versus divertor D2 density. 
P>,ea, = 4-6 MW, ion VB drift - X. 

of the turbomolecular pumps. The drop of the power flux to the divertor by high 
radiation losses only marginally affects the divertor neutral density at equal 
D2 valve fluxes. 

Figure 2 shows the neon recycling flux for two discharges with identical exter
nal parameters except for the D2 puff rate and the divertor neutral density, as well 
as the decay rates (i.e. pumping) of Ne and Ar recycling fluxes obtained for dis
charges with different divertor neutral densities. Clearly, the pumping efficiency of 
Ne and Ar increases with the divertor compression and reaches a time constant as 
short as 0.3 s. We note that no disruption occurred during controlled impurity puffing 
into additionally heated discharges. However, typically, 1 s is needed after closing 
the Ne valve to pump away the Ne in order to avoid a radiative collapse disruption 
after switching off the NBI heating. 

To develop an optimum discharge scenario, the beneficial effect of a high diver
tor neutral density on impurity pumping has to be weighed against a detrimental effect 
on the energy confinement time: up to 20% reduction in TE is observed during 
strong D2 puffing. 

4. FEEDBACK CONTROL OF RADIATED POWER 
AND DIVERTOR PRESSURE 

An example for a discharge with combined feedback (cycle time 2.5 ms) of the 
radiated power level and the divertor D2 density is shown in Fig. 3. The total 
radiated power was set to a level keeping the discharge very close above the H — L 
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threshold to obtain CDH mode. No burnthrough of ELMs is seen during the CDH 
phase by the C III channel of the divertor spectrometer looking tangentially along the 
outer target plate. The heat fluxes on the target plates measured by the fast thermo
graphy system attain peak values of less than 1 MW/m2. Along with the decrease of 
the ELM amplitude, peaking of the density profile is observed. Neutron rate, plasma 
stored energy and loop voltage reach steady state. Although about 93 % of the heating 
power is converted into radiation, the energy confinement is about 0.9 times the value 
predicted by the ITER ELMy H mode scaling and 1.0 times the value obtained from 
the ASDEX/DIII-D/JET/PBX-M scaling [6]. The small temporal increase of the 
radiated power is due to the imperfect real time evaluation of the total radiated power 
based on only 12 of the 72 line integrated radiation channels. The radial profiles of 
the neon density were measured by means of CXR spectroscopy. In terms of the con
tribution ot Zeff, the profiles are flat and decrease to the edge (the intrinsic impuri
ties C and O typically exhibit slightly hollow profiles). The Zeff contribution of fully 
ionized neon stays below 1, corresponding to a plasma dilution of less than 10%. 

5. CONCLUSIONS 

It has been shown that the feedback controlled puffing of impurities and deu
terium gas is a very flexible tool for simultaneously adjusting the power flux to the 
divertor and its neutral density for high power H mode operation. More than 90% 
of the heating power can be radiated while the H mode during complete detachment 
of both the inner and outer divertor is maintained. Since the dilution by neon is kept 
below 10% and very moderate degradation of energy confinement is observed, impu
rity puffing is a very promising scenario for ITER. This may even be true for the 
impurity forced L mode, which still shows energy confinement times corresponding 
to 80% of the ITER ELMy H mode scaling. 
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Abstract 

EFFECTS OF PLASMA EDGE CONTROL AND LHCD ON CONFINEMENT IN HL-1. 
The impact of plasma edge control and modification on confinement has been investigated on die 

HL-1 tokamak. Improved confinement is shown to be attributable to the reduction of edge recycling. 
The investigation was focused on the following methods for plasma edge control: (1) deep fuelling, 
(2) optimization of the gas puffing programme, (3) particle exhaust with a pump limiter, (4) reduction 
of cross-field transport through use of a biased electrode, and (5) edge modification with LHCD. 

1. INTRODUCTION 

On HL-1 [1] it is shown that re tends to degrade from a linear scaling with 
density when the peripheral particle recycling level increases and neutral pressure 
builds up in D2 gas puff fuelled and OH discharges with a limiter configuration. 
Experimentally it is found that ñg is proportional to the peripheral deuterium gas 
pressure pD2 up to the critical pressure pfo, as shown in Fig. 1. When ñg is raised 
slightly over the density ïï£ at PD2, the gas puff fuelled neutral particles start to build 
up at the plasma periphery. 

Five categories of plasma edge control methods have been applied on HL-1 in 
order to study the effects of the reduction of recycling on the properties of confine
ment: (1) deep fuelling, (2) optimization of gas puffing, (3) use of a pump limiter, 
(4) electric bias, and (5) edge modification with LHCD. 

2. PLASMA EDGE CONTROL 

The investigation of plasma edge control on HL-1 was focused on methods for 
decreasing edge neutral buildup and identifying the relation between neutral gas 
buildup and confinement degradation. 

I l l 
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FIG. 1. Effects of optimization of particle fuelling and conditioning on (a) energy confinement time and 
(b) edge deuterium gas pressure, plotted as Junctions of rie. 

2.1. Deep fuelling 

2.1.1. Gas puffing from the tip of the limiter [2] 

Two gas puffing tubes installed in the tip of the limiter inject gas into the main 
plasma column at the last closed flux surface. The puffed molecular gases are ionized 
in the radiating layer of plasma. The ionized gas radiation losses are decreased and 
temperatures are increased in the SOL, and the fuelling efficiency increases. The flux 
of ions, which move to the limiter along the magnetic field lines, decreases, and then 
the recycling particle flux from the limiter as well as the peripheral neutral gas pres
sure are reduced by 10%. 
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2.1.2. Molecular beam injection (MBI) 

A new method of gas fuelling is presented. A molecular beam, formed by high 
pressure deuterium gas directed through the Larval nozzle and skimmer slit, is 
injected into HL-1. The beam velocity is about 100 m/s at Hg = 5 X 1019 m~3. 
During the phases of plasma current ramp-up and plateau, the ñe rise rate increases 
to 2-3 times that in the case of normal gas puffing, and no unstable phenomenon is 
found. The particle penetration distance is 8 cm. The Da emission decreases and the 
fuelling efficiency increases [3]. The MBI method can optimize the cold gas fuelling 
owing to the benefit of both the narrow velocity profile and the small incoming angu
lar divergence. 

2.1.3. Pellet injection 

The injection of a frozen pellet of solid deuterium has been performed success
fully. Pellet speeds are about 300-500 m/s [4]. During injection, the electron density 
rises suddenly by 50-80% in comparison with that in the case of gas puffing, but the 
pD2 increases only slightly. The thermal energy measured by the diamagnetic 
method also increases. The distribution of soft X ray emissions is gradually peaked. 
A sudden transition from a status of slow impurity accumulation to fast accumulation 
in the core occurs. 

This improvement is due to the deeper particle deposition inside the plasma and 
the resulting long particle confinement time. 

2.2. Optimization of the gas puffing programme and the limiter IOC mode [1] 

Previously a large amount of fuel gas was used during the OH heating dis
charges in order to obtain higher density in HL-1. For such cases pD2 increased 
strongly with increased density, as shown in Fig. 1. In the case without Ti gettering, 
OH heating power leads to desorption of hydrogen from the carbon limiter and wall 
during the plateau of current and fuelling of the plasma; only pH2 increases during 
this phase, while pD2 for gas puffed species remains unchanged. This type of 
fuelling (wall fuelling) raises the density without increasing pD2. In accordance with 
this, the gas puffing programme is optimized as follows. 

The inner wall without Ti gettering is conditioned only by AC TDC with H2 

plus Kr mixed gases after baking at about 120°C. A considerable amount of hydrogen 
atoms are absorbed in the wall and limiter in this phase. The gas feed rate is slowly 
increased during the ramp-up phase (t = 0-200 ms) to establish the required density 
but is stopped just above the level where MHD activity occurs. Taking account of 
the wall fuelling effect, the gas puff is turned off at 260 ms. The plasma is fuelled 
mainly by deuterium gas puffing in the phase t = 0-260 ms and by desorbing hydro
gen from the wall in the later phase. Such an optimized programme results in higher 
ñg and weaker re degradation in the OH discharges, and a decrease in the edge gas 



114 ZHENG et al. 

pressure and particle recycling. The operational density regime is extended from 
ñg = 5 x 1019 m"3 to 7.2 X 1019 m~3. The density profile n(r) is continuously 
peaking. Local profile measurements with a Langmuir probe array at the plasma edge 
reveal a drop in the density at the edge. The thermal energy measured by the diamag-
netic method and the intensity of the soft X ray emission increase. re increases by 
40% [1]. 

With the above optimization of fuelling, the IOC mode transition is often 
observed in HL-1 in a limiter configuration. IOC regime operation is believed to be 
due to the low edge neutral pressure from wall fuelling, which leads to less edge 
cooling. 

2.3. Pump limiter [5] 

The pump limiter was installed to reduce edge gas buildup. When the distance 
from the limiter tip to the liner increases, the peripheral pD2 decreases. This 
phenomenon indicates that pD2 results to a significant extent from ions which diffuse 
across the SOL and are neutralized at the liner. The cross-field diffusion flux is 
decreased by increasing the diffusion distance, and consequently a larger fraction of 
the plasma losses strike the pump limiter. 

Te(edge) decreases with increasing density without the pump limiter when neu
tral buildup in the periphery occurs. When the pump limiter is inserted, Te(edge) is 
sustained up to the density limit even though the neutrals build up. A higher gas pres
sure is allowed with the pump limiter. As a result, the maximum nre value is 
improved by about 20%. With a shorter density decay time and a lower gas feed rate 
for the same density, the pump limiter improves the fuelling efficiency by about 30% 
in comparison with cases without a pump limiter, as the discharge is in the neutral 
buildup regime. The recycling efficiency decreases by 13% and the particle confine
ment time increases accordingly. A higher edge temperature with the pump limiter 
could be responsible for the increase in fuelling efficiency and confinement. 

2.4. Electric bias and the H mode 

Earlier work [1,6] has shown that H mode behaviour has been achieved in 
HL-1 in a controlled way by inducing a radial electric field Er in the edge using an 
electrode. Sudden plasma readjustments can be triggered which display the features 
that characterize L-H transitions: a rise in density, density profile steepening, a drop 
in Da emission and improvements in energy and particle confinement. 

A typical profile of the edge floating potential Vf was shown in Ref. [1]. As 
for most of the data VrVf exceeds VrTe. The unbiased ohmic plasma is negatively 
charged and sustains a gradient of - 2 0 V/cm. At the L-H transition the electric field 
increases abruptly and a very strong localization of the field occurs, yielding values 
of up to 500 V/cm with a full width at half-maximum of less than 0.5 cm. The edge 
steepening of the density profile is correlated with the steepening of the Vf profile. 
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FIG. 2. (a) TP and O VI line intensity I normalized by ne as Junctions of bias voltage Ve; (b) time evo
lution of argon brilliance normalized by h~e for different bias conditions. 

Figure 2(a) shows the increase of TP and O VI line intensity I/ïïç with increasing Ve. 
Though ñe in the case with bias increases by a factor of 2-3, pD2 remains 
unchanged. Argon gas was puffed in the bias phase and the decay time of the injected 
argon was clearly longer than that in the case without bias, as seen in Fig. 2(b). 
These results indicated that the particle and impurity confinement improved greatly. 

The density and the electrostatic and magnetic fluctuations are all reduced after 
the L-H transition. The recycling flux from the limiter and that from the wall are 
decreased by 50% and 30%, respectively. The particle and energy confinement times 
increase by a factor of 2-3 and 1.7, respectively. The mechanism responsible for 
local reductions in the cross-field particle flux within the edge can be viewed qualita
tively as the formation of a potential barrier to cross-field ion flow. It appears that 



116 ZHENG et al. 

O o. 
P 

-t a. 
P 

1 -

(a) 

4 

m 

a 
•• 

1 "a1 

• 

i 

• X L H / T O H 

p p 

D Xe
L H /Xe

0 H 

i 
1 2 

ñe(1013crrr3) 

1.6 

- 1.4 

O © 
P 

- I ID 

P 
- 1.2 

1.0 

£ o 4 

x-i 

( b ) . 

•B * 

) 

• 
• 

3 f 

• 
• 

• 
• 
8 
0 

i 

a 

8 
8 I 

\?ZL 

m With LHCD 

• Without LHCD 

n With bias, 
without LHCD 

Limiter 

8 * \ A 
18 19 20 

r (cm) 
21 22 
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Langmuir probes in cases with and without LHCD. 

a potential barrier of a height of the order of the electron temperature is sufficient 
to markedly reduce the local cross-field transport. 

LHCD EFFECT ON CONFINEMENT [7] 

LHCD experiments were carried out primarily in deuterium/hydrogen with 
Bt « 1.8-2.2 T, ^ « (0.5-2) X 1019nr3, Ip « 90-120 kA and PLH = 25-200 kW. 
The soft X ray emission profile peaks and diamagnetic measurements suggest that the 
average bulk electron temperature increases. The total radiated power decreases by 
— 40%. All probes in the SOL consistently show a large (typically a factor of 2) fall 
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in ñe(edge), but ne increases greatly while pD2 in the periphery does not change. Mea
surements of the Da emission in the vicinity of the limiter and the wall exhibit a 
similar decrease, suggesting a concomitant reduction in the particle source rate. 
Almost all the emission lines of lower ionization states of impurities (O IV, O II, 
C III) are decreased, whereas the emission lines of higher ionization states of oxygen 
(O VIII) are increased. The characteristics of T^H /70 H and Te

LH/Te
0H as functions of 

density are shown in Fig. 3(a). Supporting evidence for the increased particle con
finement during LHCD is obtained from a dramatic decrease in the fluctuations in 
poloidal and radial electric fields, É0 and Ér, and in electron density, n ,̂ at the 
plasma edge. The potential profile becomes steep and turbulence driven particle 
flux (fr = <fí><É0>/Bt) measured by Langmuir probes is locally at least an order of 
magnitude lower than Tr (=<n><E0>/Bt) and is reduced inside the limiter 
(Fig. 3(b)), which may be related with the improved confinement. 

4. SUMMARY AND CONCLUSION 

The effects of plasma edge control and LHCD on confinement have been inves
tigated on HL-1. Several methods for plasma edge control have been applied to 
decrease edge recycling. The results indicated that improved confinement is attribut
able to the reduction of edge neutral buildup or of turbulence driven particle flux. 

It is demonstrated that the reduction of recycling by any method presented here 
improves TP and re. This reduction of recycling decreases neutral density and there
fore can reduce the collisionality or friction force at the edge, which prevents the 
slowing down of plasma rotation and suppresses the enhancement of turbulence 
driven anomalous transport. 
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Abstract 

NON-LINEAR PHENOMENA, TURBULENCE AND ANOMALOUS TRANSPORT IN FUSION 
PLASMAS. 

The non-linear nature of plasma turbulence as measured by bicoherence analysis is studied in 
stellarator (ATF and W7AS) and tokamak (PBXM) devices. In ATF, little non-linear interaction is 
found in the scrape-off layer region whereas the strength of the coupling is enhanced in the edge plasma 
region where the level of fluctuations is consistent with the theoretical expectations from resistive inter
change modes. In W7AS, the level of bicoherence is significantly lower than in ATF. A comparison 
of ATF, W7AS and PBXM suggests an important role of magnetic shear in determining the non-linear 
behaviour of turbulence. The level of bicoherence also depends on the plasma conditions: in particular, 
it increases at the H mode transition. The comparison between the non-linear behaviour of turbulence 
in tokamaks and in stellarators allows an experimental verification of theoretical turbulence models. 
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1. INTRODUCTION 

Much effort is spent on understanding the basic mechanisms of anomalous 
transport. Many theoretical models explain the broadband fluctuation spectra on the 
basis of quadratically non-linear mechanisms which redistribute the energy supplied 
to the fluctuation spectrum by multiple instabilities present in the edge plasma region. 
Little attention has, however, been paid to the characterization, from the experimen
tal point of view, of the non-linear nature of plasma turbulence in fusion plasmas. 

In this paper some of the most recent results on the non-linear characterization 
of plasma turbulence in stellarator (ATF, W7AS) and tokamak (PBX-M) devices are 
discussed. 

2. BICOHERENCE ANALYSIS 

While standard linear spectral analysis (power spectrum) provides experimental 
information on the amplitude and phase behaviour of the individual Fourier compo
nents, it does not give any information on the coupling among different spectral com
ponents. The use of bispectral analysis allows a discrimination between waves 
spontaneously excited by the plasma and waves generated by non-linear coupling 
mechanisms [1]. 

Bicoherence is defined as 

b2 (f,, f2) = B fi, f2)2/« |Xfl Xf2|
2> P(f)) 

where B(fl5f2) is the bispectrum defined as B(f!,f2) = <XflXf2Xf*>; P(f) is the 
autopower spectrum, P(f) = <Xf Xf*>; Xf is the Fourier transform of the time trace 
x(t) and <... > means an ensemble average over many statistically similar realizations. 
Bicoherence measures the fraction of the fluctuation power at frequency f which 
is phase correlated with the spectral components at frequencies fj and f2, obeying 
the summation rule f = fi + f2. Bicoherence is bounded between 0 and 1: when 
b2 (fj, f2) is equal to one, the fluctuations at frequency f are completely coupled 
with the frequency components at frequencies fj and f2 and completely uncoupled 
for a value of zero. It is convenient to define an integrated bicoherence, 
b2(f) = Eflf2b

2(f1,f2)(f1 ± f2 = f), as well as a total bicoherence b^ = Efb
2(f). 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Non-linear analysis in the ATF torsatron 

Figure 1(a) shows the radial dependence of bicoherence in the plasma boundary 
region in the ATF torsatron (moderate shear device, «.(a) = 1.0, i(0) = 0.3). The 
plasma turbulence was characterized by means of Langmuir probe measurements. 
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FIG. 1. Radial profile for total bicoherence in ATF. Frequency resolved bicoherence is shown for 
measurements taken in the plasma edge (1) and SOL (2) regions. 

While the bicoherence level is low in the scrape-off layer (SOL) region, it is 
higher in the plasma edge region (Z < a ^ , where ashear is the location of the 
velocity shear layer). The degree of coupling is very substantial in the frequency 
range of 40 to 200 kHz. The shape of the frequency spectrum is modified in the range 
of frequencies where non-linear mechanisms are relevant [2]. 

The low value of bicoherence in the SOL region could be the signature of fully 
developed turbulence. Indeed, bicoherence should vanish when averaged over an 
ensemble of many statistically similar but independent realizations, which may physi
cally correspond to strong coupling mechanisms causing the different modes to grow 
and to decay on a very short time-scale. This hypothesis could be verified by detect
ing non-linear coupling on a sufficiently short time-scale [3]. Experimental evidence 
of short lived («0.5 ms) intermittent non-linear coupling in edge plasma turbulence 
has recently been obtained by means of a new technique combining wavelet and 
bispectral analysis [3], 
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FIG. 2. Coherent modes and bicoherence in ATF. 

The influence of electron temperature on the level of bicoherence has also been 
studied; it decreases in the temperature range (Te « 10 eV) where the ionization 
rates strongly depend on Te [2]. Furthermore, the level of fluctuations becomes 
lower when the bicoherence level increases. This is consistent with the theoretical 
picture predicting that the instabilities are saturated through wave-wave interactions 
transferring the fluctuation energy to wavenumber-frequency components that dissi
pate the energy. This supports the validity of edge turbulence models which explain 
edge turbulence on the basis of quadratically non-linear mechanisms. 

A microwave reflectometer system has also been used to characterize the radial 
structure of plasma fluctuations in ATF. As the reflecting layer of the reflectometer 
probing beam is radially moved from r/a « 0.8 to r/a « 0.95, well defined peaks 
(associated with low m modes) appear in the frequency spectra of the phase signal. 
The influence of such coherent modes on bicoherence has been investigated (Fig. 2). 
Significant coupling between coherent mode and broadband turbulence is observed, 
as is shown in this figure. These results are consistent with the non-linear analysis 
of numerical results for long wavelength drift wave turbulence [4], which shows a 
strong coupling between low q modes and broadband turbulence. 
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FIG. 4. Bicoherence measurements during L and H mode regimes at the radial location ofr» 15 cm 
in the W7AS stellarator. The separatrix is placed at 16-17 cm. 
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3.2. Non-linear analysis in the W7AS stellarator 

In W7AS (low magnetic shear device) the bicoherence level, in fluctuation mea
surements carried out by means of a broadband X mode heterodyne reflectometer, 
is negligible in the SOL region and slightly increases at the plasma edge although it 
is significantly smaller than in ATF (Fig. 3). 

In case the non-linear behaviour of the turbulence were dominated by the radial 
coupling between different modes, the bicoherence results obtained in ATF and 
W7AS could be understood in terms of the dependence of the non-linear coupling 
strength on magnetic shear. 

The bicoherence level also depends on the plasma conditions: it increases at the 
H mode transition close to the magnetic separatrix position (Fig. 4), where the level 
of fluctuations is significantly reduced, but does not change for most external radial 
locations where no H mode features are observed. 

A correlation between the value of bicoherence (b2(f)) and the fluctuation level 
has also been observed during iota scan experiments in L mode discharges. 
Associated with low order rational values of t(a), reduced confinement is observed 
with a resulting increase in the fluctuation level and a decrease in the value of 
bicoherence [5]. 

3.3. Non-linear analysis in the PBX-M tokamak 

Bicoherence has been computed for Langmuir probe measurements taken in the 
plasma bulk side of the velocity shear location (r — ashear « —2 cm) in the PBX-M 
tokamak. As in ATF, significant values of bicoherence have been obtained in the 
plasma edge region. 

4. CONCLUSIONS 

In conclusion we may state that the non-linear nature of the broadband edge 
fluctuations, as determined by bicoherence analysis, has been established in tokamaks 
and stellarator devices. The characterization of turbulence by means of bicoherence 
provides a bridge between experimental measurements and turbulence models. A 
comparison between low magnetic shear devices (W7AS) and devices with higher 
magnetic shear (ATF/PBX-M) suggests the importance of magnetic shear in account
ing for the bicoherence values measured. A critical comparison between the non
linear behaviour of the turbulence in tokamaks and stellarator devices can help to test 
edge turbulence theoretical models. 
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Abstract 

POLOIDAL ASYMMETRY AND CONVECTIVE TRANSPORT IN CCT. 
New probe techniques make it possible to measure the Ee fields, as well as the associated </>(0), 

directly in the unbifurcated radial zone 0.8 < r/a < 0.95 (in H-mode the bifurcated zone occurs over 
0.95 < r/a < 1). These field measurements are in agreement with Mach probe and energy analyzer 
measurements of flows and potentials when the flux tubes are interrupted. The authors find that in the 
confined region (r/a < 0.95), the E8 (poloidal asymmetry) driven convective flux is the dominant 
pinch mechanism. The dominant 2-D topological characteristics of the H-mode and its non-local nature 
play a role in improving the roughness of the density surfaces throughout the profile. Extension of the 
findings about the m = \ poloidal shock suggests that "core H-modes", observed in JT-60U and some 
other tokamaks, may be accompanied by density asymmetries indicative of rapid poloidal rotation. 
Under these characteristically peaked profile conditions the pressure is not always a flux function. 

1. Introduction 

Mainline tokamak experiments show that plasma rotation (toroidal and poloidal) 
plays a crucial role in confinement. In the CCT tokamak (R = 1.5 m, B = 0.25 T, 
Te(0) < 200 eV), we use radial currents to drive controlled amounts of poloidal 
rotation and to generate radial electric fields. The required non-ambipolar radial 
currents are in good agreement with neo-classical theory [1]. Poloidal rotation 
results in a compression of the plasma on the high-field side of the torus, with B ~ 
B0 [1- 8 cos(0)], provided that parallel flow damping is subdominant. Bifurcated 
rotation has a major impact on plasma equilibrium while toroidal rotation (sheared 
or otherwise) still allows a simple solution of the equilibrium equations in terms of 
flux functions. Toroidal rotation cannot be related to the radial pinch since there are 
no significant Ee (poloidal) fields associated with it. In this paper we will show that 
the anomalous particle pinch (inward or outward) is related to Ee. Ee is in turn 
related to Erand to poloidal rotation [2]. 

* Supported by US Department of Energy contract DE-FG03-86ER-53225, Task I. 
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t Start of H-mode 
TIME (200 msec) 

FIG. 1. Reflectometer phase distribution over +/—ir in CCT at four poloidal locations. In the ohmic 
phase, no coherence is seen on the low field side until the H-mode is turned on. The early part of the 
H-mode gives the most coherent reflections on the low field side as judged by the width of the phase 
distribution. 

-500 kHz 0 +500 kHz 
Frequency Deviation from Carrier 

FIG. 2. Line shape of the reflected radiation in the ohmic phase. The width of the spectrum is related 
to the radial wobble of the density surfaces. The uncertainty is the largest at the low field side. Note 
that the 'carrier' (the spectral line) is not seen in the reflected spectrum, therefore the back scatter is 
fully incoherent. This is in agreement with the ohmic portion of the complete phase scatter shown in 
Fig. I. 
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-500 kHz 0 +500 kHz 
Frequency Deviation from Carrier 

FIG. 3. Line shape of the reflected radiation in the H-mode phase. The frequency width of the ampli
tude spectrum is reduced. The localization of density surfaces in the radial direction is enhanced. Note 
that the back scatter is now almost fully coherent, as seen by the presence of the 'carrier' (the spectral 
line). Also note the wide 'incoherent' spectrum at a small amplitude level. This spectrum is due to the 
Doppler shifted high frequency soft turbulence (not suppressed by rotation). 
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FIG. 4. Reflectometric phase coherence of H-mode discharges in CCT across the radial density profile. 
A lowpass filter is used to establish the time averaged phase as a Junction of probing frequency across 
the radial density profile. Coherence in the ohmic phase is not seen at any radius, while it is seen at 
all radii in the H-mode. We interpret this phase coherence as a signature of the non-local stabilization 
of the density surfaces through the MHD equilibrium equations and their boundary conditions. 
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2. Density surface roughness and non-local H-mode effects in CCT 

As a good example of density surface roughness, Figure 1 shows the qualitative 
behavior of the reflected phase fluctuations from reflectometers at four poloidal 
locations (9 = 0, rc/2, TI, -7t/2). The phase deviation is more than +/-n most of the 
time. During H-mode it changes to nearly fully coherent (the RMS phase is <0.1 7t). 
However, ELMS cause occasional loss of coherence due to the short interruption of 
the H-mode, and poloidal rotation drops to low values during those times (not 
shown). In Figure 1, the early part of the H-mode is quiet In the quiet H-mode, we 
can approximate the convection as an nv=\, «=0 toroidal phenomenon. 

In the ohmic phase, the poloidal asymmetry in fluctuation amplitude is best 
examined by looking at the width of the frequency spectrum as a function of the 
poloidal angle. This is shown in Figure 2, again for the four poloidal locations. 

The reflected spectrum in the H-mode is shown in Figure 3. Now we see a "zero beat 
reflection peak". The width of this peak is related to slow changes of the equilibrium 
position and other parameters that occur in CCT on time scales longer than the 
energy confinement time. The H-mode not only improves the stratification of the 
density at the E-layer, but also at all radial locations up to the magnetic axis. The 
density profile has been studied by swept frequency reflectometry, and the results on 
phase coherence associated with the surface roughness are shown in Figure 4. 
Similar results were obtained using a homodyne reflectometer[2]. (We note that 
internal magnetic probing of the flux surfaces indicates that they are considerably 
smoother than the density surfaces.) 

In the remainder of this paper, we will discuss convective transport only at the fluid 
level and do not consider the nature of the drivers or sinks responsible for the 
existence of these macroscopic fields. 

3. The Particle Pinch - Theoretical Considerations 

In edge fueled tokamaks, the continuity equation may be written with the source 
term set to zero for a large portion of the plasma cross section as: 

dn/dt + VT = 0. 

T = -D dn/dr + <nVr> 

with <nV,>= <nEo/B^>. 

Assuming no viscous damping and no radial diffusion, the density variation around 
the magnetic surface can be written, from V (nV) = 0 with V = ExB/B , as 

n = n0(B/B0)
2 
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for the fully bifurcated case with zero poloidal damping. In the presence of damping, 
harmonic poloidal electric fields can be present with Ee ~ cos(9) in L-mode, as 
compared to Ee ~ sin(0) in H-mode [3]. The cosine component of the poloidal 
electric field can drive a radial EQXB/B2 pinch (inward or outward) in a torus [4]. 
The surface averaged radial plasma flow due to this mode is given as r1/0 = 
8<nE9/B> = (on 12) T/(B0R), where on is the magnitude of the sine density variation 
(up-down asymmetry) on the magnetic surface. The velocity term T/(B0R) 
associated with the radial flow is identified as the sum of the single particle grad B 
and curvature drifts. Again, in the derivation ôn/n = <J)e/T was used with <j)e = rEe. The 
resulting flux is a "first order flux", while the fluctuation driven flux, 
^/luc =<< nv>t>, is "second order". In the limit R -» oo, Tj/o-> 0, whereas Tj,uc 

does not. Consequently, the radial pinch is a toroidal effect. 

4. Fluctuational and static Ee driven convection rates in CCT 

We have used a full poloidal array of multi-tip Langmuir probes to measure Yj¡uc in 
strongly rotating (just below the L-H transition) CCT plasmas [5]. We find the total 
flux-surface averaged turbulent particle efflux is about 100 Amps at r/a=0.85 just 
before the L-H transition. From the experimental data, we estimate that r1/0=80 
Amps at r/a=0.85 in plasmas which are just below the transition. The outward 
turbulent transport rates and the inward convective transport rates thus appear to be 
comparable. 

0 I 1 1 1 1 
0 Effective Minor Radius p = (R2 -Ri)/(2a) 1 

FIG. 5. Density asymmetry in the core H-mode of PBX-M and in the IOC mode of TEXTOR. 
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5. Anticipated properties of "core H-modes" in large tokamaks 

Based on the above considerations, let us assume that poloidal rotation can be 
characterized by a measurement of the poloidal shock along the lines studied by 
Shaing[3] and sketched in section 3, namely, that in a bifurcated rotation the density 
in-out asymmetry on flux surfaces behaves as n ~ n0(Ro/R)2. There is evidence of 
such behavior from PBX-M's internal H-mode[6] and the I-mode of TEXTOR[7]. In 
both of these devices, temperature and density profile data have been published 
across the whole mid-plane without the simplification offered by the use of the flux-
surface mappings. 

Using only the temperature profile as the guide for determining the asymmetric flux 
functions across the mid-plane, we have plotted the density asymmetry n]/n2 for 
these high performance modes. The subscripts refer to the Rj < RQ < R2 of the two 
strike points of the flux surfaces on the mid-plane. The data is shown in Figure 5. 

6. Summary and conclusions 

The density in-out asymmetry associated with bifurcated poloidal rotation on 
magnetic surfaces should provide a good clue when poloidal rotation needs to be 
considered. These rotations are complicated by impurity rotation effects but the new 
observations in JT-60U [8] seem to justify that internal H-modes produce peaked 
core confinement zones in higher aspect ratio tokamaks. When these rotations are 
present, they may provide us with a new type of confinement physics where the 
equilibrium dynamics itself cannot be fully described by the earlier notions of 
magnetic confinement. This may be due to the role of electric fields (Er and Ee) in 
bifurcated systems. Extending this strongly rotating layer across the entire plasma 
profile may lead to large improvements in tokamak confinement. 
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Abstract 

STEADY STATE PLASMA CONTROL FOR LONG PULSE OPERATION WITH ACTIVELY 
COOLED PLASMA FACING COMPONENTS. 

Tore Supra at present offers the unique opportunity of studying the physics of long quasi-steady 
state discharges at constant low surface wall temperature (~600°C). Whereas progress in the complex 
technology is still required, important milestones have already been reached. 

1. INTRODUCTION 

Next step devices such as ITER will have to handle steady state average power 
fluxes in the range of 0.5-5 MW/m2, the lower bound corresponding to 90% of the 
power radiated to the first wall and the upper bound to the remaining 10% 
convected/conducted power flux at the target plates (divertor, limiters, etc.). This 
capability must be achieved consistently with acceptable erosion rate and alpha 
particle exhaust. It is one of the goals of Tore Supra to investigate this issue. 
A dedicated programme has been performed to achieve long pulse operation 
(30-60 s). Actively cooled by pressurized water (3.5 MPa, 150°C, 10 m/s), plasma 
facing components have been developed [1] for this purpose (Figs l(a)-(c)). The 
technology of carbon brazed on stainless steel (Fig. 1(a)) or copper substrate 
(Figs 1(b) and (c)) (< 1 MW/m2 and < 10 MW/m2, respectively) was chosen at 
the beginning of Tore Supra in 1985 and is still being developed. Two particular 
geometries have been studied: a large inner wall (area = 12 m2, heat flux 
= 0.5 MW/m2 on average, 1.5 MW/m2 peak) and a set of modular limiters 
(~ 1 m2, 5 MW/m2 on average, 20 MW/m2 peak). Simultaneously, scenarios with 
a large fraction of radiated power are investigated. This issue is discussed in Ref. [2]. 

' The full list of authors can be found in paper IAEA-CN-60/A1-5, these Proceedings, Vol. 1. 
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FIG. 1. Different actively cooled plasma facing components used in Tore Supra: (a) inner first wall 
generation (made by CEA, France); (b) outboard pump limiter (made by SANDIA, USA); (c) bottom 
pump limiter (made by CEA, France). 

2. INNER WALL OPERATION 

The 12 m2 actively cooled inner wall consists of 10 mm thick graphite tiles 
brazed on a stainless steel water cooled structure. The resulting time constant for 
thermal equilibrium is ~ 15 s, and the expected power handling capability is 6 MW. 
No active particle control is provided. 

2.1. Achievements 

A summary of long pulse operation is presented in Fig. 2, with two main 
achievements: (1) 4 MW, injected for 30 s, -120MJ; (2) 3.2 MW, injected 
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FIG. 2. Long puise performances in terms of energy and power. 

for 62 s, -200 MJ [3], both for deuterium plasmas with Ip = IMA, <rie> 
= 2 x 1019 irr3. 

In Tore Supra, the average wall temperature remains low (surface temperature: 
400-600°C, 0.4 MW/m2), because of active cooling; however, pre-existing local
ized braze flaws and/or cracks produce overheated tiles (up to 2000 °C). Never
theless, these areas are too small to lead to effective plasma contamination, even over 
long pulse durations (e.g. 60 s). Until now, no carbon blooms (large flux of carbon 
entering into the plasma bulk) have been observed, in contrast to other non-actively 
cooled machines where such poisoning of the discharge generally leads to a disrup
tion. Even after realignment of each toroidal 20° inner panel down to 0.5 mm [4], 
there remain some overheated tiles, despite a well equilibrated power distribution 
between the different sectors in the toroidal direction, as measured by calorimetry. 
Infrared thermography of parts of the inner wall indicates that a few tiles were 
damaged since the very beginning of Tore Supra operation and have been further 
damaged during plasma operation (4% of 8000 tiles after six years of operation) [5]. 

2.2. Heat flux distribution 

The heat flux distribution has been monitored by CCD cameras equipped with 
interference filters at 890 nm (10 nm wide). It is observed that the heat deposition 
at the equatorial plane is extremely broad with regard to what was expected since the 
magnetic field lines there are tangent to the surface [6], as observed also in 
TFTR [7]. These observations were compared to models [8] for heat and particle 
deposition on the inner wall. The model must include parallel and perpendicular 
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transport for particle and power deposition on such a large area limiter to represent 
the Tore Supra observations satisfactorily. The following considerations had to be 
added to the model: 

(1) Existence of a finite heat flow component perpendicular to the field lines, 
qB(a)/qJL(a) = 2.5 (usually taken as infinite). 

(2) A two to three times broader scrape-off layer (SOL) depth (as measured by 
Langmuir probes) for inboard leaning plasmas than for outboard leaning ones. 
Possibly, deuterium wall recycling and/or increased cross-fieldline diffusion 
could also partly explain why the SOL depth is broader for the inboard leaning 
configuration. Both effects might enhance the power extraction on large surface 
areas [9, 10]. 

(3) Proper geometry, including finite size effects of individual tiles and of the 
plasma boundary since small gaps are present between the tiles. The magnetic 
field lines are then able to reach a small part of the side surface which is perpen
dicular to the field, leading to high local heat fluxes. 

2.3. Impurity source 

Measurements of power deposition and impurity emission from the inner wall 
of Tore Supra were compared with results of modelling codes to characterize the 
impurity source. Impurity generation by physical sputtering (D+) and by self-
sputtering (C ioris) was found by calculating the detailed power deposition profiles 
on the graphite tiles which comprise the inner wall, the transmission of these 
impurities through the SOL (BBQ code [8]), and the transport of the evolved 
impurities in the core region (transport code by M. Mattioli). The impurity genera
tion rate, for a case with a = 0.78 m, Ip = 1 MA, Zeff = 1.5, <ne> = 3 x 1019/m3 

and Bt = 3.85 T, was 6.65 x 1019p/s due to D + physical sputtering and 
7.8 X 1017 p/s due to C self-sputtering. The emission of C II impurity light 
predicted by the BBQ code was matched with spectroscopic observations of the 
poloidal profile of C II emission on the inner wall. The SOL transmission rate was 
found to be 33% for D + sputtered particles and 41% for self-sputtered impurities. 
The core impurity content n_C = 4.5 X 1018/m3 (measured by soft X rays) was 
matched by the Mattioli code using the BBQ generation and transmission rates, with 
influxes of C I through C IV taken from BBQ as boundary conditions in the core 
transport calculation. The core transport model is a radially constant impurity diffu-
sivity, Danom = 1 m2/s, and a pinch velocity, V = 2SDr/a2, with a peaking factor 
of S = 1 and with V(r) enhanced by a factor often for r > 0.6 m (transport barrier). 

2.4. Future 

Two toroidal panels (40°) of a second generation of CFC (in place of fine grain 
graphite) brazed on a stainless steel support are under construction. They will be 
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installed and tested in 1995. The basic aim is to avoid pre-existing flaws or cracks 
in these sectors by using a significant progression of manufacturing and testing. 

3. PUMP LIMITER OPERATION 

Another approach to the extraction of power and particles [11] in a steady state 
environment is using a set of modular pump limiters distributed appropriately in the 
SOL to prevent mutual shadowing effects. One outboard pump limiter (0.3 m2) and 

0 5 10 15 
t(s) 

FIG. 3. (a) Infrared surface temperature map of the outboard limiter. The electron leading edge is seen 
on the left hand side of the figure; the ion side is on the right hand side. Note the locations of the three 
points used for time history. Only the red location is sutuated on a cracked tile (longer time constant), 
(b) Time history of three representative locations on the front face of the outboard limiter during a shot 
with Ip = 1.45 MA. The power extracted is around 800 kW. Note that steady state is achieved at these 
locations. 
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three bottom actively cooled pump limiters (0.12 m2 each) have been used on 
Tore Supra. 

3.1. Results 

Concerning the power handling, the main achievements are: 

(1) Horizontal outboard limiter: The head of the limiter has 14 water cooled 
copper tubes with 1008 brazed pyrolytic graphite tiles (Fig. 1(b)). The contour 
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FIG. 4. (a) Infrared surface temperature map of one bottom limiter. The electron leading edge is seen 
at the bottom of the figure and the ridge (two symmetric sides) is seen towards the upper part. Note 
the locations of the three hottest points used for time history, (b) Time history of three representative 
points of the bottom limiter. The plasma current was 1.6 MA, and the power extracted by this limiter 
was 400 kW. 
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spreads the heat load across the limiter face. The maximum power extracted at 
present is 0.8 MW (design: 1.5 MW) during 9 s (full steady state obtained in 5 s) 
(Fig. 3), with an average temperature of 850°C on the leading edges (maximum 
1500°C), corresponding to a peak power density of 17 MW/m2 [12] (critical heat 
flux = 40 MW/m2) and to an averaged power density of 3 MW/m2. 

(2) Bottom limiters: The limiter head consists of 26 water cooled copper tubes 
with several hundred brazed graphite tiles. 

The maximum power extracted is 0.6 MW by one limiter (design value: 
0.7 MW) during 6 s (steady state obtained in 2 s) (Fig. 4), with an average tempera
ture of 700 °C on the leading edges (maximum 1500°C), corresponding to a peak 
power density of 8 MW/m2 (critical heat flux = 20 MW/m2) and to an averaged 
power density of 4 MW/m2. 

The maximum power extracted in the multilimiter operation scenario is 
0.4 MW X three limiters = 1.2 MW during 25 s, corresponding to an averaged 
power density of 3 MW/m2. 

3.2. Limitations and progress 

The first generation of these actively cooled pump limiters suffered from 
generic brace flaws and/or cracks within graphite tiles. A second generation of pump 
limiter, free of defects and with excellent thermal behaviour, was assembled with 
careful selection of individual parts so that no defect or braze flaw was accepted (as 
detected by conventional techniques: radiography, ultrasonic waves, infrared surface 
temperature during hot/cold shock). With the water cooled horizontal limiter, the 
tube/tile brazes were tested before final assembly of the limiter, and one or two tiles 
were replaced on 10 to 15 tubes built for the limiter [12]. Some defective tiles were 
accepted on the basis of an extensive analysis of the impact on performance of various 
braze defects [12]. 

An important problem concerning all plasma facing components is the possibil
ity of hot spots due to misalignment of adjacent tiles or other causes. For example, 
small, suddenly formed (with a time constant <20 ms) hot spots have been observed 
on the bottom limiters in which the local heat flux was doubled (based on the surface 
temperature). The area spread from a few square centimetres to tens of square cen
timetres but remained well localized. We believe that these are thermal instabilities 
[13], probably caused by the breakdown of the potential sheath at the very edge 
[14, 15]. These instabilities, primarily associated with the electron and limiter 
surface temperatures, always appear at the limiter ridge where Te is maximum and 
are anchored where the surfce temperature is maximum (T ~ 800 °C before and 
T ~ 1600°C afterwards). They were never observed at the leading edge, even when 
the surface temperature there was much higher than at the ridge. 



140 EQUIPE TORE SUPRA 

4. CONCLUSION 

Tore Supra at present offers the unique opportunity of studying the physics of 
long quasi-steady state discharges at constantly low wall temperature (<800°C). 
Important results have been obtained: 

— 4 MW/ra2 average, 17 MW/m2 peak, for graphite brazed on copper 
structures; 

— 0.3 MW/m2 average, for graphite brazed on stainless steel structures; 
— 200 MJ injected, mainly by the lower hybrid current drive system; 
— Carbon blooms have not been observed so far during long pulse operation, even 

with the highest energy injected into the torus. 

While valuable experience has been gained with modular limiters in the design 
and operation of actively cooled plasma facing components, these modular systems 
cannot yet be called robust, and their susceptibility to being overheated by local 
plasma events is a problem. The present limitations are: 

— local braze flaws; 
— cracks in the material tiles; 
— local thermal instabilities. 

Braze flaws and cracks can be identified and eliminated by rigorous inspection 
of the component parts (with available non-destructive testing). Cracks can also be 
generated during operation, as we have seen on the horizontal outboard limiter. 

The design of modular limiters with particle entrance throat almost perpendicu
lar to the magnetic field lines is still a concern since an a priori c-folding length for 
particles and power deposition has to be fixed for the best geometry to be assessed. 
Moreover, the power sharing between the different modular limiters in the machine 
depends on their location and on the pitch angle of the magnetic field lines (the mutual 
shadowing depends on the toroidal and poloidal field strengths, the former one in its 
turn depending on plasma current and poloidal beta). Full toroidal limiters are attrac
tive since, in addition to offering larger collection areas, they can avoid these design 
constraints. With full toroidal limiters, the plasma shaping and positioning systems 
permit modification of the power sharing between the leading edge that is at risk and 
the front face of the limiter. A trade-off is always to be found between the collection 
of particles (entrance of the pumping throat as close as possible to the last closed flux 
surface) and the power extraction capability of the leading edge (placement as far as 
possible from the last closed flux surface). 
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Abstract 

HIGH-Z ELEMENTS AS TARGET MATERIALS IN FUSION DEVICES. 
The possible use of tungsten as divertor target material is discussed. In addition to its extremely 

low sputtering yields, another very favourable aspect of this material is the high probability of prompt 
redeposition. First experimental observations are encouraging. The erosion fluxes from a tungsten target 
tile are low and the ionisation lengths as short as expected. Additional cooling of the edge region by 
adding neon seems permissible. Accumulation of tungsten is not observed as long as there is sufficient 
sawtooth activity in the plasma centre. 

1. INTRODUCTION 

Despite the bad experience made in some previous experiments [1] with 
tungsten, such high-Z materials could have significant potential for divertor devices 
because of their low sputtering rates and the high probability of redeposition of the 
eroded particles. Both effects are expected to become fully efficient only under high-
density divertor conditions for the following reasons: 1) The temperature in front of 
the divertor plates is considerably lower than at the edge of a limiter directly facing 
the bulk plasma. Because of the highly non-linear dependence of the sputtering yield 
on temperature high-Z materials prove their merit only under these low temperature 
conditions. 2) Because of the high electron density the ionisation length of the 
sputtered neutrals can become considerably smaller than the gyro-radius of the ions 
in the case of heavy elements such as tungsten. In this case the sputtered particles 
have a high probability of being redeposited on the target plate before finishing their 
first orbit. This prompt redeposition effect is equivalent to a substantial reduction of 
the sputtering rate. 

2. SPUTTERING YIELDS AT LOW TEMPERATURES 

In Fig. 1 sputtering yields for various materials and projectile particles are 
shown as a function of temperature where Te = T¡ and a sheath potential of § = 3 k 
Te are assumed. For the most important low-temperature range (T < 30 eV) achieved 

1 Correspondence address: G. Fussmann, Max-Planck-Institut fur Plasmaphysik, Bereich 
Berlin, Mohrenstrasse 40-41, D-10117 Berlin, Germany. 
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FIG. 1. Sputtering yields of tungsten. 

in divertors these values were calculated with the revised formulae - based on fits to 
measurements - given in [2] for the sputtering yield as a function of projectile 
energy. Figure 1 demonstrates the superiority of tungsten in the case of pure 
deuteron sputtering: at T = 20 eV the sputtering yield is reduced by about five orders 
of magnitude in comparison to carbon. 

The effect of impurity and self sputtering for W is also shown in Fig. 1. 
The charge state of the projectiles enters critically via the acceleration in the sheath 
potential. The figure shows that a fractional abundance of «10 -4 of C2+(or 02+) has 
about the same sputtering efficiency as the majority of the D+ background ions. 
Carbon impurities do not recycle from the surface and tend to form protecting layers, 
thus reducing the sputtering yield. Self sputtering is important only if the 
corresponding yield is close to 1. For the singly and doubly ionised tungsten ions the 
yields are lower than 20% for T < 30 eV (Fig. 1). Hence, no problem from self 
sputtering is expected if the production of highly ionised particles via diffusion into 
the bulk plasma can be avoided. 

3. PROMPT REDEPOSITION OF SPUTTERED PARTICLES 

3.1 Simplified treatment 

In the vicinity of the target plates the magnetic field is almost parallel to the 
surface. Under such conditions a major fraction of the eroded particles can be 
redeposited onto the plate within the first gyro-orbit. The parameter p = îon/Pgyro is 
of crucial importance. For p = 1 particles emitted into one half-space will intersect 
the plate after performing less than one orbit, whereas those emitted into the other 
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FIG. 2. Fraction of prompt redeposition. f: analytical result from simple theory (circles: ERO code); 
</>: including ionisation distribution; fERO: ERO code calculations taking in addition the E-field and 
multiple ionisation into account (Te = 20 eV, B = 2 T). 

half-space are free and may travel long distances parallel to B. The fraction of the 
former - promptly redeposited - particles in this case is 50%. Similarly, for other 
ratios of the parameter p the free and redeposited particles are separated by a plane 
cutting the half-sphere in velocity space into two melon-like slices. Assuming a cos 
distribution of the eroded particles, the fraction of promptly redeposited particles can 
be calculated by integrating over the corresponding solid angle. The result is f = 
1/2 {1 + sig(l - p) [1 + 4p2/(l - n2)2]-i/2 }. This function is plotted in Fig. 2 together 
with the averaged curve <f> = J0°° f(x) exp(-x/p)/p dx, which includes the effect of 
the ionisation lengths distribution. 

It is important to note that the parameter p = ^i0n/Pgyro= û>gyro Tïon <* B/ 
(m Sjonne) is independent of the velocity but inversely proportional to the mass of the 
particles. Concerning the ionisation rate coefficient Sjon for W we refer to 
measurements performed by Salzborn and co-workers [3]. Assuming the following 
plasma parameters: T = 20 eV, ne = 5-1019 m -3 , B = 2T, we obtain for carbon (with 
Pgyro = °-5 m m ) t h e r a m e r !arge value p ~ 7. For tungsten (pgyr0 « 2 mm), on the 
other hand, both the mass and the ionistion rate Sjo n are increased and the 
redeposition parameter is as small as p = 0.1. 

3.2 Inclusion of electric field and multiple ionisation effects 

For the case of a grazing-incidence magnetic field the electric field extends 
approximately to a distance of one gyro-radius of the background ions above the 
plate [4]. For the potential we thus have $ = 3k T e exp(-z/pn). All ions diving into 
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the region z < PH (for deuterons typically -0.5 mm) will be strongly attracted 
towards the plate. While this effect enhances prompt redeposition, dilution of the 
electrons in the sheath region according to ne = nooexp(-e (f/k Te) tends to reduce it. 
Furthermore, for p « 1 there is a high probability of multiple ionisation effects 
occurring, so that the particles are ionised a second or even third time before 
terminating the first orbit. In this case the gyro-radius and thus the probability of 
prompt redeposition (defined as reaching the plate during the first 360°) are 
decreased. 

The above effects were considered in Monte Carlo calculations using the 
ERO code [5]. The results are also shown in Fig. 2. As seen from the figure the two 
effects largely compensate one another and the final curve is not much different from 
that obtained by the simple treatment. In contrast to a previous study [6] we find 
with <Z> < 1.3 only a minor increase of the average charge state of the redeposited 
W ions. In summary, we obtain from Fig. 2 the noteworthy result that for p = 
A,jon/pgyro < 0.1 more than 92% of the eroded W atoms would be promptly 
redeposited. 

4. COMPARISON WITH ASDEX-UPGRADE EXPERIMENTS 

First experiments were performed using small W markers inserted in the 
ASDEX-Upgrade divertor plates. The sputtered tungsten material was found in close 
proximity to the markers and could only be explained by taking gyro-effects into 
account [5]. 

More detailed information is now available from spectroscopic analysis of 
intarsia plates mounted in the outer divertor plate. They consist of Cr, Ni, Mo, and W 
strips =lcm in width. As described in [7. 8], the erosion of the material can be 
observed from the top by means of a boundary layer spectrometer, and tangentially 
to the plate surface along 16 chords by a divertor spectrometer system. The latter is 
particularly useful because of its high spatial resolution in close proximity to the 
surface. Measurements of the intensity profile of WI (400.8 nm) were performed in 
the early discharges immediately after closing the vessel (before boronisation). For 
the line-averaged bulk plasma density of ne = 3-1019 m-3 a decay length of 1.7 mm 
was obtained in rough agreement with estimates for Xwn using Te and ne 
measurements from flush-mounted probes [7]. It must be realised, however, thaUhe 
WI emission is very weak and readily detectable only for low densities. For ne ^ 
51019 m-3 it disappears in the noise level. Lines from ions could not be observed so 
far. In contrast, measuring the CrI flux from the intarsia under such conditions 
presents no difficulty. These observations indicate that the W fluxes are very small 
indeed. 

Further measurements with additional heating (PNBH ^ 8 MW) were 
performed which revealed an increase of the W fluxes in rough proportion to the 
power. However, the fluxes remained very small under these conditions, as well. 

Injection of neon was applied to establish a cooling boundary with radiation 
losses as high as 90% of the input power. No increase of the W fluxes (as identified 
by the WI intensity) could be observed. The enhanced sputtering due to the existence 
of the heavier neon ions is obviously compensated by the decrease of temperature. 

Finally, W laser-blow-off (LBO) into the bulk plasma was performed. By 
means of a bolometer array system the emission pattern due to tungsten line 
radiation could be obtained as a function of time. Fig.3 shows the emission pattern at 
different times after W injection for three cases. In the ohmic discharge with central 
electron temperature of ~1 keVan annulus is seen which diffuses to the centre 
forming a peaked profile. It decays on a time scale of ~ 100 ms in agreement with an 
anomalous diffusion coefficient of the order 0.5 m2/s. In the H-mode case with 5 
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#4965: ohmic discharge 
10 ms 30 ms 40 ms 100 ms 

1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 

#4942: H-Mode without accumulation 
10 ms 20 ms 30 ms 180 ms 

1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 

#4952: H-Mode with accumulation 

1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 

FIG. 3. Tungsten radiation profiles after W-LBO measured by bolometry (plasma radiation before 
W-LBO substracted). 

MW NBH and 1 MWICRH power the central temperature reached 3 keV and strong 
sawtooth activity was observed. The W emission profile remains hollow possibly 
due to the lower radiation losses at higher temperature. It decays on a somewhat 
longer time scale -150 ms. Accumulation occurred in a case with 5 MW NBH alone 
reaching approximately the same temperature. The sawtooth activity was then 
reduced and a peaked profile developed which did not disappear until the beams 
were switched off after 500 ms. It appears that this effect can be avoided if sawtooth 
activity is stimulated by suitable means (e.g. ICRH). 

Due to the encouraging results of the experiments with W in ASDEX-
Upgrade, it was decided to perform a coating of the ASDEX-Upgrade divertor with 
plasma sprayed tungsten, which is planned for the end of 1995. In order to prove the 
suitability and load limit of such coatings, high heat flux tests were performed on 
coated tiles at the electron and ion beam facilities of KFA Jiilich, which withstood a 
thermal load of 15 MW/m2 during 2 s as well as 1000 cycles of 10 MW/m2 and 2 s 
without damage. 
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Abstract 

EXPERIMENTS WITH MOLYBDENUM AND TUNGSTEN LIMITERS IN TEXTOR. 
Experiments with molybdenum and tungsten test limiters have been carried out on TEXTOR 

under various conditions with ohmic and auxiliary heating. A fraction of up to about 8% of the total 
convective energy in the plasma was deposited onto the high Z limiters. Mo and W impurities are 
predominantly produced through physical sputtering by impact of carbon and oxygen impurities. Under 
ohmic heating conditions significant accumulation of Mo and W impurities in the plasma centre has been 
observed when the line averaged density was increased up to a critical value near (3-3.2) x 1013 cm-3, 
leading to centrally peaked radiation, hollow temperature profiles and an internal disruption. Under NBI 
heating (co-NBI, 1.3 MW), the high Z impurity content in the plasma generally decreased with 
increasing plasma density as did the relative impurity release from the limiter. At the highest plasma 
densities investigated (ne = 5 x 1013/cm3), high Z plasma contamination and its influence on plasma 
performance became negligible. This is attributed to screening of released impurities due to local 
redeposition. In general, no impurity accumulation was observed under NBI heating conditions. 

1. INTRODUCTION 

High Z metals are under continuous discussion as plasma facing material in 
future reactors [1]. In addition to some other advantages they offer the option of 
reduced impurity production if the impact energies of plasma particles are near or 
below the threshold for physical sputtering. However, tolerable concentrations of 
high Z impurity are very small (< «10~4) because they produce strong energy loss 
from the plasma by radiation. Thus the benefit of low impurity production at particle 
impact energies near the sputter threshold competes with the severe problem of strong 
radiation if suppression of impurity production fails. 

In order to broaden the limited database for application of high Z materials as 
first wall material, a research programme with test limiters made of molybdenum and 
tungsten has been initiated on TEXTOR. 

2. EXPERIMENTAL SET-UP 

Movable Mo and W limiters with dimensions of 10 x 6 cm were inserted from 
the bottom of the vessel through a limiter lock up to 3 cm inside the minor plasma 
radius defined by the toroidal ALT-II pump limiter (r = 46 cm). Series of OH and 
NBI heated discharges at different plasma densities and limiter positions were made. 
Some discharges were performed with ICRH. Local limiter diagnostics included 
infrared thermography, calorimetry and visible spectroscopy by means of a spec
trometer and 2D-CCD cameras coupled to interference filters. Observations of high 
Z impurities in the main plasma were based on VUV spectroscopy, soft X ray 
emission and radial profiles of the radiated power from bolometry. Edge electron 
temperature and density profiles were measured by means of atomic beam techniques 
(He and Li beams). Graphite collector probes in the SOL were used to collect Mo, 
W and other impurities. Some more details are found in Refs [2, 3], 



IAEA-CN-60/A2/A4-P19 151 

CM 

±L 4 
E 
O 2 
C 
O 
c g 
""S 

0 6 
C 
LU 

Mo limiter 

-
\o 
À 

o \ o \ 

o \ s 

o \ o 

W limiter 

^ 
\ 
\ 
\ û 

\ 
\ 
\ 

X \ 

7 
V 

0 

• NBI 

a ohmic 

• • • I 

\ i 
Xfr 

! * 

* NBI 
v ohmic 

Main limiter 
m m u n ^ i 
^̂ ^̂ ^̂ ^̂ S 
i 
! 
i 
j 
1 
! 
1 

43 44 45 46 47 
Radial position (cm) 

48 

FIG. I. Ratio of deposited energy onto the Mo and W limiter s to the total convective energy in the 
plasma for ohmic and NBI heating at different radial limiter positions. 

3. RESULTS 

Figure 1 shows the ratio of the convective plasma energy (heating energy minus 
total radiation energy) to the energy which was deposited onto the Mo and W limiters 
for ohmic and NBI heating at different radial limiter positions. The ratio reaches 
maximum values of around 8%. Thus the plasma interacts predominantly with the 
toroidal ALT-II graphite belt limiter which determines the low Z impurity production 
and, thereby, their fluxes onto the high Z limiters. The ratio of carbon to deuterium 
fluxes impinging on the high Z limiters has been measured to 5 x 10"2 and 
1.5 X lo"2 at low (1.5 x 1013/cm3) and high (5 x 1013/cm3) plasma density, 
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NBI heating. 

respectively. Using these data and measured edge temperatures it turns out that Mo 
and W sputtering from the limiters is dominated by carbon and oxygen impurity 
impact rather than by that of deuterium [2]. 

3.1. Ohmic heating 

Figure 2 shows the behaviour of the local Mo (Fig. 2(a)) and W (Fig. 2(b)) 
sources for ohmic and NBI conditions at different line averaged plasma densities. 
Both the Mo and W sources from the limiters decrease with increasing plasma densi
ties. The Mo/D flux ratio emitted from the limiter is about 1 X 10"2 at low and 
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0.4 x 10"2 at high edge density [2]. Since, typically, a fraction of 5 X 10"2 of the 
total D flux impinges on the Mo limiter (Fig. 1) the overall Mo/D and Mo/C influx 
ratio is about 3 X 10~4 and 1 X 20"2, respectively (using an influx ratio of 
C/D ~ 3 x 10"2). No absolute W fluxes have been obtained, so far. Figure 3 
shows the amounts of Mo, W and C deposited during the ohmic and NBI density 
scans on collector probes positioned in the SOL (r = 47.5 cm) toroidally far away 
from the limiter. The Mo and W deposition rates decrease with increasing density 
down to 10"2 Mo/C and 10"3 W/C. The Mo/C deposition ratio is in good agreement 
with the influx ratio obtained by spectroscopy. The W/C deposition ratio (Fig. 3) 
suggests that the influx of W into the plasma is a about one tenth of the Mo influx 
under similar conditions. 

Figure 4(a) shows the radiation from the plasma centre for Mo limiter operation 
and Fig. 4(b) a density normalized W band intensity (15.8-22.4 nm) and C IV line 
intensity (38.4 nm) under ohmic heating as a function of ne. At a critical line aver
aged density near 3 x 1013/cm3, Mo and W impurities accumulate in the plasma 
centre. This behaviour is well reproducible and disappears by retracting the limiter 
behind the ALT limiter radius. Observation of carbon impurity lines and Zeff indi
cates that impurity accumulation occurs only for Mo and W and not for low Z carbon. 
Similar observations have been made in other devices [4]. The high Z impurity 
accumulation finally results in an internal disruption. Figure 5 shows some details of 
the temporal evolution of density, central temperature, W band and C IV line inten-
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sity for such a discharge. Tungsten starts to accumulate at 1.2 s, whereas C IV inten
sity stays nearly constant. With the accumulation of W the radiation from the plasma 
centre grows rapidly (Fig. 5(b)), resulting in hollow temperature profiles until the 
plasma becomes unstable. This behaviour is very similar for operation with both Mo 
and W limiters although the impurity source intensities differ significantly. 

The high Z impurity accumulation coincides with a reduction of sawtooth 
activity as can be seen from the amplitude of the Te oscillations. A correlation 
between the suppression of sawtooth activity and the appearance of impurity accumu
lation and/or improvement of confinement has been found elsewhere [4]. 
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3.2. Auxiliary heating 

Figure 2 also shows the intensities of the Mo and W sources under NBI co-
heating (H° — D + , 1.3 MW) at different densities with the Mo and W limiters at 
45 and 44.5 cm, respectively, and Fig. 3 displays the corresponding Mo and W 
deposition rates on the collector probes. The source intensities are about a factor of 
2.5 to 3 larger than under ohmic conditions. The Mo and W depositions under NBI 
heating are also larger at low and medium densities but decrease at high densities well 
below the smallest values obtained under ohmic conditions. A remarkably low high 
Z impurity content in the plasma at high densities is also observed by plasma impurity 
diagnostics. As an example, Fig. 6 shows the total radiation with the Mo limiter 
inserted and withdrawn (Fig. 6(a)) and a normalized W band intensity (Fig. 6(b)) at 
different densities. The high Z impurity content decreases with density, reaching a 



156 PHILIPPS et al. 

800 

* 600 c o 
1 

I 400 

200 

3 
-Q 
3, 6 
vi 
S 
•o 

ï 4 
c 

1 
Ï 2' 
5: 

1 2 3 4 5 

Density (1013/cm3) 

FIG. 6. Density dependence of (a) total radiation with Mo limiter inserted and withdrawn; (b) density 
normalized W band intensity under NBI heating. 

remarkably low level at the highest densities investgated. Spatially resolved Mo I 
spectroscoy has been performed in front of the Mo limiter showing that the ionization 
length of Mo is between 1 mm at high (ne = 1 x 1013/cm3) and 4 mm at low 
(3 x 1012/cm3) edge density [5]. Thus, a significant fraction of sputtered Mo is 
ionized within the shadow of the limiter tip and partly redeposited on the limiter 
itself. Even more important may be the fact that the ionization lengths are comparable 
to the Larmor radii of singly charged Mo atoms with energies originating from the 
sputter process, e.g. 1.4 mm for a Mo atom with a (perpendicular) energy of 4 eV. 
Thus prompt redeposition within the first Larmor orbit occurs with increasing proba
bility at high edge densities. 

With the Mo limiter no Mo impurity accumulation has been observed under all 
NBI heating conditions, and no plasma instability has occurred. The same general 
behaviour has also been observed with the W limiter. In some discharges, however, 
with D° — D + heating, centrally peaked radiation profiles have been observed 

(a) 

Mo limiter 
NBI-co 

Limiter in (R = 45cm) 

Limiter out 

(b) 
W limiter 

R = 45 cm 



IAEA-CN-60/A2/A4-P19 157 

indicating impurity accumulation. Remarkably, addition of ICRH decreased this cen
tral radiation which was also observed in an ohmic target plasma. Some details of 
this phenomenon are discussed in Ref. [6]. 

4. DISCUSSION 

The results show a remarkable difference in the high Z impurity confinement 
between OH and auxiliary heated discharges. In both types of discharge the impurity 
source changes in the same way, decreasing with increasing plasma density because 
of decreasing Te. The results show, however, that the plasma impurity content is 
dominated by impurity transport. They can be understood on the assumption that 
under ohmic heating neoclassical transport dominates the high Z impurity confine
ment whereas it is less important for low Z impurity transport owing to the specific 
Z dependence of neoclassical transport [2]. The observed impurity accumulation in 
dense ohmic plasmas can be explained by a spontaneous Te decrease in the centre, 
resulting in an increasing neoclassical high Z impurity influx to the centre, causing 
a further Te drop until the situation becomes unstable. The (in general) different 
behaviour under auxiliary heating can be explained if we assume that anomalous 
transport, which is independent of Z, is more important. Thus the impurity content 
in the plasma follows the impurity source strength and accumulation is prevented. 

Other important observations are the indications for local impurity screening 
near the limiter surface under high density NBI conditions. A significant part of the 
Mo and W atoms is ionized in the shadow of the limiter tip and thus redeposited with 
a high probability. At high edge densities the Mo and W ionization lengths are com
parable to the Larmor orbits of singly charged Mo and W ions, leading to prompt 
redeposition within the first Larmor orbit. This is probably the dominant redeposition 
process responsible for the low Mo and W impurity influx in high density NBI 
conditions. 
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Abstract 

FIRST RESULTS OF THE 140 GHz, 0.5 MW ECRH EXPERIMENT ON THE FTU TOKAMAK. 
The results of an ECRH experiment at 140 GHz, 0.5 MW, 15 ms, on the FTU tokamak are 

presented. The EC waves, generated by GYCOM, a gyrotron with gaussian output, are transmitted to 
the plasma with an efficiency of =93% by a hybrid system comprising both mirrors and corrugated 
waveguides. The waves, launched as an O-mode at the fundamental EC resonance from the low 
magnetic field side, are almost totally absorbed by the target plasma in a layer 4-8 cm wide, and cause 
an electron temperature increase of 0.8-2.5 keV. At electron densities above = 1020 m"3 the neutron 
production rate is also strongly enhanced (50-100%), the increase following the start of the ECRH pulse 
with a delay consistent with the e-i collision frequency. The ECRH power has been modulated to 
generate heat waves for confinement studies. 

1 .INTRODUCTION 

The ECRH experiment in preparation for the FTU tokamak [1] is 
designed to operate at 140 GHz in high density plasmas with a 
total power of 2 MW for 0.5 s. A preliminary experiment with one 
0.5 MW GYCOM Russian gyrotron [2] and a prototype ECRH system 
has been performed. 

2.THE ECRH SYSTEM 

The gyrotron provides a linearly polarized gaussian beam, which 
is coupled to the plasma via a hybrid transmission system, 
composed partly by oversized corrugated waveguides and partly 
by metallic reflectors. The system is similar to the one envisaged 
for ECRH on ITER. The waves are launched into the plasma 

1 See IAEA-CN-60/A2/A4-P3, this volume. 
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perpendicularly to the toroidal field from the low field side in 
the equatorial plane, and are almost 100% O-mode polarized. 

The transmission system has been aligned with the aid of 
standard optical means, and the quality of the RF beam was 
monitored by looking at its thermal image both along the line and 
after the launching antenna. After alignment optimization, the 
measured power losses in the transmission system were 7.3 %, 
well in agreement with predictions, and up to 405 kW were 
available for ECRH experiments. The remaining lost power of « 59 
kW of the 500 kW at the gyrotron output is due to the presence of 
spurious modes. 

3.MAIN PLASMA HEATING RESULTS 

FTU deuterium plasmas used as a target for the EC waves have an 
electron temperature in the range 1-2 keV, and a mean electron 
density in the range 0.5-1.5 1020 nr3. The toroidal magnetic field 
was varied from 5.0 to 5.8 Tesla, allowing central and off-axis 
ECRH at qa«5-6. 

Strong heating is always observed, both by ECE (multichannel fast 
polychromator; swept Michelson interferometer) and Thomson 
scattering electron temperature measurements. The electron 
temperature increase (0.8-2.5 keV) depends on density, and 
typical profiles are shown in Fig.1. 

The electron density does not change during the heating pulse. 
Due to the strongly localized absorption, the ECRH heating power 
density is 10-20 times higher than the ohmic one. This can be 
clearly seen in the slope of the temperature increase in a saw
tooth, which changes typically from « 30 eV/ms for the ohmic to 
« 470 eV/ms for the ohmic+ECRH phase (Fig.2). 

In the discharges at the highest densities (1.4-1.8 102 0 nr3 ) the 
neutron emission rate increases by 50-100% in coincidence with 
the ECRH pulse. The increase follows the start of the ECRH pulse 
with a delay consistent with the ve,¡ collision frequency. The 
correspondent increase in the ion temperature accounting for the 
observed enhancement int the neutron yield would be of 20-30%. 
The neutron rate does not recover always the previous ohmic level 
after the end of the ECRH pulse, which means that at least part of 
the increase is due to a change in the regime of the discharge. 
At lower densities (« 0.7 1020 nr3) the effect is negligible . 
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FIG. 1. Electron temperature profiles measured by the ECE interferometer (top) and by Thomson 
scattering (bottom) before (dotted line) and after (continuous line) the ECRH pulse. 
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FIG. 2. Electron temperature time evolution during a sawtoothing discharge with ECRH (ON at 
700.75 ms). The slope of the temperature increase is proportional to the total net heating power density 
P* stored into the electrons (ohmic before ECRH, ohmic+RF during ECRH). In the specific case shown 
in the figure Plcm^Xac = 15-

4.POWER DEPOSITION PROFILE 

A direct measure of the locally absorbed RF power density is 
given by the derivative of the electron kinetic energy density 
d(nkTe)/dt immediately after the toN time of the RF pulse. If the 
measure of the slope is taken at a time much shorter than the 
local thermal time constant, as given by the decay time after the 
ECRH pulse, the adiabatic condition holds: 

d(nkATe) . 
j j . - "heating 

where P*heating is the ECRH power density deposited into the 
electrons. The absorption profile is narrow (Fig.3) in a broad 
range of electron densities, extended so far up to 1.8 102 0 nr 3 

(Fig.4), which is a significant fraction of the cut-off density. The 
tendency to broadening towards the higher densities is due to 
plasma refraction. 

i i i i | i i i i i i M M i i i i | i i i i | i i i i | i i i i 

slope (ohmic+ECRH): 474.81 eV/ms 
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FIG. 3. Absorbed power density obtained from the slope of the temperature rise at the start of the 
ECRH pulse. The volume integral gives Pkin, or the total power absorbed by the electrons. The FWHM 
of the curve is on the order of 5 cm, or 20% of the minor radius. 

5.POWER BALANCE AND ENERGY CONFINEMENT 

The width of the heated region depends on the parameters of the 
target plasma, but it is in the order of 1/10th of the minor 
diameter of 60 cm. It follows that plasma absorption in these 
conditions is total, since multiple reflections would give an 
absorption profile extending up to the plasma edge. 

The adiabatic power balance: 
d(nkAT) 1: 

dt 
dV-P ECRH 

holds in general, but there are discharges where the kinetic power 
is substantially lower than the heating one. The understanding of 
this disagreement is still a matter of speculation. 
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FIG. 4. FWHM of the power density profile versus the electron density at the resonance. The width 
tends to increase at high densities because of plasma refraction. 

The localization of the heated volume allows the study of the 
thermal conductivity in different plasma volumes. The temperature 
decay time after the ECRH pulse gives the energy confinement time 
of the heated zone only. If the ECRH pulse is short compared to the 
transitory of the electron temperature, the radial extension of this 
volume almost coincides with that of the power deposition profile. 
In the case of a typical saw-toothing discharge used as target for 
ECRH, the decay time in a volume with a small radius of « 2.5 cm 
is « 4.5 ms. It follows that the thermal diffusivity in the plasma 
centre during a saw-tooth is « 0.14 m2/s, an order of magnitude 
smaller than the value corresponding to the whole plasma cross 
section. 

6.ECR HEATING POWER MODULATION 

The EC power can be modulated for generating heat waves. When the 
modulation period is much shorter than the energy confinement 
time, the modulation technique can be used to identify the 
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FIG. 5. Electron temperature at different ECE channels during modulation of the ECRH power at 
250 Hz (2 ms rf ON — 2 ms rf OFF). The ON time is shorter than the local energy confinement time. 
Only three ECE channels see the fast modulation. Since the distance between the channels corresponds 
to about 2 cm, it follows that the transverse size of the heated volume does not exceed 6 cm. CH.9 is 
tuned on the second harmonic of the gyrotron, and therefore gives the temperature at the electron 
cyclotron resonance layer. The toroidal magnetic field for this discharge is 5.83 T, and the resonance 
is set at half the minor radius. 

absorption region. As shown in Fig.5, there is agreement with the 
power deposition profile obtained from the kinetic energy 
derivative. 

At lower modulation frequencies the amplitude and the phase shift 
profiles of the local fluctuating temperature allow the estimate of 
the transient thermal conductivity. Central and off-axis heading 
has been performed, with the onset of heat waves propagating both 
towards the plasma centre and towards the edge. 

7.C0NCLUSI0NS 

The results of the preliminary ECRH experiment at 140 GHz on FTU 
confirm the potential of the full scale experiment (2 MW, 0.5 s) 
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under preparation. In particular, the following points have been 
achieved: 

1) Absorption is total and localized around the resonance position 
for a wide density range. The power balance between additional 
heating and plasma energy content increase is, in general, 
understood. 

2) The ions can be heated by e-i collisions at the highest densities 
where ECRH at 140 GHz can be performed (1.5-2 1020 m-3). 

3) Clean inward/outward bound heat waves can be generated at 
will for studying transport. The studies can be performed in 
plasmas with the ions thermally coupled or not to the electrons, 
according to the density of the target plasma. 

4) In general ECRH is a powerful method to heat FTU plasmas and 
to study its basic equilibrium/transport properties. 

5) The hybrid transmission system, based on waveguides and 
mirrors and capable of MW operation, operates reliably with an 
efficiency higher than 90%. 
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Abstract 

OBSERVATION OF KINETIC INSTABILITIES UNDER OH AND ECRH IN THE T-10 
TOKAMAK. 

Models of collective phenomena involving a high frequency plasma wave for the explanation of 
transport and the nature of plasma instabilities are discussed. The simulation of a distribution function 
with runaway electrons is carried out. The conditions for the critical level of Langmuir fluctuations are 
obtained. In all experimental regimes, plasma oscillations and their correlations with other plasma 
parameters are observed. The main source of the plasma waves are runaway electrons with energies 
of 15-30 keV. The kinetic instabilities of the plasma waves and their relationship with well known 
plasma instabilities are found. Instabilities with different names can be called by one term: current 
kinetic instability. In addition, a cyclotron instability was found in the presence of ECRH. 

1. THEORETICAL INTRODUCTION 

Experimental data obtained on tokamaks demonstrate the parametric similarity 
of plasma dynamics in different experimental regimes and geometries of the devices. 
We think that this similarity is the consequence of collective processes in a turbulent 
self-organizing plasma, and that high frequency (Langmuir) oscillations play an 
essential role in collective phenomena. The main source of potential plasma oscilla
tions are runaway electrons. 

The mechanism of excitation of Langmuir waves by anomalous Doppler and 
Cherenkov resonance was used by the authors of Ref. [1] for modelling a fan 
instability. Later research [2] showed that this model is inaccurate. The distribution 
function of the homogeneous plasma is stable. In order to set up a phenomenological 
model of the process [3] we shall use the distribution function [2] with some correc
tions: the boundary of the Cherenkov plateau coincides with the boundary of the 
runaway ucr; a stationary state is realized only if incoming, outcoming and runaway 
fluxes are equal (T+ = T_ = T); for the one dimensional problem, the 'transverse 
temperature' in the runaway region is given by the parametric function Tt(u) = 
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FIG. 1(a). Modelling distribution function for different values of a, a = b = 0.5. 

0 0.05 0.1 0.15 
a 

FIG. 1(b). Bunch of curves: part of current in bulk electrons; single curve: average direct velocity in 

the bulk component. 

a(ucr/j3)b(2 - / 3 ) , a < l , b < 2 , / 3 = OÎ^/ÙJ^; all velocities are normalized to the 
heat velocity; the term (2 - (5) describes elastic electron scattering from the waves. 
For |8 « : 1, scattering is elastic. At /? ~ 1 virtually the entire transverse energy 
formed during the turn of the velocity vector is transformed into energy of oscillation. 
The growth rate yk is proportional to /3. 

Figure 1(a) shows an example for the calculation of the distribution function for 
different values of the Dreicer parameter, a = E/ED. An increase of a results in an 
exponential increase of the runaway electron production, but the energy spectrum 
becomes softer. Figure 1(b) shows that for small a < ocu the current is totally 
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transported by the bulk of the particles, the plasma conductivity is classical 
O ~ Te/2), and the level of plasma noise is negligible. For a > ax, the current of 
accelerated electrons increases exponentially and attains its maximum at a ~ a2. 
The level of noise reaches a critical value. For a > a2, the total current and 
electron energy are decreasing, and the energy of the electric field is effectively trans
mitted to the oscillations. For all realistic values of Tt, the characteristics of the 
distribution function described are conserved. The values of the critical parameters 
change slightly. We think that the distribution function of an inhomogeneous plasma 
has the same properties. 

It is essential that transport processes can only be obtained within the framework 
of a non-stationary ('fluctuative') model. The diffusion of the resonance electrons on 
the waves makes the longitudinal momentum of the electrons, the current and the 
poloidal magnetic field fluctuating values. Ion transport and, accordingly, plasma 
diffusion are determined as adiabatic (drift) transport into the fluctuating magnetic 
field. 

Regions of excitation and absorption of plasma waves are separated by borders 
where, on a time average, the plasma perturbation by waves is minimal. Magnetic 
surfaces rs with integral numbers q = 1, 2, 3 ... have this property. On such 
surfaces, potential waves are not spread longitudinally [4]. The spectrum of oscilla
tions is defined by the natural frequencies of the plasma in the region rs, as only 
such waves can be coherent. 

During the increase of the fluctuations, the radial flows of particles, energy and 
momentum from the regions with higher density of resonance (runaway) electrons 
into the regions with smaller density will increase, i.e. there is a tendency to establish 
a homogeneous distribution of plasma parameters inside the given rs. The poloidal 
inhomogeneity of the flows is a second order effect. The positive feedback between 
pinch velocity and the runaway phenomenon (vr ~ EzBp, Ez ~ vrBp, Bp ~ j z — ea, 
at a, < a < <x2) leads to instability. The value of the initial perturbation, Ez0, 
defines the moment of instability (a > a2) when current, energy and density will 
decrease to values determined by the steady state distribution function f(v,rs). 

The model considered includes the influence of the longitudinal electric field 
only. Under the additional heating we should take the specific characteristics of the 
method into account. Use of electron cyclotron heating with an input power of up 
to 1 MW(th) in T-10 can cause a strong transverse anisotropy leading even to the 
formation of an inverse electron distribution. In such conditions one can expect 
excitation of electron cyclotron harmonics by the normal Doppler effect [5]. 

2. EXPERIMENTAL RESULTS 

To record plasma noise, superheterodyne receivers (frequency range 0.5-
7.5 GHz) with loop antennae isolated from direct contact with the plasma were used. 
Such a recording is possible since plasma waves have a small electromagnetic compo-
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FIG. 2. Set of plasma parameters for a discharge with ECRH (I = 150 kA, Bz 

PEC ~ 1 MW(th), fEC = 140 GHz). 
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nent only. Oscillations were found in all types of discharge in T-10 (ne = (0.5-4) 
X 1013 cm"3, I = 80-400 kA, Bz = 22-29 kG). Figure 2 shows the set of plasma 
parameters in the presence of ECRH. The flattening of the density profile at ECRH 
can be explained by plasma diffusion from the waves. In the high frequency region 
(4 GHz), the oscillations are quasi-stationary. In the low frequency region (1 GHz), 
the signals have a pulsed character. The instabilities are accompanied by intense 
bursts of radiation. 

Figure 3 shows the spectrum of noise in the sawtooth oscillation regime. 
Curve 1 corresponds to the ohmic state, curve 2 to ECRH. The radiation increases 
during the rise of the electron temperature. Immediately before and during break
down, the level of radiation in the high frequencies decreases, and close to the low 
boundary the frequency increases sharply. This is schematically shown by curve 3. 
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For technical reasons we were unable to carry out in detail spectral measurements 
at instabilities on high modes (m = 2, 3 ...)• The qualitative behaviour of these 
spectra corresponds to that described above. We may conclude that quasi-steady 
spectra of different modes are close to each other. Various beat effects can be 
explained by interaction of several high frequency modes. At instabilities, the spec
trum most probably is split; boundary frequencies are developed, corresponding to 
various unstable modes. A similar effect was found earlier during fan instability 
research [6], but was not interpreted at the time. 

Experiments with ECRH, with decreasing plasma density and a different rate 
of current growth during the first stage of the discharge, made it possible to ascertain 
with confidence that superthermal (runaway) electrons with characteristic energies of 
15-30 keV at an electron temperature of 1-4 keV are the source of the noise 
observed. Two types of 'hot' particle can be distinguished: particles occurring at the 
initial stage and relaxing up to the stationary stage of discharge, and electrons that 
are, as can be supposed, accelerated by plasma waves at the column periphery. The 
latter particles, as follows from an analysis of their cyclotron emission, have a sharp 
border in the space defined by the limiter. The quite low energy of these electrons 
makes us assume that the level of turbulence in typical conditions is close to the 
critical one. 

0.5 1 2 5 10 

FIG. 3. Spectra of plasma oscillations with OH and ECRH (I = 150 kA, Bz = 25 kG, 
PEC = 0.8 MW(th)) and dependence of boundary frequency on average plasma density. 
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FIG. 4. Electron cyclotron emission spectrum in the presence of an instability (Bz = 25 kG, 
ne = 1.5 x 10-'3 cm-3, PEC = 0.7 MW(th), fEC = 140 GHz). 

Figure 4 shows the radiation spectrum in the presence of an electron cyclotron 
instability (the nature of the intensity of unstable oscillations is illustrated in Fig. 2). 
The signals are normalized to the level corresponding to the OH mode. The dotted 
curve corresponds to a quasi-equilibrium (thermal) level of the signals. The 
bars show the minimum and maximum levels of signal modulation. Opened bars: 
I harmonic ECR (O mode), filled bar: II harmonic (X mode). The character of the 
spectrum can be interpreted as a directly formed (by ECRH in the central region of 
the column) transverse anisotropy in velocity space, and as a non-direct effect, 
namely, the increase of the number of superthermal electrons in external areas, i.e. 
current drive due to a plasma wave. In order to obtain accurate information on the 
energy and the location of unstable components of the electrons, measurements in a 
wider frequency range are necessary. 
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3. CONCLUSIONS 

The dynamic correlation of electron cyclotron and Langmuir waves in internal 
(m = 1) and high (m = 2, 3) modes shows the experimentally immeasurably fast 
parametrical connection between different plasma regions via plasma waves. 
Measurement of high frequency plasma oscillations and comparison of their 
dynamics with the dynamics of other plasma parameters justify the assumption that 
the tokamak plasma is strongly turbulent and that the basis of this turbulence are 
Langmuir oscillations. The main source of the waves are runaway electrons. The 
suggested mechanisms of 'fluctuative' transport agree phenomenologically with real 
experiment. The presence of a quasi-stationary spectrum of oscillations and its trans
formation into an almost monochromatic (highly coherent) spectrum at the 
instabilities make us assume that the role of high frequency plasma waves in self-
consistent plasma processes is very important. Instabilities with different names (fan, 
sawtooth oscillation, disruption, ELM) differ from each other only by their initial and 
boundary conditions, i.e. parametrically, and hence can be designated by one term: 
current kinetic instability. 
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Abstract 

POWER DEPENDENCE OF ECR CD EFFICIENCY AT THE SECOND HARMONIC IN T-10. 
Non-linear effects of input microwave power on CD efficiency for second harmonic ECR waves 

in T-10 experiments are analysed with the aid of the new numerical code OGRAY-1.0. A substantial 
influence of the spatial profiles of plasma parameters is noted. The maximum dimensionless absorbed 
power p = Te(dP/dV)/nTe on the ray trajectory is used as a measure of non-linearity. Non-linear 
enhancement of CD efficiency without substantial distortion of the absorption profile is observed for 
p > 0.01. For p « 1, quasi-linear distortion of the absorption profile occurs. The non-linear gain in 
CD efficiency grows with the rise of the longitudinal refraction index NB (or launching angle). 

1. INTRODUCTION 

The variation of ECR CD efficiency with the rise of input microwave power 
has been mentioned in a number of theoretical and numerical studies [1-7]. This 
points to the need for an understanding of the non-linear effects generated by a 
distortion of the electron distribution function. The possibility of a substantial 
enhancement of CD efficiency due to non-linear effects will improve the prospects 
of this method of current creation for tokamaks. 

Both the extent and the nature of the effect of intense ECR waves on the CD 
efficiency depend on various factors: trapped particles, relativity, electric field, finite 
size of the microwave beam, inhomogeneity of the magnetic field and plasma 
parameters [3-7]. A complex study of this effect is possible only with the use of 
powerful Fokker-Planck codes (for instance CQL3D [5, 8]). The numerical calcula
tions show [9] that under the conditions of T-10 experiments at the megawatt level 
of input microwave power a substantial increase (a factor of 2) in the CD efficiency 
in comparison with linear results is possible. In T-10 ECR experiments at the second 
harmonic the CD efficiency reveals a strong dependence on input power. 

This paper is devoted to the numerical study of non-linear effects of microwave 
power on the process of CD at the second cyclotron harmonic under the conditions 
of T-10. The main features of this study are as follows: the use of the new code 
OGRAY-1.0 and the computation of the total CD efficiency for T-10 taking into 
account the experimental profiles of the plasma parameters. 
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2. NUMERICAL CODE OGRAY-1.0 

The calculations have been carried out with the use of the first version of a code 
being developed by the authors for the substantiation of the autoresonance CD con
cept [7]. This code operates on a personal computer and provides reliable and fast 
results taking into account relativity, trapped particles and the effect of electron dis
tribution function distortion on ECR wave absorption. 

The code is based on the computation of the quasi-linear diffusion coefficient 
D for Gaussian microwave beams used in current experiments [10]. The expressions 
for D for trapped and untrapped electrons have been derived for an arbitrary direction 
of the microwave beam. We have solved the bounce averaged relativistic Fokker-
Planck equation with a linearized collision term. Different representations of the 
quasi-linear equation were compared in Ref. [11]. If the variables q and fi = qn0/q 
are used, where qj0 is the component of dimensionless momentum (q = p/rriçC) 
parallel to the magnetic field at the point of minimum magnetic field on the field line, 
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FIG. 1. Absorbed power profile for B0 = 2.6 T, P = 0.5 MW, ne0 = 1.6 X lO13 cm'3, Te0 = 3 keV. 
The experimental results are indicated by points, the OGRAY calculations by squares and the TORAY 
calculations by triangles. 

Here e is inverse aspect ratio, Zeff is effective charge, time is normalized by the 
collision time Te = (meTe)

3/2/27rmenpe
4A, A is the Coulomb logarithm, D* = Dre. 

The bounce frequency ul with which an electron with the velocity V| passes the 
maximum magnetic field on the trajectory along the field line s can be simply 
expressed in terms of bounce frequencies for trapped and untrapped particles (see, 
for example, Ref. [10]). 

As is well known (see, for example, Ref. [12]), under the action of the elec
tromagnetic field the resonance electrons move in phase space along the lines 

E — /¿*co/nmec
2 = const (2) 

Here ¡x* = p^/^mojeo is the perpendicular adiabatic invariant, coe0(s) is the non-
relativistic electron cyclotron frequency. It can be shown that diffusion curves 
described by the operator Ln in Eq. (1) coincide with Eq. (2). 

A comparison of the absorption profiles calculated with the use of the codes 
OGRAY and TORAY [13] for the particular conditions of the T-10 ECR experiments 
on the second harmonic at a low power level shows their close agreement (Fig. 1). 
The figure also shows the experimental results [9]. 

Figure 2 represents the dependence of the total generated current on the mag
netic field at the tokamak axis for T-10 calculated with the use of OGRAY and 
TORAY. The figure also shows the experimental results [9]. It is apparent that the 
two codes give similar results and describe the experiment well for the case of a 
strong magnetic field at the axis, when the effect of trapped particles is significant. 
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/7G. 2. To/a/ current I as a Junction of magnetic field at the axis B0 for P = 0.6 MW. The experi
mental results are indicated by points, the OGRAY calculations by squares and the TORAYcalculations 
by triangles. 

3. DEPENDENCE OF CD EFFICIENCY ON MICROWAVE POWER AT THE 
SECOND HARMONIC ECR IN T-10 

We apply the OGRAY code for studying non-linear processes under the condi
tions that most closely correspond to the experiments. We are interested in the 
influence of profile effects on the total CD efficiency. Therefore we fix the profiles 
of electron temperature, density and effective charge Zeff in all the calculations. 
Figure 3 shows these profiles as well as the model profile of safety factor q for a fixed 
current of 140 kA. Note that these profiles are close to those experimentally estab
lished and vary little in the experiment. We also fix the values of plasma parameters 
at the axis, Te0 = 4.3 keV, n^ = 1.72 X 1013 cm"3, Zeff = 2, and the characteristic 
size of the microwave beam L = 6 cm. These parameters are typical for the present 
experiments with microwave power P = 0.6 MW and frequency 140 GHz. The 
results of calculations for other power values shown in the figures are normalized to 
a power of 0.6 MW. 

Figure 4 shows spatial profiles of dimensionless efficiency j/p, absorbed power 
density dP/dV and generated current density J for four power levels from 0.02 to 
2 MW and for three values of magnetic field at the axis. In this case the microwave 
beam was launched from the outer side of the torus (positive r) in the equatorial plane 
at an angle of 25° from the normal to the magnetic surface at r = 30 cm. Such 
geometry is relevant to the present experiments on T-10. The magnetic fields are 
chosen so that the maximum of absorption is located approximately on the axis and 
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FIG. 3. Spatial profiles of electron temperature Te, density np, ion effective charge Zeff and safety 
factor q. 

is symmetric with respect to the axis. The maximum value of the longitudinal refrac
tion index Na on the trajectory reaches 0.5. Note that there is a small 'rippling' 
due to the limited number of cells in the calculations of the quasi-linear diffusion 
coefficient D. This rippling has little effect on the integral values and on relative 
variations of the profiles in Fig. 4, since D in phase space was calculated only once 
and then for any other power was multiplied by the appropriate coefficient. 

Figure 5 shows the dependences of total CD efficiency on power for the condi
tions represented in Fig. 4, as well as the relative increase of CD efficiency as a func
tion of maximum dimensionless absorbed power density p = Te(dP/dV)/nTe on the 
ray trajectory. The figure also shows the experimental results [9]. 

Figures 4 and 5 confirm the well known fact that CD efficiency is at its greatest 
at the axis and the negative influence of trapped particles is lowest when ECR occurs 
in the inner region. The total efficiency grows with increasing power in all cases. It 
is interesting that the relative increase in the efficiency is greatest for ECR on the 
outer part of the torus and smallest in the centre. 
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FIG. 4. Profiles of dimensionless efficiency j/p, absorbed power dP/dV and current density J for four 
microwave power levels: 1: 0.02 MW; 2: 0.6 MW; 3: 1 MW; 4: 2 MW, for three values of magnetic 
field at the axis: (a) 2.25 T; (b) 2.4 T; (c) 2.55 T. Profiles are normalized to a power of 0.6 MW. The 
launching angle is 25°. 

Note that an appreciable growth in efficiency is observed for small values of 
dimensionless power density p > 0.01, as was mentioned in Ref. [5]. At such power 
levels the absorption profile of dP/dV varies little. It is interesting that for ECR at 
the outer side of the torus the absorption profile shifts towards the wave as the power 
grows, i.e. there is an increase of absorption instead of the usual quasi-linear reduc
tion. The explanation of this phenomenon agrees with the current view of the reason 
for the non-linear increase of CD efficiency being heating of the 'tail' part of the 
distribution function. 
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Figure 4 shows the important role of profile effects for current generation. The 
behaviour of the dimensionless efficiency j/p differs substantially for ECR on 
opposite sides of the centre. The shift of current profiles with respect to absorption 
power profiles is also different and responds differently to the increase of power. 

The profile effects can strongly affect, for example, the dependence of total 
generated current on plasma density. Figure 6 shows the dependence of the current 
on plasma density at a microwave power of 0.6 MW for ECR at the inner part of 
the torus (see also Fig. 4). It is seen that the current drops considerably more slowly 
than expected from ordinary linear scaling laws. With the growth of plasma density 
(at fixed temperature) the absorption dP/dV on smaller radii grows, where plasma 
temperature and j/p are higher. This compensates to some extent the reduction of total 
efficiency caused by the growth of collisionality. 

Figure 7 differs from Fig. 4 only in respect of launching angle (7° instead of 
25°) (Nu « 0.15). We have included this figure to show distortion of the absorption 
power profile for p » 1. For ECR at the axis the usual quasi-linear reduction of 
absorption occurs, resulting in displacement of maximum absorption in the direction 
of wave propagation. 

0.10 -

P(MW) 

FIG. 5. (a) Total CD efficiency IIP as a function of input power P; (b) relative total current variation 
(I - I0)/I0 as a function of maximum dimensionless absorbed power density p = Te(dP/dV)/nTe along 
the ray trajectory for three values of magnetic field at the axis: 1: 2.25 T; 2: 2.4 T; 3: 2.55 T. 
Experimental data (maximum measured values are normalized to the temperature Te0 = 4.3 keV and 
density np = 1.72 X 1013 cm'3) are indicated by points. 
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FIG. 6. Dependence of total current on plasma density for power P = 0.6 MW, B0 = 2.25 T. The 
launching angle is 25°. 

Thus it is possible to distinguish several levels of non-linearity. As the 
parameter of non-linearity we have used the maximum dimensionless power density 
p = 7e(dP/dV)/nTe along a trajectory. At p > 0.01 (this value depends on many 
parameters and is indicated only in order of magnitude) the quasi-linear plateau is 
formed only in the tail part of a resonant 'belt' in phase space. This yields an increase 
in CD efficiency without an essential change of absorption profile. At p > 1 (the 
value depends on many parameters) the quasi-linear plateau is formed on the whole 
belt, which causes a substantial variation of the absorption profile and, as a rule, a 
reduction of efficiency. At p » 1 the linear dependence of the diffusion coefficient 
Don the microwave power P is distorted and a strong non-linearity results. 

A comparison of Figs 4 and 7 shows that for larger N| the non-linear distor
tion of j /p profiles is more visible. This is connected with the possibility of transfer 
of longitudinal momentum from the wave to electrons that was also mentioned in 
Réf.'[4].. With the N(t increase the plateau on the tail part of the resonant belt in 
phase space deviates from the vertical direction (along the transverse momentum), 
which causes greater heating of the tail part of the electron distribution function. 
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Figure 8 shows the dependences of total CD efficiency and maximum values of 
Nu along a trajectory on input angle for different power levels. Note that for these 
dependences the magnetic field at the axis was obtained from the condition of maxi
mum absorption at the axis. The figure shows that even in the linear case (small 
power) the CD efficiency does not decrease with the growth of the input angle. 
Within certain limits the known reduction of extraordinary wave absorption at the 
second ECR harmonic with the growth of Nj is compensated by the tokamak's 
toroidality (by a slower change of magnetic field along a trajectory). At larger angles 
a strong decrease in absorption occurs. Calculations show that a non-linear increase 
of total CD efficiency is possible for the largest Nj. In principle, close to the 
autoresonance condition, N] = 1, the CD efficiency can increase infinitely (within 
the framework of the present theory) [7]. 
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FIG. 7. Profiles of dimensionless efficiency j/p, absorbed power dPIdV and current density J for three 
microwave power levels: 1: 0.02 MW; 2: 0.6 MW; 3: 2 MW, for three values of magnetic field at. the 
axis: (a) 2.35 T; (b) 2.5 T; (c) 2.65 T. The launching angle is 7°. 
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4. CONCLUSIONS 

The numerical study carried out for the conditions of T-10 ECR CD experi
ments on the second harmonic at the megawatt microwave power level points out the 
importance of profile effects for outside launching of an extraordinary wave in the 
equatorial plane of a tokamak. A non-linear enhancement of CD efficiency is 
observed even for small values of dimensionless absorbed power p > 0.01 without 
substantial distortion of the spatial absorption profile. In the T-10 experiments this 
threshold is exceeded considerably and the growth of efficiency with the rise of input 
power is observed. At the same time absorption profiles coincide with the one calcu
lated on the basis of linear theory. For p « 1 the absorption profile is distorted in 
a quasi-linear manner but in T-10 such conditions occur only for normal launching 
of microwave power. For launching of microwave power into T-10 at double the 
angle of the present experiments one may expect substantial non-linear gain in CD 
efficiency. In this case the value of the parallel refraction index may reach 0.88, 
which is rather close to the autoresonance condition Nj = 1. 
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Abstract 
CONTROL OF MHD ACTIVITIES BY ECH IN THE WT-3 TOKAMAK. 

A tearing mode with a poloidal mode number m = 2 and a toroidal mode number n = 1 can 
be suppressed by second harmonic electron cyclotron heating (ECH) on the q = 1 surface as well as 
on the q = 2 surface. Furthermore, sawtooth oscillations are modified by ECH on the q = 2 surface 
as well as on the q = 1 surface. Both results suggest that the mode coupling between the m = 1/r = 1 
mode on the q = 1 surface and the m = 2/n = 1 mode on the q = 2 surface significantly overall affects 
the MHD activities. 

1. INTRODUCTION 

Suppression of low mode number MHD activities is a very interesting subject 
related to major disruptions of tokamak plasmas. Local plasma heating is a feature 
of ECH in tokamaks; ECH can be used as an effective tool for profile control of toka
mak discharges. Suppression of m = 2/n = 1 MHD activities by ECH has been 
studied in TFR, T-10, TEXT, JET-2M, etc. The activities can be suppressed when 
the zone near the q = 2 surface is heated up by ECH. In these studies, the heating 
zone is only limited near the q = 2 surface. In our experiments, the second harmonic 
electron cyclotron resonance layer is carefully scanned all over the minor radius for 
signs of suppression or enhancement of the activities. 

2. MHD ACTIVITIES 

In the WT-3 tokamak (Ro = 65 cm, a = 20 cm, Bto(max) = 1.75 T), tearing 
mode activity (Mirnov oscillation) is steadily excited in ohmic heating plasmas in the 
range of the safety factor at the limiter, qa = 2.7-3.2. Measurement with magnetic 
probes shows that the mode numbers are m = 2 and n = 1. The frequency is in the 
range of fT = 8-13 kHz. Its internal mode structure is investigated with five soft 
X ray (SX) cameras viewing a poloidal cross-section of the plasmas from five ports 
in the same toroidal section and two cameras at different toroidal sections. Each 
camera consists of a pinhole and an integrated 20 channel pin diode array on a 
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FIG. 1. Contour maps of SX oscillation amplitude in an ohmic plasma every 20 ¡JLS. 
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compact board with the dimensions 18 mm x 48 mm. By using computerized tomo
graphy for the SX signals along 100 sight-lines it is found that the activity has an 
m = 1 mode structure in the inner area (r/a = 0.35) and an m = 2 mode structure 
in the outer area (r/a = 0.75) as is shown in Fig. 1. Both modes have the same toroi
dal mode number n = 1 and rotate poloidally to the electron diamagnetic direction. 
The angular velocity of the rotation of the m = 1 mode structure is just twice of that 
of the n = 2 mode structure, suggesting that the whole structure rotates toroidally 
with an angular velocity of a>T = 27rfT. In the same plasmas, sawtooth oscillations 
are observed whose inversion radius is equal to the radius of the peak of the m = 1 
mode structure within the experimental error of the tomography. Here, for the sake 
of convenience, each radial position of the m = 1 and m = 2 mode structure is called 
q = 1 and q = 2 surface, respectively. 

3. SUPPRESSION OF m = 1 AND m = 2 
MHD ACTIVITIES BY ECH 

In order to study the effects of local heating on the activities, a sharply focused 
EC wave from a gyrotron (56 GHz, 200 kW max.) is injected nearly perpendicularly 
to the toroidal field from the low field side in the extraordinary mode. The radial 
position of the second harmonic electron cyclotron resonance (ECR) layer is scanned 
short by shot by changing the toroidal field while changing the plasma current to keep 
qa constant. When the ECR layer is placed on the q = 2 surface on either the low 
or the high field side of the equatorial plane, the activity on the magnetic probes is 
quickly suppressed (within 2 ms) by ECH, as shown in Fig. 2, diagram (1). When 
the ECR layer is placed on the q = 1 surface, the activity is also suppressed, as 
shown in Fig. 2, diagram (3). In both cases, both the m = 1 and the m = 2 internal 
structures on the SX contour plots are found to disappear simultaneously. For 
complete suppression, an EC power nearly equal to the ohmic power is required. All 
oscillating signals from magnetic probes and SX detectors are suppressed in less than 
2 ms after ECH has been turned on. This is much shorter than the current diffusion 
time, indicating that mode coupling between m = 1 and m = 2 modes is responsible 
for the suppression of the m = 1 and m = 2 modes for ECH on the q = 2 or 
q = 1 surface. For the ECR layer located between the q = 1 and q = 2 surfaces, 
the activity is somewhat enhanced (Fig. 2, diagram (2)). The oscillation amplitudes 
are plotted versus the radial position of the ECR layer in Fig. 3. The magnetic probe 
signal (m = 2, n = 1) (Fig. 3(a)), the SX signal (m = 2, n = 1) along the chord 
tangent to the q = 2 surface (Fig. 3(b)) and the SX signal (m = 1, n = 1) along the 
chord tangent to the q = 1 surface (Fig. 3(c)) are abruptly suppressed when the ECR 
layer is located just near the q = 1 and q = 2 surface. 
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FIG. 2. Typical response of m = 2/n = 1 MED mode for various locations ofECR layer. Waveform 
of magnetic probe signal: (1) ECH on q = 1 surface; (2) ECH between q = 1 and q = 2 surfaces; 
(3) ECH on q — 2 surface. 
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FIG. 3. Amplitudes of MHD oscillations versus position of ECR layer in the equatorial plane, 
(a) Magnetic probe signal, m = 2 In = 1 mode; (b) SX signal along a sight-line tangent toq — 2 surface, 
m = 2/n = 1 mode; (c) SX signal along a sight-line tangent to q = 1 surface, m = 1/n = 1 mode. 
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F/G. 4. Waveforms of sawtooth oscillations along the central sight-line for various locations ofECR 
layer. (1)ECHonq = 1 surface; (2)ECHbetweenq = 1 andq = 2surfaces; (3)ECHonq — 2surface. 

4. MODIFICATION OF SAWTOOTH OSCILLATION 

Sawtooth oscillations are modified by ECH on the q = 1 surface as was 
described previously [1]. A new finding is that they are also modified by ECH on 
the q = 2 surface, that is, the periods and the amplitudes of the sawteeth on the 
SX signals become twice those in ohmic plasmas. In Fig. 4, SX signals along the 
central chord are shown. When the ECR layer is placed on the q = 1 or q = 2 
surface, the m = 1 mode is suppressed but long period and large amplitude sawtooth 
oscillations appear. When ECH is applied, the amplitude of the m = 1 oscillation 
decreases with increasing oscillation frequency, and there is no internal mode 
structure on the SX contour map, as mentioned above. Thus, the suppression of the 
m = 1 mode is not due to phase locking. The central electron temperature increases 
when the m = 1 mode is suppressed. The increase in temperature is much higher than 
when ECH is applied on the magnetic axis. When the m = 1 mode is suppressed, 
the temperature profile is rebuilt, and a new m = 1 structure without rotation grows 
and triggers the sawtooth crash. The sawtooth can be stabilized with increasing ECH 
power up to about three times the ohmic heating power [2]. 
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5. SUMMARY 

(1) There is strong toroidal coupling between the m = 2/n = 1 and the 
m = 1/n = 1 mode MHD activities. 

(2) ECH on the q = 1 or q = 2 surface can simultaneously suppress the m = 2/ 
n = 1 and the m = 1/n = 1 mode MHD activities. 

(3) When the m = 1/n = 1 mode activity is suppressed by ECH, a large amplitude 
and a long period sawtooth appear. 

In conclusion, ECH is quite an effective tool for the investigation of MHD 
activities. 
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Abstract 

HIGH POWER LOWER HYBRID COUPLING AND INVESTIGATION OF FAST ELECTRON 
DYNAMICS IN TORE SUPRA. 

Lower hybrid current drive experiments carried out on Tore Supra in various plasma configura
tions are presented. First, the problem of wave-plasma coupling and interaction with the plasma edge 
is discussed. It is found that high power coupling as well as power transmission capabilities are particu
larly sensitive to the plasma size and the safety factor q. Different behaviours were also observed for 
limiter/ergodic divertor configurations or ohmic/ICRH preheated discharges. At the same time an 
anomalous heat flux was observed on the guard limiter of the grills. In the second part of the paper, 
lower hybrid power modulation experiments aimed at the investigation of fast electron dynamics are 
described. This study combines several diagnostics specific to superthermal electrons (hard X ray emis
sion, electron cyclotron emission and transmission) with advanced modelling tools. Three relevant time 
constants of the fast electron distribution driven by the lower hybrid waves have been measured and 
identified with radial diffusion, collisional slowing down and pitch angle scattering, respectively. 
3-D Fokker-Planck simulations are found to be in excellent agreement with the experimental results. 

1. HIGH POWER COUPLING AND WAVE-EDGE PLASMA INTERACTION 

For current drive studies with different plasma scenarios, lower hybrid (LH) 
waves have been coupled to various plasmas. Two plasma parameters have been sig
nificantly varied: the plasma current (in the range 0.5-1.8 MA) and the minor radius 
(between 0.71 and 0.79 m). LH coupling is usually studied at low power to avoid 
non-linear effects due to breakdowns [1]. However, an increase in the edge density 
is measured by Langmuir probes at the antenna aperture when the RF power is 
ramped up. The edge density increases almost linearly with the injected power and 
for a given RF power increases with the safety factor q of the discharge and decreases 
with the minor radius a. As a consequence, it is possible in a high qa discharge to 
have a good coupling of high power with the two grills as far as 9 cm from the last 
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FIG. 1. Edge density and reflection coefficient versus distance between the grills and the LCFS. 

closed flux surface (LCFS): for qa = 9 and a = 0.72 m, the power reflection coeffi
cient is maintained at 4% for an injected power of 3.1 MW (Fig. 1). It has to be noted 
that the coupling is improved for a gap of 9 cm with respect to a gap of 7 cm because 
of the better fit between the plasma and the grill shapes. This shape effect was con
firmed by a statistical analysis of more than 800 shots which shows an increase in 
the reflection coefficient from 3 % to 7 % when the minor radius is decreased from 
0.78 to 0.71 m. At the same time, this database indicates that high power capability 
is reduced by 30%. In the case of combined lower hybrid current drive (LHCD) and 
ICRH experiments, there is a shadowing of the LH grills by the ICRH antennas in 
high q discharges (q > 6) and a decrease in the coupling of the shadowed antenna(s) 
is measured when the IC power is injected. 
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Launching high RF powers into the plasma is usually limited by breakdowns 
which occur in the waveguides of the antenna. Nevertheless, full power (6 MW), 
which represents a power density of 35 MW/m2, has been achieved for a pulse 
duration of 2-3 s. This achievement demands good conditioning, but 70% of this 
maximum power is routinely and quickly obtained. Low plasma current experiments 
(Ip < 1 MA) showed that a more severe limitation in power transmission occurs. In 
fact this limitation has to be addressed in terms of launched energy: after a quiet and 
breakdown free period, which can last several seconds, a fast collapse of the RF 
injected power due to the detection of simultaneous breakdowns occurs in the 
waveguides. This phenomenon is sometimes followed by copper sputtering from the 
grill edge. The RF measurements were correlated to infrared and CCD camera imag
ing. These diagnostics revealed that the breakdowns occur mostly at the tips of 
waveguides located in the same row. The images suggest that the precursor is a hot 
spot on the graphite coated guard limiter of the antenna located at the same poloidal 
height. The thermal excursion of these hot spots is strongly enhanced for high q dis
charges but depends more weakly on the antenna position. This very localized heat 
flux (1-2 cm2) was computed for a series of shots at the same power (2.3 MW) and 
same plasma size (a = 0.77 m), where qa was varied between 4 and 8.5. The 
expected convective flux at this position should be comparable to the one given by 
a Langmuir probe located in the vicinity of the limiter, in the midplane. In fact, 
an enhancement by a factor of 4 is observed for qa = 8.5 (Fig. 2) in this part of the 
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FIG. 2. Heat flux measured by infrared cameras (closed circles) and by Langmuir probes (open circles) 
versus qa. 
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guard limiter, which is poorly cooled. At a plasma current of 0.6 MA and a plasma 
minor radius of 0.78 m, the pulse duration at 4 MW is limited to 3 s by these hot 
spots. 

In the limiter configuration, only the intensity and not the location of the hot 
spots is affected by the plasma parameters. For the ergodic divertor configuration, 
the local connection of field lines induces a strong modification of the heat deposition 
on the guard limiter [2]. This heat load can be globally reduced by producing a 
radiative layer, but the hot spot temperature is only marginally affected by this high 
radiating regime and the maximum launched power obtained in this configuration is 
2.8 MW for 8 s. 

In conclusion, LHCD experiments on Tore Supra demonstrated that power limi
tations are mostly due to plasma-launcher interaction, which produces a local over
heating of the guard limiter. The spatial pattern of these hot spots clearly shows the 
major role of the RF electric field. It was noticed, however, that this anomalous heat 
flux scales with the total LH power and not with the locally launched power. As a 
consequence, a proper design of the grill limiter is crucial. In the case of Tore Supra 
grills, a reshaping of the carbon tiles is expected to improve the performance of the 
system. 

2. EXPERIMENTS ON FAST ELECTRON DYNAMICS 

The experiments were performed in helium plasmas, at a central density 
between 2 and 6 x 10"19 m~3; 2.5 MW of LH power was modulated in both long 
(4 s) and short (250 ms) pulses. Most of the plasma current (0.8 MA) was driven by 
the LH waves, with a loop voltage as low as 0.1-0.2 V. The experimental set-up now 
used on Tore Supra for superthermal electron measurements is the most complete 
diagnostic system of this type. It consists of: 

(a) Hard X ray emission (HXE), probing a poloidal cross-section of the plasma 
along five different chords, from the plasma centre to r/a « 0.7 (multichannel 
spectrometers operating between 50 and 500 keV; time resolution —20 ms). 
The combination of good energy and space resolution makes this system suit
able for studying slow radial diffusion phenomena. 

(b) Microwave transmission, measuring the electron cyclotron absorption (ECA) 
by the superthermal electrons at frequencies below coce (ordinary mode, verti
cal propagation, frequency range 77-109 GHz, corresponding to resonant 
energies below 180 keV; time resolution 0.5 ms). The measured optical depth 
is roughly proportional to the tail parallel distribution function FB [3]. 

(c) Electron cyclotron emission (ECE: second harmonic, six Fabry-Pérot inter
ferometers, corresponding to six poloidal views; time resolution 0.5 ms). For 
the superthermal tail, the emission coefficient is roughly proportional to 
F||Ti[3], thus yielding additional information on the perpendicular tempera
ture T± of the electron tail. 
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FIG. 4. ECE and ECA signals versus time (the LH power is turned off at t = 0). 
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The principal results of this study can be summarized as follows. 

(1) During the 4 s power pulses, the HXE radial profiles are slowly evolving, sug
gesting a redistribution of the fast electrons due to radial diffusion. The radial 
diffusion time constant is estimated to be of the order of 2 + 1 s. Since during 
the fast modulation phase the signals related to the superthermal population (on 
both ECE and ECA) are observed to decay within a time less than 100 ms, the 
relaxation phenomena are not likely to be affected by radial diffusion or DC 
field. 

(2) The relaxation of the ECA signals shows two distinct regimes, depending on 
the resonant energy (Fig. 3): below 130 keV two time-scales are observed, 
which merge into a single one above 130 keV. The quantity Fn(124 keV) 
evaluated from the ECA signal is shown in Fig. 4. Both the observation of the 
full transmission spectra and 3-D Fokker-Planck simulations show that the 
transition between the two regimes is clearly related to the transition between 
the plateau of Fn and the slowly decaying part beyond it, thus to the minimum 
n¡ of the LH wave spectrum. 

(3) The ECE measurements display an enhancement of the signal (Fig. 4) in the 
early stage of the relaxation (when the ECA signal has the fastest decay), fol
lowed by a slower relaxation (time constant —20 ms). The corresponding 
spectra resulting from 3-D Fokker-Planck simulations display the same 
phenomena. The two time-scales are found to be related to pitch angle scattering 
and dynamical friction, respectively, the former being dominant (faster time-
scale) for strongly anisotropic distributions. During the first stage of the relaxa
tion, the distribution tends to isotropize, transferring energy from the parallel 
into the perpendicular degree of freedom, which explains the enhancement of 
the ECE signal. 

In conclusion, through use of an appropriate set of diagnostics it has been 
possible, for the first time in a tokamak plasma, to measure all the relevant time cons
tants of an anisotropic fast electron distribution. This has allowed the experimental 
study of the relaxation of an LH sustained electron tail in its natural 3-D phase space, 
i.e. vu, v± , r. This study has revealed the importance of the perpendicular dynamics 
in the current drive process. Clear experimental evidence has been found of two dis
tinct regimes, related to different degrees of anisotropy of different parts of the tail. 
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Abstract 

BURST OF MHD MODES AND ENERGY COLLAPSE DURING LHCD IN THE HT-6B 
TOKAMAK. 

LHCD experiments were extensively carried out on the HT-6B tokamak. Two distinctive MHD 
activities were found in the experiments. One was the burst of MHD oscillation and the double 
frequency phenomenon observed on SX signals. The other was the sudden collapse of plasma thermal 
energy after a period of improved confinement. 

1. INTRODUCTION 

LHCD has attracted much attention and has been extensively studied in experi
ment and theory because of its great potential. Many experimental results showed that 
the lower hybrid wave can not only drive the plasma current but can also influence 
the confinement properties and MHD instability intensively [1-5]. Plasma current 
had been driven successfully by LHCD in the HT-6B tokamak. At the same time, 
improvement of confinement and a change of MHD behaviour had also been 
observed [6-8] — the enhancement of sawteeth, the suppression of Mirnov oscillation 
and sawteeth, and so on. 

In this paper two new phenomena are reported: the burst of MHD modes and 
double frequency MHD modes, and the sudden collapse of plasma thermal energy. 
The experiments were carried out with LHCD combined with an ohmically induced 
electric field. During the experiments the plasma parameters were as follows: 
R = 45 cm, a = 12.5 cm, Bt = 0.6-0.9 T, Ip = 20-40 kA, line averaged electron 
density ne = (0.3-2.2) x 1013 cm-3. The RF system consisted of one magnetron 
with a frequency of 2.45 GHz, power of 100 kW and maximum pulse length of 
100 ms, and one multijunction launcher with eight subwaveguides with a 7i72 phase 
shift between adjacent waveguides. This antenna has a parallel refraction index 
na = 3.2, with AnB = 2.0. The MHD data were obtained mainly from Mirnov coil 
arrays at different poloidal and toroidal positions outside the vacuum vessel, cosine 
coils with different m numbers and multichannel SX emission measurement along 
different chords. 
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2. BURSTING MHD MODES AND DOUBLE FREQUENCY MODES 

During experiments in the HT-6B tokamak the normal effect of LHCD on MHD 
activity was either the enhancement of sawteeth in which the period was prolonged 
and the amplitude increased, or the suppression of Mirnov oscillation and sawteeth 
[6-8]. Here two new observations will be reported. 

Figure 1(a) shows that after LHCD is introduced at 14 ms, there is an improve
ment of plasma confinement characterized by an increase in SX emission and line 
averaged electron density. At about 18.5 ms a burst of oscillation appears on the SX 
signal and lasts nearly 2 ms. At about 28 ms another burst appears. The maximum 
oscillation signals are located at the r = ±3 cm chord, which is close to the 
q = 1 surface, and the mode number is identified as m/n = 1/1. During the MHD 
burst the SX emission decreases gradually. The frequency of the oscillation is around 
16 kHz, which is much lower than that in ohmic discharges (typically 22 kHz). The 
amplitude of this oscillation is larger than that in ohmic discharges but does not cause 
sawteeth, which always occur in ohmic discharges. 

Usually the signals from different radii have the same frequency, as shown in 
Fig. 1(b). However, sometimes the frequency of the central SX signals is doubled, 
as shown in Fig. 2. On the central SX channel a 24 kHz oscillation is superposed on 
the existing 12 kHz signal. The superposed double frequency oscillation spreads over 
the adjacent channels. The 24 kHz oscillation can be explained as the m/n = 
1/2 mode which exists at the q = 0.5 surface. A theoretical calculation made by using 
a ray tracing code gives the driven current peaked at 0-3 cm in the HT-6B tokamak 
[9]. The experimental measurement of the superthermal electron profile by scanning 
measurement of the HX signals verified the theoretical prediction [10]. The current 
density at the plasma centre is high enough to lead to q0 = 2Bt/R//,0J(0) (Bt is the 
toroidal field, R is the major radius) of less than 1/2; then around q(r) = 1/2 the 
m = 1/n = 2 kink mode is destabilized and rotates in the toroidal direction. This 
m/n =1/2 mode has a narrow spatial location inside the q = 1 surface. The 1/2 mode 
and the 1/1 mode did not cause sawtooth collapse in this LHCD discharge, which is 
different from the ohmic discharge case. This is attributed to the stabilizing effect of 
the driven superthermal electrons. 

Under LHCD, the change of central q0 during LHCD can be deduced as 

ILH(X+l)q0LH 

W p + 1 ) 

where IGH is the total ohmic current before LHCD, ILH is the driven current, p is the 
exponent of the ohmic parabolic current profile, X is the exponent of the driven 
current profile (the parabolic profile assumption is consistent with a ray tracing calcu
lation and experimental observation at the operation parameters), and q0LH is the 
central q0 in LHCD. In the discharge of Fig. 2, before the lower hybrid wave the 
parameters are: I0H = 34 kA, ^ = 0.95 X 1013 cm-3, q(a) = 3.4. In the ohmic 
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FIG. 1. Bursting MHD mode in the case ofLHCD. (a) Time evolution of discharge parameters Ip, V(, 
ne, SX emission, hard X rays and Pw. (b) Expansion of SX signals from different radii during the burst 
of oscillation shown by the arrows in (a). 
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FIG. 2. Double frequency oscillations of SX signais. 

discharge it is reasonable to assume p = 2.7 and q0 = 0.90. When input PLH = 
50 kW, it can drive ILH = 10.0 kA (the driving efficiency rj = 0.2 x 1019 nr2-
kA-kW-1), and according to HX measurement the superthermal electron distribu
tion has a profile with X = 11 [10]; then the driven current leads to q0 = 0.47. This 
kind of very low q0 discharge has also been observed in other tokamaks [11]. So it 
is reasonable to regard the double frequency oscillation as the m/n =1/2 kink mode. 
This kind of double frequency mode has been reported in the ISX-B tokamak. The 
frequency doubling in the SX signals from the central region was observed during 
NBI experiments [12]. It was explained by mode coupling driven by pressure with 
high ¡3. In our case the (3p value is much lower, so this possibility can be excluded. 

3. SUDDEN COLLAPSE OF PLASMA ENERGY 

LHCD plasmas have improved confinement, but this kind of discharge some
times suffers from fast energy losses. These energy losses can be caused by bursts 
of MHD modes on a relatively slow time-scale (—1.5 ms). In other cases the energy 
collapses on a fast time-scale ( — 0.5 ms) without an MHD precursor. 

As shown in Fig. 1, the SX emission rises rapidly during LHCD, indicating 
confinement improvement [8]. Meanwhile a strong m = 1 mode develops. As the 
mode reaches its maximum, the SX signals at different radii begin to decrease. Their 
amplitude drops by more than 50% within 1.5 ms. The line averaged density 
decreases after the SX signal drop with about 1 ms time delay. As the SX signal 
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amplitude reflects the plasma temperature (when density remains constant), within a 
single discharge this cycle of increase and decrease of energy content can be repeated 
several times. Because of the large amplitude of MHD instability in these processes, 
the energy loss may relate to enhanced energy transport across the plasma 
cross-section. 

The sudden collapse of plasma energy without an MHD precursor is shown in 
Fig. 3. During the increase of the SX emission, there is a sudden collapse of the SX 
signals from all chords to nearly zero in 1 ms. This collapse has the following 
features: (1) There is no MHD precursor before the collapse. (2) The SX signals 
collapse to nearly zero. (3) The signals start to drop at the 4 and —2 cm chords, and 
the drop spreads inward and outward (as shown in Fig. 3(b)). (4) The ion temperature 
also drops. (5) The collapse of the electron density lags behind the collapse of the 
SX signals by 1 ms. (6) The plasma current and loop voltage remain unchanged 
during the collapse. (7) The VUV signal, which reflects the impurity content, 
remains unchanged during the SX collapse. (8) The HX signal from the limiter, 
which relates to the fast loss of energetic electrons, also remains unchanged during 
the SX collapse. The collapse causes a rapid loss of plasma thermal energy in the 
whole region. From the time sequence of the collapse at different radii one can 
imagine that some instability occurs at r = 2-4 cm. These locations are the peaks 
of the current profile of LHCD from ray tracing calculations for the given discharge 
parameters. 

Both before and after the sudden collapse of the plasma energy, the plasma 
current and loop voltage remain unchanged, which may indicate that the current is 
maintained by superthermal electrons, which sustains the discharge in a cold back
ground plasma. This presents a new pattern of instabilities, different from the disrup
tive instabilities in ohmic discharges. 

4. CONCLUSIONS 

New instabilities have been observed in LHCD experiments: the burst of the 
m/n =1/1 mode, the m/n =1/2 mode and the sudden collapse of the plasma energy. 

Owing to current profile change during LHCD, the central q0 can be much 
lower than unity and can even come down to 1/2, so the m/n =1 /2 mode was stimu
lated. This is different from the ohmic discharge case, where the q0 value did not 
deviate much from unity, owing to sawtooth oscillation. The experiments also show 
that the driven energetic electrons can suppress MHD modes. These two effects 
present some new patterns of instability. Some modes saturated and lasted for a long 
time. Some caused fast loss of plasma energy. The 1/1 mode did not result in saw
teeth as in the ohmic discharge, but it produced a large scale perturbation. 
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Abstract 

FAST WAVE CURRENT DRIVE IN DIII-D. 
The non-inductive current drive from fast Alfvén waves launched by a directional four-element 

antenna was measured in the DIII-D tokamak. The fast wave frequency (60 MHz) was eight times the 
deuterium cyclotron frequency at the plasma center. An array of rf pickup loops at several locations 
around the torus was used to verify the directivity of the four-element antenna. Complete non-inductive 
current drive was achieved by using a combination of fast wave current drive (FWCD) and electron 
cyclotron current drive (ECCD) in discharges for which the total plasma current was inductively ramped 
down from 400 to 170 kA. For discharges with steady plasma current, up to 110 kA of FWCD was 
inferred from an alaysis of the loop voltage, with a maximum non-inductive current (FWCD, ECCD, 
and bootstrap) of 195 out of 310 kA. The FWCD efficiency increased linearly with the central electron 
temperature. For low current discharges, the FWCD efficiency was degraded because of incomplete fast 
wave damping. The experimental FWCD was found to agree with predictions from the CURRAY ray-
tracing code only when a parasitic loss of 4 % per pass was included in the modeling along with multiple 
pass damping. 
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1. INTRODUCTION 

Ongoing experiments in the DIII-D tokamak axe aimed at demonstrating 
fast wave current drive (FWCD) and confirming the theoretical basis in the 
ion cyclotron range of frequencies. The expected high current drive efficiency 
and good penetration of the fast wave to the center of a high temperature 
plasma makes FWCD an attractive method for sustaining the plasma current 
in tokamak fusion power plants. In DIII-D, FWCD is typically used in con
junction with electron cyclotron current drive (ECCD) which also heats the 
electrons. These non-inductive current drive techniques will provide control of 
the current profile for the advanced tokamak program in the near future when 
higher source power is available. 

Previous experiments in DIII-D found efficient direct electron heating by 
fast waves using a symmetric antenna phasing [1]. Initial FWCD experiments 
used a single four-element toroidally phased antenna array to launch the fast 
waves with a highly directional spectrum [2,3]. The antenna was fed by a single 
2 MW, 60 MHz transmitter. The coupled spectrum was peaked at |T»„ | ~ 5 for 
7r/2 phasing between adjacent elements. 

2. FWCD ANTENNA DIRECTIVITY 

An array of rf pickup loops at several locations around the torus was used 
to study the propagation and absorption of fast waves. The loops measured 

3 . 0 . 3.0 ¡ 
2.0.PFW(MW) ' 2.0f-PFW<MW) 

TIME (msec) TIME (msec) 

00 (b) 

FIG. 1. Time behavior of fast wave power, line averaged plasma 
density, and the signals \Bt\ sin^ from pickup loops A & B in the 
co- and counter-directions relative to the FWCD antenna for (a) 
a non-direction antenna phasing, and (b) co-current drive antenna 
phasing. 
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the amplitude, phase, and polarization of the detected wave as a function 
of time. The directivity of the waves launched by the antenna can be clearly 
seen from two sets of pickup loops, each located toroidally one-third of the way 
around the torus in opposite directions from the antenna. For a non-directional 
antenna phasing, shown in Fig. 1(a), which launched equal power in both 
toroidal directions, both sets of pickup loops detected rf waves which traveled 
a direct path from the antenna to the loops (deduced by noting that the slow 
oscillation in the detected phase with changing density is the expected behavior 
for waves traveling a direct path). For co-current drive antenna phasing, shown 
in Fig. 1 (b), only the pickup loop in the toroidal direction of the launched wave 
received a direct signal; the loop in the opposite direction detected the wave 
only after many bounces (evident from the fast oscillations in the detected 
phase due to the longer path length). This is direct evidence that the antenna 
spectrum is strongly weighted in the expected toroidal direction. 

3. FWCD EXPERIMENTS 

3.1. Partial Current Drive Discharges 

Current drive experiments in DIII-D have coupled up to 1.6 MW of fast 
wave power with one antenna; this has been combined with an additional 
1.1 MW of second harmonic electron cyclotron heating (ECH). The magnetic 
field strength for these experiments was 1.1 T, and the plasma current was 
varied from 0.2 to 0.5 MA on a shot-to-shot basis. The plasma shape was 
single null divertor, the working gas was deuterium, and a divertor cryopump 
was used to reduce the density rise during fast wave injection. 

For discharges with partial non-inductive current drive, the level of rf 
current drive was determined by comparing the plasma resistance deduced 
from the measured surface loop voltage and plasma current (excluding the 
calculated bootstrap current) with that calculated from neoclassical resistivity, 
as illustrated in Fig. 2 for a 300 kA L-mode discharge with combined FWCD 
and ECCD. The ECH system was used to heat the electrons prior to fast wave 
injection to increase the fast wave damping; for these conditions the fast wave 
was observed to heat the electrons with the same efficiency as ECH. Figure 2 
shows that, in the ohmic phase of the discharge, the measured loop voltage 
(Vi,) and the calculated loop voltage assuming no rf current drive (V£) agree 
to within error bars (±0.03 V). However, VL is significantly lower than V¿ 
during fast wave injection, indicating the presence of rf current drive. The 
rf current drive was determined to be 135 kA during the combined FWCD 
and ECCD phase; the bootstrap current was calculated to be an additional 
45 kA. The ECCD was computed to be 30 kA, thus the FWCD was deduced 
to be 105 kA during the combined rf phase. After the termination of the 
ECH pulse, the FWCD determined from the loop voltage analysis decreased 
to 45 kA. When the antenna phasing was changed from co-current drive to a 
non-directional phasing, no FWCD outside the error bars was observed. 
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FIG. 2. Time behavior of steady current discharge with com
bined FWCD at 60 MHz and second harmonic ECCD at 60 GHz 
(Ip = 300 kA, BT = 1.1 TJ. The solid circles represent the calcu
lated loop voltage assuming no rf current drive (V¿). 
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FIG. 3. Measured FWCD efficiency as a function of the central 
electron temperature. The theoretical scaling from the CURRAY 

ray-tracing code is also shown (a parasitic loss of 4% per pass was 
assumed). 

The measured FWCD efficiency increased linearly with electron temper
ature, as shown in Fig. 3. The electron temperature was varied by applying 
ECH, as illustrated in Fig. 2. The theoretical FWCD efficiency, depicted as a 
straight Une in Fig. 3, was calculated using the CURRAY ray-tracing code which 
assumed multiple pass absorption of the fast waves [4]. The favorable elec
tron temperature scaling implies that the FWCD efficiency in a self-sustained 
plasma should increase by more than an order of magnitude over the DIII-D 
values. 

For plasma currents below 0.3 MA, the FWCD efficiency degraded rap
idly; the fast wave heating efficiency also decreased, indicating that the fast 
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FIG. 4. Experimental FWCD efficiency normalized to central elec
tron temperature as a function of the calculated first pass absorp
tion during FWCD without ECU assistance. 

wave absorption for these low-(3 plasmas was incomplete. As shown in Fig. 4, 
the Te-normalized FWCD efficiency (without ECH) decreased by a factor of 
two when the first pass absorption fell below 4%. This data suggests that a 
weak loss mechanism may be competing with the direct electron damping of 
the fast wave. If this loss mechanism was on the order of a few percent per 
pass, then it would be negligible for cases of strong damping but important for 
cases of weak damping. A comparison of the experimental FWCD with the 
theoretical FWCD calculated by the CURRAY code, shown in Fig. 5, supports 
the existence of a parasitic loss since the disagreement between the calculated 
and measured current drive increases as the first pass absorption decreases. 
Including an ad hoc parasitic loss of 4% per pass in the CURRAY computation 
resulted in good agreement between the theoretical and experimental FWCD 
for cases of both weak and strong fast wave damping. 
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3.2. Complete Current Drive Discharges 

Discharges with 100% non-inductive current drive were achieved for short 
periods with combined FWCD and EC CD by rapidly ramping the current 
down from 0.4 to 0.17 MA (see Fig. 6). This allowed the creation of a 
discharge with high confinement compared to that of a stationary discharge of 
the same current. The higher temperature achieved in this manner resulted 
in more complete absorption of the fast wave at lower plasma currents, thus 
increasing the current drive efficiency. After the current ramp down, the surface 
loop voltage was observed to remain negative for as long as the FWCD and 
EC CD were applied, approximately 20 energy confinement times and 3 current 

Q. 
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O 
<D 

= FWCD+ECCD 
= FWCD 
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First pass absorption (%) 

FIG. 5. Ratio of theoretical FWCD from CURRAY (assuming no 
parasitic loss) to measured FWCD as a function of the calculated 
first pass absorption. 
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FIG. 6. Time history of negative current ramp discharge with 
combined FWCD and second harmonic ECCD for co-current drive 
antenna phasing (BT = 1.1 T, ñ « 1 X 1019 m~3). 

profile relaxation times. The FWCD efficiency measured for full current drive 
cases, shown in Fig. 3, is in agreement with partial current drive cases and 
theoretical calculations. Changing the FWCD antenna from co-current to a 
non-directional phasing resulted in a positive loop voltage, the analysis of which 
found no measurable FWCD. These results indicate that complete current 
drive was achieved and that the amount of current drive depends upon the 
antenna phasing and good absorption of the wave. 
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4 . C O N C L U S I O N S 

Up to 195 kA of non-inductive current drive has been measured in DII I -D 
(out of 310 kA), of which 110 kA was at tr ibuted to FWCD (the rest being 
ECCD and bootstrap current). Complete non-inductive current drive was 
achieved using a combination of FWCD and ECCD in discharges for which the 
total plasma current was inductively ramped down from 400 to 170 kA. The 
F W C D efficiency was observed to increase with central electron temperature. 

In 1994 the DIII -D FWCD system is being upgraded with the installation 
of two 2 x 4 (poloidal x toroidal) phased antenna arrays connected to two 
variable frequency (30-120 MHz) transmitters. This should increase the level 
of F W C D to 0.3-0.4 MA. Wi th the addition of 3 M W of 110 GHz ECH, which 
will allow higher F W C D efficiencies to be achieved, non-inductive currents of 
~ 1 MA are expected in advanced tokamak scenarios. 
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Abstract 

FAST WAVE STUDIES IN JET. 
A new fast wave system has been installed at JET for heating and current drive experiments in 

the new divertor configuration. In the paper results from the initial operation of the system are 
presented. The different coupling characteristics of the inner and outer straps of each antenna are dis
cussed. Coupled power in excess of 12 MW has been achieved, both in ICRH only operation and in 
combination with NBI, with central electron temperature in the range of 8 keV and production of 'mon
ster' sawteeth as with the previous antenna. With ICRH + NBI, total additional power in excess of 
26 MW has been injected at 2 MA. The behaviour of the DD reaction rate for H modes with combined 
heating is analysed in the framework of acceleration of beam ions by ICRH at 2wCD. Results from 
preliminary direct electron heating experiments are also presented. 

1. INTRODUCTION 

Application of fast waves to tokamak plasmas has proved to be a successful 
method of auxiliary heating [1]. Since it is not limited by accessibility conditions and 
relies on well known and tested technology for its power sources, ion cyclotron 
resonance heating (ICRH) is being considered as a heating method for the next gener
ation of fusion devices [2]. Fast waves can also be used to generate non-inductive 
current drive, as is shown in DIII-D [3] and Tore Supra [4], which may be used for 
profile control and continuous operation of a reactor. The study and assessment of 
reactor relevant fast wave heating and current drive scenarios are part of the current 
experimental campaign in JET. 

2. INITIAL OPERATION OF THE NEW JET FAST WAVE SYSTEM 

In view of the operation in the divertor phase of JET, the ICRH system has been 
heavily modified. The new antennas (A2) consist of four straps, whose currents can 
be arbitrarily phased to allow directional waves to be generated for current drive 

1 See Appendix to IAEA-CN-60/A1-3, these Proceedings, Vol. 1. 
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FIG 1. Power (left) and coupling resistance (right) for each strap of antenna D, in dipole phasing, 
during an ELMy H mode. 
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FIG. 2. High power pulse with ICRH alone. 
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experiments; each strap is fed by a single wideband (25-52 MHz) tetrode amplifier 
capable of delivering up to 2 MW. The full system is made of four such antennas 
installed around the torus. The new arrangement into four straps yields a kB spec
trum narrower by a factor of two to three than the previous ICRH system. Real time 
matching is achieved via feedback control of frequency, line length and stub length. 
Feedback control of the coupling resistance by plasma radial position control can also 
be used. 

Details of antenna conditioning and the antenna-plasma coupling characteristics 
are presented in Ref. [5]. More recent data have highlighted a difference in coupling 
between the two outer and the two inner straps of each antenna. In Fig. 1, the power 
and coupling resistance (RC) for each strap of one particular antenna are shown. On 
average, it has been found that the value of RC on the outer straps is roughly twice 
that of the inner straps. The data indicate that the coupling increases and the coupling 
imbalance decreases with increasing frequency. One possible explanation for this 
asymmetry is the actual difference in the structure of the inner and outer straps, in 
particular, the crossover straps to the inner conductors. As a consequence of the 
uneven coupling, when the four straps are operated at the same power, the voltage 
along the transmission lines is not balanced, thereby limiting the power that could 
be delivered by the outer straps. As an alternative, the antennas can be operated with 
balanced voltage and imbalanced power, as is shown in Fig. 2. Comparison of these 
two methods has shown that, in dipole phasing, heating efficiency is not affected by 
unbalancing the power in the straps. The high power operation, to be discussed later 
in this paper, has been carried out by using power imbalance between outer and inner 
straps. 

Experiments with varying phasing between the straps have been carried out, 
including tests of the current drive phasings (+60° and +90°). The best heating effi
ciency is obtained with OTTOT (dipole) phasing; the 0000 phasing (monopole) has 
shown very poor heating efficiency and generates large carbon influxes from the 
limiter. 

Actions are being taken to modify the antenna structure, in order to minimize 
the difference in coupling between inner and outer conductors and to reduce the 
impurity production observed with some phasing values. 

3. HIGH POWER OPERATION 

High power ICRH operation has been achieved in 2 MA divertor plasmas, with 
grad B away from the divertor target (reversed grad B counter current beams), and 
in 1.5 MA plasmas with grad B towards the divertor target (normal grad B). In dipole 
configuration at 42 MHz, for minority (H)D heating, up to 13 MW of power have 
been coupled, both with ICRH alone and in combined ICRH + NBI. In all cases dis
cussed here the coupling resistance Re has been maintained constant at the desired 
value (3 to 3.5 Q) by feedback control of the plasma radial position. 
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FIG. 3. High power combined ICRH + NBI pulse. 
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With ICRH alone (Fig. 2) the central electron temperature, measured via ECE, 
reaches 8 keV and typical 'monster' sawteeth are observed. At this power level, in 
reversed grad B and BT = 2.8 T, no H modes are produced; the stored energy is in 
excess of 3 MJ, while the fast ion energy content is estimated to be up to 0.6 MJ. 

In combination with NBI (Fig. 3), a total additional heating power in excess of 
26 MW has been achieved, resulting in H modes with a short (200 ms) ELM free 
phase followed by an ELMy phase lasting for the entire duration of the high power 
phase. During the ELMy phase the stored energy is of the order of 4.5 MJ, which 
is close to the JET/DIII-D H mode scaling, as indicated in the figure. The quality 
of the H mode appears to be insensitive to the plasma-limiter distance. With 
ICRH + NBI, the usual sort of behaviour is found, rather than the small sawteeth 
characteristic of NBI alone in counter current configuration. 

A comparison of H mode data, at Ip = 2 MA, BT = 2.6-2.8 T, reversed 
grad B, shows that the measured DD reaction rate, RDD, increases more than 
linearly with auxiliary power in cases of combined ICRH + NBI. In the database, 
the variation of the ion temperature with ICRH power is negligible, while the electron 
temperature increases with ICRH power. The enhanced RDD is likely to be caused 
by the fast deuteron population from NBI having higher energy than in cases with 
NBI alone. This could be due both to reduced collisonality and to direct acceleration 
by ICRH of the beam ions at 2wCD. The first effect can be taken into account by 
plotting RDD as a function of a parameter that accounts for the initial energy distri
bution of the NBI ions and the variation in their collisionality (Fig. 4). The remaining 
enhancement can be attributed to interaction of the ICRH waves with the beam ions 
at 2coCD, as is confirmed by numerical simulations with the PION code [6]. 

4. DIRECT ELECTRON DAMPING EXPERIMENTS 

There are several reactor relevant scenarios for fast wave heating and current 
drive that can be studied in JET plasmas. 

A scheme similar to the one proposed for ITER, i.e. with the injected wave fre
quency below all ion cyclotron frequencies in the plasma [2], is considered: in the 
new JET divertor configuraiton, by using fast waves at 33 MHz in a 3.1 T deuterium 
plasma, only the fundamental, ooHe3, resonance is present in the plasma. The single 
pass damping is predicted to be of the order of 10%, to be compared with about 50% 
for the ITER case. However, since there are no competing cyclotron absorption 
mechanisms, most of the injected power is expected to be absorbed by the electrons. 

Experiments with predicted high single pass damping, comparable to what is 
expected in ITER, are also planned at low toroidal field, BT ~ 1.4 T, high fre
quency, ~48 MHz; in similar conditions, non-negligible direct electron damping has 
already been demonstrated in JET [7]. 

Scenarios characterized by a high fraction of mode conversion, in the central 
plasma region, of the launched fast wave to an ion Bernstein wave [8] are being con-
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FIG. 5. Direct electron heating experiment. 

sidered, and numerical simulations of the predicted damping and current drive effi
ciency for JET plasmas are being carried out. 

A fourth scheme is also studied. In deuterium plasmas, at BT = 1.8-2.1 T and 
wave frequency 42-48 MHz, the main resonance in the plasma centre is 3coCD, 
while wCD is either at the very edge or out of the plasma. In a similar scenario, sig
nificant direct electron damping and some current drive have been obtained in Tore 
Supra [4]. 

Preliminary experiments have been carried out at 2.1 T, 42 MHz in dipole 
phasing (Fig. 5). The predicted single pass damping for this case, given the low ini
tial temperature, is of the order of 5%, rising to 5-10% at the end of the ICRH pulse 
[9]. Gamma ray radiation has been monitored to assess possible absorption by ions 
at 3CJCD and consequent tail formation [10]: no significant gamma ray emission has 
been measured, which excludes the presence of a high energy deuterium tail and 
eliminates any possible competing mechanism for direct electron damping. Absorp
tion at coCH, located at ~0.7 m off-axis on the high field side, is estimated to be of 
the order of 10%, with no hydrogen tail formation expected [6]. The fast decrease 
of the central electron temperature at the ICRH switch-off suggests that direct elec
tron damping of the fast wave is a non-negligible heating mechanism for this 
scenario. 
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Further studies of fast wave direct electron heating and current drive scenarios 
are planned for the remainder of the JET experimental campaign; priority will be 
given to high frequency scenarios, where higher ICRF power is likely to be available. 

5. SUMMARY 

Results from the initial operation of the new JET fast wave heating and current 
drive system have been presented. With ICRH, with coupled power above 10 MW, 
high electron temperatures and 'monster' sawtooth activity have been obtained 
as in the previous campaign. In combined ICRH + NBI operation, a total additional 
power in excess of 26 MW has been injected at 2 MA. In H modes with combined 
heating, acceleration of beam ions by ICRH at 2coCD has been observed. Preliminary 
direct electron heating experiments have also been carried out. 
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Abstract 

CONTROL OF FAST 3He TRANSPORT BY ICRH ON TEXTOR. 
Experiments of flux control of fast helium ions by ion cyclotron resonance heating (ICRH) have 

been performed in TEXTOR. The fast 3He ions are produced by neutral beam injection (NBI). The 
number of these ions is measured along ten chords by using charge exchange spectroscopy (CXS). 
A variation by a factor of two in the number of fast ions is observed when the f = 2fc3He layer is 
moved from the low to the high field side, in agreement with theoretical expectations. The CXS spec
trum provides information on the distribution function of the fast ions. In cases where the simulation 
could be performed, the features of these spectra are well reproduced. The deformation of the non-
Maxwellian 3He + + beam distribution by the radiofrequency (RF) and the resulting absorption of the 
waves by these ions have been studied. The conclusions permitted any significant effect of trapping, 
loss orbits or absorption at the 3rd D harmonic layer to be ruled out. It is therefore concluded that the 
experimental observations imply a control of the fast 3He ion flux by the RF in agreement with theory. 

1. INTRODUCTION 

A method has been proposed in [1,2] that allows one to induce in- or 
outward fluxes of fast helium ions by modifying their B*VB drift with off-axis 
ICRH. We have tested this method on TEXTOR using parallel co-NBI of 3He as a 
source of fast particles. In this situation, according to theory, 0.5-1.MW of RF 
coupled to 3He at high field side (HFS) produces an outward flux of fast 3He 
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FIG. 1. Configuration of He flux control experiment on TEXTOR. 

comparable to the NBI fuelling rate. Conversely, low field side (LFS) heating 
produces an inward flux while central heating produces no net flux. For further 
details about the method, refer to [1,2], and, for the experiment, to [3,4]. 

The experimental situation is represented in Fig.l. The co-injector injects 
0.8MW of 40keV 3He, the counter-injector injects 0.8MW of D at 50keV (reduced 
beam intensity). The RF antennas are operated in TÍ phasing at 38MHz with total 
power up to 1MW. This maximum power level is set by the necessity to avoid RF-
induced trapping that would reduce the efficiency of the RF particle flux drive. At 
Rr=1.7T, the f=2fc3He layer is 20cm inboard, at B-r=2.1T, 20cm outboard, and 
centred at 1.9T. The CXS measurement is performed along 10 lines of sight that 
intersect the region of D° injection. At t=ls the 3He beam is fired. The injected 
3He° is quickly ionised to 3He+ and survives in this state for approximately one 
toroidal revolution. After that it becomes 3He++ and takes »15ms to slow-down. 
During its survival time the 3He+ emits the Pa line that is detected by the CXS 
system. We call this signal the spontaneous emission (SE) signal (no D beam). 
Around t=1.2s the RF is started. The RF interacts with the 3He++ at the second 
harmonic (to enhance the interaction with the faster particles) but not with the 
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FIG. 2. CXS signals along the ten chords located at 30 (outboard), 26, 20, 16, 11, 8, 4, 0, -2 and 
— 6 cm (inboard) from the magnetic axis channels 1 to 10, respectively, (a) t = 1.15 s 3He beam only, 
ne0 = 2.6 x 10'9 m-3; (b) t = 1.35 s 3He beam + RF, ñe0 = 3.7 x lO19 m'3; (c) t = 1.65 s 3He 
beam + RF + D beam. 

3He+, thus leaving the SE signal unchanged. At t=1.4s the D° beam is fired and 
provides D neutrals in the region of observation of CXS. These neutrals exchange 
charge with the slowing down 3He++ population, providing an excited 3He+ 

population that emits the Pa line. We call this signal the CX signal proper. During 
this phase, the CXS detectors measure the sum CX+SE. Fig.2 shows the CXS data 
during the three periods . At each time, 10 spectra are given, corresponding to the 
10 lines of sight of the CXS system. Each spectrum consists of the Doppler-shifted 
Pa light corresponding to ions moving away from the detector (red-shift) with 
velocities along the lines of sight corresponding to ll-40keV. Thus the (a) and (b) 
signals correspond to the SE light of the just ionised 3He+. The (c) curves 
correspond to the superposition of the SE and CX signals. 
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2. SE SIGNAL 

The spectra (a) and (b) of Fig.2 show peaks below 40keV that are rather 
widely spread out in energy. These signals also show the strong reduction in signal 
at larger density. To check that the observed spectra can be explained from 
essentially geometrical considerations, a model has been developed that 
incorporates me following features: (1) The NBI deposition profile is computed 
taking into account the exact TEXTOR plasma geometry, including the Shafranov 
shift, the finite width of the beam and the spatial distribution of the injected 
neutrals (code DEPON). (2) This deposition profile serves as initial condition to a 
drift-orbit tracing code that follows the trajectory of a sample of the injected 3He+ 

ions. Along each orbit the excitation probability is computed that also gives the 
rate of light emission by each ion. The number of ions associated with each 
trajectory varies along the trajectory according to the ionisation probability. The 
broadness of the spectrum in the central channels and the tendency to get sharper 
peaks closer to 40keV in the most external channels (Fig.2) is well reproduced by 
the simulation. The strong dependence on density observed in the experiment is 
seen to result mainly from the 3He+ + 3He++ charge-exchange process. 

Integrated intensities 

- I — i — i — i — i — i — i — i — i — i 

1 2 3 4 5 6 7 8 9 10 

Channel number 

FIG. 3. Profiles of global intensity (i.e. spectral intensity integrated over the wavelength range cor
responding to [11, 40] keV) of the CXS signal for three shots at different values of BT and two time 
intervals. Solid line: No. 54858, BT = 2.1 T; dotted line: No. 54 856, BT = 1.9 T; dashed line: 
No. 54854, BT= 1.7 T. Closed symbols: t € [1.6, 1.7] s, open symbols: t € [1.7, 1.8] s. 
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m<vf >/2=30 keV 

m<v//>/2=16 keV 

FIG. 4. Distribution function of fast 3He + + ions, injected by NBI and heated by « 7 MWofRF. The 
function values jump by a factor of 4JÔ between two successive level curves. Trapping and loss 
zones are also indicated, c = v±/lv||l. 
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3. CX SIGNAL 

The full interpretation of this signal requires, in addition to the physics 
incorporated in the above simulation: (1) the slowing down process, (2) the 
interaction of the 3He++ with the RF, (3) the deposition profile of the D beam, and 
(4) the CX probability. This complete simulation is not ready yet. Nevertheless, 
the global intensity in each channel is proportional to the number of fast 3He++ 

ions along the line of sight. (This ignores the SE contribution to the signal but will 
lead us only to an underestimation of the effect). When comparing HFS and LFS 
heating (solid and dashed lines in Fig.3), the light intensity changes by a factor of 
2 indicating a change by a factor of 2 in the number density of fast 3He++ ions. In 
addition, for a central location of the f=2fc3He layer, the light intensity is equal 
with and without RF. This is in agreement with the theory [1,2]. This evolution is 
consistently observed on all central channels. (In the innermost HFS channels, the 
light intensity drops considerably because of the strong attenuation of the D 
beam.) 

4. BEAM-RF INTERACTION, PARTICLE TRAPPING AND ORBIT LOSS 
EFFECTS 

In order to avoid trapping effects, the RF power was limited to 1MW, which 
corresponds to the Coulomb cooling power as estimated in [1,4]. For more 
information, the distribution function of the fast 3He++ in the presence of RF was 
computed using the code [5] and is shown in Fig.4. This computation does not 
account for trapping. The trapping condition for LFS heating is c=v_i/|v//|>1.8, see 
Fig.4. In this case, the trapped fraction increases from 13% without RF to 30% with 
RF. Thus 30% of the power is lost to trapped ions and does not contribute to the 
3He flux control. We also have determined the loss region corresponding to HFS 
heating and reported it on Fig.4 (for LFS this is negligible). The amount of 
particles in this region is 3.8%. However the CXS measurement provides 
information only in the "observation range" indicated in Fig.4. The amount of 
lost particles in this range is 2.5%. The self-consistent computation of the power 
deposition profile of the RF into the various species shows that the 3rd harmonic D 
has a maximum fractional absorption of 10% at the lowest Bj. 

5. CONCLUSION 

In conclusion, the theoretical analysis confirms the interpretation of the 
observations in terms of 3He pumping by the RF. These experiments suggest that a 
similar mechanism might be used for controlling the He flux to the wall and 
exhaust system in future fusion reactors. 
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Abstract 

ION BERNSTEIN WAVE CURRENT DRIVE IN THE TO-2 TOKAMAK. 
According to a theoretical prediction, ion Bernstein wave (IBW) current drive in a tokamak can 

be produced if a single-loop IBW antenna is located above or below the equatorial plane of the plasma 
column. In the TO-2 experiments, certain evidence of the IBW current drive effect was observed. The 
IBW power injection into the plasma caused variations of the loop voltage and other plasma parameters. 
In agreement with theory, the character of these variations depended on the direction of the vertical dis
placement of the plasma column with respect to the IBW antenna. 

1. INTRODUCTION 

An advantage of the ion Bernstein wave (IBW) current drive method under 
investigation consists in the possibility of utilization of a relatively simple loop 
antenna. For this antenna, the spectrum of the initially launched wave is symmetrical 
in the toroidal and poloidal wavenumbers. In this case the complicated antenna struc
tures usually used in other current drive methods to launch travelling waves into the 
plasma are not necessary. 

According to theory and calculation, a strong evolution of the wave spectrum 
in poloidal wavenumbers due to the inhomogeneity of the toroidal magnetic field 
takes place along with the wave penetration into the plasma. If the antenna is located 
above or below the equatorial plane of the plasma column, the wave spectrum 
becomes asymmetrical in the poloidal direction [1, 2], whereas the toroidal spectrum 
remains unchanged. The appearance of an asymmetrical component in the poloidal 
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spectrum denotes the excitation of a wave travelling in the poloidal direction. In the 
presence of rotational transform, the poloidal momentum of the wave has a finite 
component in the direction of the magnetic field line. Owing to Landau damping, this 
parallel component supports the flux of the electrons along the magnetic field and 
produces current. The IBW driven current polarity depends on the direction of the 
antenna vertical displacement. 

Under certain conditions the IBW ray trace can cross the equatorial plane of the 
plasma column. As a consequence, it causes a change of the sign of the wave momen
tum component parallel to the magnetic field. Sometimes such an intersection of the 
plasma equatorial plane by the IBW ray trace can take place repeatedly along with 
the wave penetration into the plasma. In this case the sign of the IBW driven current 
is determined by the sign of the parallel wave momentum in the plasma area of the 
main wave damping, which depends on the electron temperature profile. 

2. EXPERIMENTAL ARRANGEMENT AND RESULTS 

The experiments were carried out on the TO-2 tokamak [3] (major and minor 
radii of the discharge chamber: R = 60 cm, a = 18 cm) in hydrogen discharges 
with toroidal magnetic field Bt = 13 kG, plasma current Ip = 40 kA, central 
electron temperature Te(0) = 450 eV and line average plasma density 
he = 0.8 x 1013 cm"3. In this slide-away discharge regime, moderate hard X ray 
emission was observed. The IBW was launched into the plasma by means of a single-
loop toroidally directed antenna 30 cm long. The antenna had an electrostatic screen 
and was located at the low field side in the equatorial plane of the discharge chamber. 
The vertical asymmetry necessary for the IBW current drive was obtained through 
plasma column displacement in the vertical direction with the help of the horizontal 
magnetic field. Plasma displacements from ô = +4 cm (up) to ô = —4 cm (down) 
were used. Thus the antenna could be positioned above or below the equatorial plane 
of the plasma column. The launched wave frequency was 22.7 MHz, with a power 
level of up to 50 kW. 

Typical traces of loop voltage, Up; hard X ray emission with quantum energy 
higher than 100 keV, HXR; amplitude of the m = 2 mode, Am=2; amplitude of the 
poloidal magnetic field oscillations in the frequency range 50-100 kHz, AHF; and 
feedback current in the plasma horizontal position control coil, Ic, for cases with 
two different signs of plasma vertical displacement relative to the IBW antenna are 
shown in Figs 1 and 2. In these figures one can see positive voltage spikes just after 
the beginning of the IBW pulses. These spikes probably take place as a result of a 
transient process of current profile variations and changes of the poloidal magnetic 
flux due to plasma horizontal shifts. After this transient process the loop voltage 
comes to a certain level, UffiW, lower or higher than the loop voltage level at the 
ohmic stage of the discharge, UGH- The UIBW level depends on the plasma vertical 
displacement 8. In the case of negative plasma vertical displacement an increase of 
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FIG. 1. Typical traces of plasma parameters at b = -4 cm negative vertical displacement of the 
plasma column. The time interval of the IBW injection is shown by the vertical dashed lines. 
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50 60 
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FIG. 2. Typical traces of plasma parameters at 5 = +3 cm positive vertical displacement of the 
plasma column. The time interval of the IBW injection is shown by the vertical dashed lines. 
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FIG. 3. Typical traces of plasma parameters at Ô = —4 cm negative vertical displacement of the 
plasma column without IBW injection. 
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FIG. 4. Dependence of the relative loop voltage variation under IBW injection into the plasma on the 
vertical displacement of the plasma column. 
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FIG. 5. Dependence of the relative loop voltage variation under IBW injection into the plasma on the 
IBW power in the case of b = —3 cm. 
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FIG. 6. Dependence of the relative variation ofHXR under IBW injection into the plasma on the verti
cal plasma displacement (left) and on the relative loop voltage variation (right). 

hard X ray emission takes place. In the case of positive plasma vertical displacement 
a decrease of hard X ray emission and a burst of MHD activity were usually 
observed. In Figs 1 and 2 one can see different behaviour of the plasma equilibrium 
control current Ic. The Ic variation is a result of an increase in the plasma energy 
content in the case of ô < 0. Tokamak discharge parameters without IBW injection 
into the plasma are shown in Fig. 3 for comparison with the discharges in Figs 1 
and 2. 

The observed variation of the loop voltage under IBW power injection into the 
plasma can be considered as a consequence of current generation with the IBW, 
W = - (AUP /UOH)IP , where AUP = UIBW - UOH- This IBW driven current 
depends on the vertical displacement of the plasma column. The decrease of Up in 
Fig. 1 corresponds to the current drive in the direction of the main discharge current 
in the case of 8 < 0. The dependence of the relative loop voltage variation under 
IBW injection, AUp/U0H, on the vertical plasma displacement ô is shown in Fig. 4, 
where one can see that, in agreement with the theoretical prediction, the average level 
of the experimental points asymmetrically depends on the plasma displacement. The 
effect of loop voltage variation increased with an increase of the launched IBW 
power, as is shown in Fig. 5. 

The increase of the hard X ray emission in Fig. 1 can be qualitatively explained 
by an interaction of the electrons in the tail of the electron distribution function with 
the IBW travelling in the same direction as the runaway electrons. The increase of 
the MHD activity under IBW injection in Fig. 2 is probably a result of a plasma cur
rent profile variation due to the generation of a portion of the current in the direction 
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opposite to the main discharge current. It is natural to suppose that the destruction 
of the magnetic surfaces connected with the rise of MHD activity leads to a reduction 
of the runaway electron confinement and causes hard X ray emission quench. An 
effect of MHD activity on the plasma confinement probably explains the difference 
in the traces of the horizontal plasma position control current Ic, in cases of two 
opposite vertical displacements of the plasma column. Another possible reason for 
the greater increase of Ic at ô < 0 than at Ô > 0 may be connected with the more 
effective IBW power absorption in the bulk plasma when the parallel IBW phase 
velocity has the same direction as the velocity of the runaway electrons. 

The existence of a correlation between the loop voltage variations and changes 
in the runaway electron characteristics is shown in Fig. 6. In this figure the depen
dence of hard X ray emission on the vertical plasma displacement (left) and on the 
relative loop voltage variation (right) under IBW injection is shown. In this case the 
hard X ray emission amplitude was taken 55 ms after the beginning of the IBW pulse 
and was normalized to the hard X ray amplitude just before the IBW injection. In 
Fig. 6 one can see that the experimental points turn out to be much less scattered in 
the dependence of HXR on AUP/UP than in the dependence of HXR on <5. 

3. CONCLUSION 

In the TO-2 tokamak experiments, the injection of the IBW into the plasma 
caused certain variations in plasma parameters, including the loop voltage. One of 
the most important results is that the character of these variations depended on the 
direction of the vertical displacement of the plasma column. The changes in the loop 
voltage during the IBW pulse were in qualitative agreement with the theoretical 
prediction and can be attributed to the effect of the IBW current drive. 
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Abstract 

ALFVÉN WAVE CURRENT DRIVE AND HEATING. 
Experimental results from the Phaedrus-T tokamak AWCD programme include the first success

ful demonstration of Alfvén wave current drive (with w < Q¡) in a tokamak. 46 kA of Alfvén wave 
current drive (AWCD) — compared to a total current of 64 kA — has been driven. Alfvén wave heating 
(AWH) of electrons is also demonstrated during H-mode operation (achieved with a biased electrode). 
Alfvén wave excitation is achieved with conventional loop antennas and with a new type of antenna 
(stacked stripline) which allows very low voltage operation. Antennas have no Faraday screens but 
employ insulating limiters. Theoretical studies suggest that wave excitation in Phaedrus-T depends on 
the presence of a minority species. The time dependence of the loop voltage has successfully been 
modeled. Alfvén wave heating and current drive regimes and low frequency fast wave current drive 
regimes in tokamaks, Phaedrus-T, TPX and ITER have been analysed via the global full wave code, 
ALFA. 

1. INTRODUCTION 

The recent choice by ITER of fast wave current drive with co < iij 
increases the importance of demonstrating and understanding low frequency 
current drive in tokamaks. The goal of Phaedrus-T is to demonstrate Alfvén 
wave current drive (AWCD) and to achieve an understanding of factors 
determining current drive efficiency and profiles, especially the role of the 
Alfvén resonance, the effect of electron trapping and the influence of toroidal 
geometry on the asymmetry of the k|| spectrum. 
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Phaedrus-T is an ISX-A class tokamak, with R = 0.93 m, a = 0.26 m, 
B < 1 T, I < 100 kA, ïïe < 1019 m-3, Te = 300 - 800 eV, and a full poloidal 
carbon limiter. There are two antennas, a two strap fast wave polarization 
antenna located on the low field (outside) side [1] and a two strap stacked 
stripline antenna located on the high field (inside) side. Current drive and 
heating experiments were performed at 7 MHz, with the magnetic field adjusted 
to give co/Qi = 0.7 on axis. AWCD experiments employed rc/2 phasing while 
heating experiments employed n phasing between the antenna straps. 

2. RESULTS 

Representative AWCD results are given in Fig. 1. A loop voltage drop 
AVioop/Vioop = 0-36 was observed. Thomson scattering indicated that the 
decrease in Vloop was not associated with an increase in Te. A measured 
increase in Zeff of a factor of 2 was associated with the RF at all radii and 
including this effect gives an RF driven current of 43±10 kA compared to a pre-
RF ohmic current of 64 kA. From [2] with ne(O) = 3x 1018 nr3, and Te = 550 
eV, 100 kW is calculated to be necessary to drive the current, in the core (and 
somewhat higher for off axis). The apparent constancy of Te is presumably 
caused by a TE decrease as evidenced by the Zeff rise. Experiments with -n/2 
phasing did not find loop voltage drops although similar increases were found 
in Zeff. This is consistent with the wave spectrum asymmetry found in current-
carrying cylindrical plasmas [3]. 

Time-response of the loop voltage to the AWCD under constant-current 
conditions has been analyzed by solving the driven diffusion equation in 
a cylindrical geometry. It has been found that for a classical resistivity and a 
localized current drive in the outer half of the plasma, the loop voltage response 
is similar to that observed in our experiments. 

Analysis of the AWCD results suggests that most of the coupled 
antenna power does not reach the plasma core. Modeling of the plasma with a 
cylindrical code, including an axial current and a full wave toroidal code, shows 
that there is a range of preferential toroidal wave numbers for which RF power 
is found to effectively couple to the plasma core while other toroidal wave 
numbers couple to the plasma edge. The present low field two strap antenna 

1.10 800 

600-

400 -

200 

1 0 r 

0.50 
80 100 120140 160 180 

Time (ms) 

-5 0 5 10 15 20 
Minor radius (cm) 

0 5 10 15 20 25 30 
Minor radius (cm) 

FIG. 1. Temporal behavior of loop voltage and the radial profiles of electron temperature and Zeg. 
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used to excite Alfvén waves has a broad k spectrum with much of the power 
heating edge plasma in general agreement with the results of the AWCD and 
AWH experiments. It appears that this deficiency can be corrected by addition 
of two more straps with the appropriate phasing. 

The H-mode has recently been achieved [4] in hydrogen, helium and 
deuterium plasmas in Phaedrus-T with a positively biased electrode. In both 
the presence and absence of RF, when the H-mode begins, the H a emission 
drops, the density begins to rise, there is a reduction in turbulent transport and 
the energy confinement time increases. The data also show that Alfvên waves 
can couple power to plasmas during the H-mode. The loop voltage drop 
associated with RF (which is an indication of RF power coupled to the plasma) 
is approximately the same in both ohmic and H-mode plasmas. An MLM 
(multilayer mirror) polychromator has been used to characterize H-modes. The 
time histories of MLM emissivity profiles, measured with a 1 ms temporal 
resolution, were compared with edge triple probes measurements (40 kHz and 
1 MHz), Ha/Da emissions, soft-X ray emissions (Eph > 0.5 keV), and Zeff 
profiles. Correlations between the edge and central measurements were found. 

A new type of antenna has been developed and tested on the Phaedrus-T 
tokamak. This antenna, a stacked stripline (SSL), generates RF magnetic fields 
that are similar to those of a conventional strap antenna but develops voltages 
2 orders of magnitude less and can operate without a Faraday shield. 
In comparison tests with a conventional strap (with no Faraday shield but with 
insulating side limiters and low impurity generation and fueling) at a power 
level of 100 kW, the RF induced density rise and impurity production 
(as indicated by soft X ray and loop voltage increases) were reduced by a factor 
of 3. The first tests of the SSL antenna were carried out on the high field 
(inside) of the torus, where there is insufficient room to install a conventional 
strap antenna. 

Alfvén wave heating and current drive regimes and low frequency fast 
wave current drive regimes in tokamak plasmas have been analyzed via the 
recently developed global full-wave code, ALFA [5]. The code represents a 
significantly modified version of the full-wave 2D code, FASTWA, which has 
been used for the fast wave plasma heating and current drive analysis for 
different tokamaks [6,71. The ALFA code is designed to treat both Alfvén and 
fast waves at frequencies o), respectively, below and above the ion cyclotron 
frequency, Q\. The main features of the ALFA code that make it more 
advanced then many other codes and interesting for the analysis of low 
frequency current drive in tokamaks include a general axisymmetric toroidal 
geometry with the arbitrary shape of the magnetic flux surfaces and a vacuum 
chamber (without the usual assumption on top-bottom symmetry, and without 
an assumption on similarity of the shapes of the flux surfaces and a vacuum 
chamber), hot-plasma consideration of wave penetration, absorption and 
current drive characteristics, the poloidal magnetic field effects, and a rather 
general RF antenna system that can include arbitrary number of poloidal current 
straps with arbitrary phasings and locations. 

Examples of the electric field distribution in the poloidal cross-section of 
Phaedrus-T, TPX and ITER are presented in Fig. 2(a,c,d). Significantly 
different regimes of low frequency current drive were considered for these three 
tokamaks. For Phaedrus-T, current drive via kinetic Alfvén waves was found 
to be effective. The wave structure has a noticeable helical character (Fig. 2a), 
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FIG. 2. Re(E) contours for low frequency CD regimes in (a) Phaedrus-T, (b) RF driven current distri
bution in Phaedrus-T for N^ = +12 and N^, = -12, (c) TPX, and (d) ITER. 

and Landau damping is the main absorption mechanism. Fig. 2b shows the 
asymmetry in the driven current profiles for waves with opposite toroidal wave 
numbers Nm = 12 and N<n = -12 at density ne(0) = 7-1018 nr3, and input 
power, P = 100 kW. 

For the TPX tokamak, with f < 50 MHz at the nominal magnetic field, 
B0 = 4 T, fast waves are dominant, although effects of mode conversion to 
KAW or IBW are also found. RF power is absorbed mostly by electrons, and 
Landau damping is approximately half that of TTMP. The cross-term effect 
approximately equals the TTMP contribution but with opposite sign. The 
current drive profile is peaked in the center with significant extension over the 
plasma volume. Current drive efficiency up to y ~ 0.12 (xlO20 A/(W* m2)) has 
been found under the assumption of multiple-pass absorption without loss of 
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wave directionality. For ITER, the low frequency (co < Cl{ for all ion species) 
current drive at f = 22 MHz has been considered. Fast waves penetrate easily 
to the plasma center and beyond and deposit their energy mainly into electrons. 
Alfvén resonance effects appear near the plasma edge, manifested by the strong 
increase in electric field, absorbed power, and driven current in the edge. 
Current drive efficiency in the range of y ~ 0.26 has been found. 
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Abstract 

q PROFILE EVOLUTION AND ENHANCED CORE CONFINEMENT OF HIGH (3p PLASMAS 
IN DIII-D. 

In DIII-D the authors have investigated the long pulse evolution of high poloidal beta (j3p), 
double-null diverted H-mode discharges, which exhibit high bootstrap current fractions attractive for 
a reactor. At low currents Ip, the current profile evolved over several seconds and the on-axis safety 
factor (q0) increased. When q0 increased above ~ 2 , the MHD character changed from an m/n = 2/1 
to an m/n = 3/1 internal kink mode, where m (n) are poloidal (toroidal) mode numbers, which then 
disappeared with further increases in q0. Coincident with a strong reduction of fluctuations, the authors 
observed enhanced core confinement, leading to strong density peaking, a further rise in /3p, and a 
bootstrap current increasing to Iboo/Ip * 0-8, peaked within the core. Ideal MHD calculations showed 
access to second stability during the density rise. During the enhanced performance phase, core particle 
lifetime (rp) and global energy lifetime (rE) increased by factors of 2 and 1.2 respectively. Transport 
analysis showed that core particle and thermal diffusivities De and xeff approached neoclassical values. 
During the low current experiments, large losses of fast ions (typically —50% at 0.4 MA) were 
observed; at higher currents these losses are much smaller. The authors have also investigated dis
charges with current rampdown to high /3p. For a 5 to 6 TE duration following rampdown, enhanced 
values of jSp, normalized toroidal beta (/3N), and TE were obtained at high internal inductance (<•). 
During both the ramp and the high confinement phases, fast ion losses were low (~ 10%). The losses 
then increased, correlated with an increase in the anisotropy ratio of perpendicular and parallel plasma 
pressure P ± /P | , which suggests a fast ion loss mechanism coupled to the fast ion parallel energy. 

* Work sponsored by the US Department of Energy under contracts DE-AC03-89ER51114 and 
W-7405-ENG-48. 

1 Permanent address: Lawrence Livermore National Laboratory, Livermore, California, USA. 
2 Permanent address: University of California, Irvine, California, USA. 
3 Present address: Maxwell Laboratories, San Diego, California, USA. 

251 



252 STALLARD et al. 

1. INTRODUCTION 

Recent high p p experiments have shown enhanced confinement and large 
bootstrap current fractions, which are attractive for a reactor. We have investigated 
the long pulse evolution of high Pp plasmas at constant current and current ramps to 
the high Pp state. These plasmas were double-null diverted H-mode discharges 
with parameters triangularity Ô ~ 0.8, Ip = 0.4-0.8 MA, toroidal field Bt = 2 T, 
neutral beam power Pnb = 3-10 MW, and Pp up to 5.5. We evaluated the important 
role of the current profile determined from EFIT MHD equilibrium code analysis 
using external magnetic probe and kinetic profile data and measurements from an 
eight channel motional Stark effect (MSE) diagnostic [1]. Our results have 
demonstrated the need for current profile control to maintain enhanced confinement 
at steady state. 

2. EVOLUTION AT CONSTANT CURRENT 

2.1. Current Profile Evolution 

At lower plasma currents (Ip ~ 0.4-0.5 MA) where beam-driven and bootstrap 
currents are large, large changes in the current profile occurred on time scales of 
several seconds. After turn-on of neutral beam heating, the ohmic current decreases 
because of the large noninductive currents. The current profile broadens as the 
centrally peaked ohmic current, being replaced by the broader profile bootstrap 
current, decays on resistive diffusion time scales. In these discharges the central on 
axis electron densities are relatively low (neo < 7 x lO1^ m~3), and at high beam 
power, fast ion densities and pressures are significant fractions (~20%-40%) of the 
total. As the current profile broadens, Pp, core density ne, and bootstrap fraction 
slowly decrease as shown in Fig. 1. No sawteeth were present in the absence of the 
q=l surface. At 3.36 s, as qo increases above about 2.8, MHD activity strongly 
decreases consistent with calculated growth rates from the GATO code [2,3] and J3p, 
ne, and bootstrap current increase, indicating improved confinement. The density 
and temperature increases are large only in the plasma core ("enhanced core 
mode") as shown by the electron density profiles in Fig. 2(a). Over a 1 s interval 
on-axis ne, Te, and Ti increase about 100%, 17%, and 33% respectively. 

The increasing core pressure gradient drives an increasing core bootstrap 
current fraction which is calculated to reach -80% at 4.36 s. The current profile 
components, as modeled by the ONETWO code, are plotted in Fig. 2(b.) At 4.36 s 
the current is essentially all bootstrap and beam-driven. Whereas earlier in the 
discharge the current profile broadened because of replacement of ohmic current by 
broader profile bootstrap currents, after 336 s the current profile now becomes more 
peaked, becoming dominated by ever more centrally peaked bootstrap current, 
driven by the increasing core pressure gradient. The increase in central current 
density, resulting from bootstrap and inductive effects, causes a later decrease in qo, 
correlated with a rise in fluctuations. The core density and temperature increases 
terminate at toroidal field rampdown at 4.4 s. 



IAEA-CN-60/A3/A5-P11 

77676 

; ^J^injíMWJxItH 

<*-~ i i - i ' •• J 

i i i i 

i 
i 

i 
i 

i 

MHDoddampI (a.u.) 

' r*kk_, f\ 
Central ne (m-3) 

i i i i 

'boot71 

t i l l 

(a) 

.„ » . — . , — 
LI 1 1 _ J 

\ ^ ^ (b) 

i i i 

(c) 

, i,áull 

i i i 

^ * (G) 

i i i u I I I I I I 1 I I 

1000 2000 3000 4000 5000 

TIME (ms) 

Fig. 1. Plasma parameters for a 0.4 MA discharge showing (a) fip and neutral beam power, 
(b) on-axis q, (c) MHD fluctuation amplitude for odd n(f< 25 kHz) showing identified mode 
numbers, (d) central nefrom Thomson scattering, and (e) bootstrap current fraction from 
ONETWO. The time of transition to enhanced core confinement is indicated by the vertical 
line. 

2.2. Stability 

External magnetic probe fluctuation measurements revealed MHD activity 
evolving from m/n=2/l to 3/1, as qo rises above 2 as indicated in Fig. 1. Stability 
analysis of kinetic-EFIT equilibria was carried out using several MHD codes [2,3]. 
The observed MHD modes correlate temporally and agree in mode number with the 
internal kink instability as modeled by the GATO code. Results for high n balloon
ing (MBC, CAMINO) show that as the plasma profile evolves in time, the entire 
plasma satisfies ballooning stability but the fractional volume limited by a maxi
mum critical pressure gradient, initially extending from normalized radius 0.2 < \j/n 

< 0.8, steadily shrinks in time, nearly vanishing at 3.36 s except at \\rn ~ 0.8. At 
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Fig. 2. (a) Electron density profiles and (b) components of the current profile for enhanced 
core mode (t = 4.36 s), calculated from ONETWO. 

3.36 s the core is second stable. While we have shown correlation of confinement 
improvement with fluctuation reduction, necessary and sufficient conditions have 
not yet been established. In these experiments, our high confinement phase termi
nates due to inductive effects and the uncontrolled, rapid rise in bootstrap current, 
peaked with the core, which drives qo down and correlates with the onset of MHD 
fluctuation. 

At 0.4 MA we find a large prompt loss of beam-injected fast ions, typically 
50%; this loss is usually much lower at 1 MA, typically <10%. We inferred the loss 
from comparisons of ONETWO and EFIT modeling with measured neutrons, total 
plasma energy, plasma pressure profiles, and the magnetic axis Shafranov shift. 
Analysis of transient neutron measurements, obtained from short pulse (5 ms) 
neutral beam injection into an existing beam-heated discharge, show that the 
confinement time for the rapidly lost fast ions is less than a few ms, much less than 
classical slowing-down times (~50 ms). For our equilibria and transport modeling, 
we reduce the effective beam power (to Peff) consistent with the data. 
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2.3. Confinement 

During the enhanced mode both particle and energy confinement improve, but 
the largest increase is in the core particle confinement. Results of ONETWO plasma 
transport analysis are plotted in Fig. 3. The absorbed neutral beam power is peaked 
on-axis and beam fueling dominates within the plasma core. At the transition, 
3.36 s, particle lifetime Tp = N/(S-dN/dt), calculated from the core total particle 
number N and source term S, doubles from about 0.5 s to 1 s. Figure 3(a) shows the 
reduction in particle diffusivity D e = Flux/grad(ne), taking into account dN/dt. 
Following the transition, as the density gradient steepens and the density rises, D e 

strongly decreases within the core and approaches the neoclassical value (diagonal 
term) near the axis. 
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Fig. 3. Transport parameters showing (a) particle diffusivity before (3.36 s), and just after 
(3.36 + 8) the transition, and later times in the discharge after density peaking and (b) 
thermal diffusivities at 4.01 s and at earlier time (3.36 s), compared with RLW scaling. 
Typical error limits are indicated. 
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At the time of the peak stored energy, global confinement time TE (= W/Peff), 
increases a factor of 1.3 to 106 ms (TE/TJET/D3D = 1-6). We show in Fig. 3(b) the 
single fluid thermal diffusivity, %eff = (qecd + qicdVCne Igrad Tel + nj Igrad Tjl), at 
3.36 s and 4.01 s, when density and temperature are near their peak values. (We plot 
%i for r/a > 0.5 because large uncertainties in radiated power cause large errors in 
electron power balance.) Within the estimated error limits, %eff is near ion 
neoclassical in the core for r/a < 0.3 (within q~ 3-4 surface). Earlier in the 
discharge before the transition, %eff decreased moderately during the current profile 
broadening. Rebut-Lallia-Watkins scaling [4], shown for comparison, does not 
model the transport within the core. Te gradients exceed the critical threshold for 

1000 4000 2000 3000 

TIME (ms) 

Fig. 4. Current ramp shot to high poloidal beta with (a) Ip ramp, (b) ftp and neutral beam 

power, (c) internal inductance £\ 

Pj/P//. 

B' ;}/(vp/J di , (d) neutrons, and (e) a signal 
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the model by typically >10 and current profile measurements show grad q > 0 
throughout the plasma. 

Impurity confinement also improves after the transition. Light impurities 
measured by visible bremsstrahlung (Zeff) and C+ i \ measured by crossed-beam 
spectroscopy, show a factor of 2 increase in concentration to about 5% [5]. 
Estimates of high Z impurity accumulation (e.g. Ni) show a similar increase. 

Our enhanced core mode shows much similarity to the PEP mode observed in 
JET [6,7]. Both modes show transport near neoclassical in the core with centrally 
peaked density and bootstrap current. However, for our mode we have no 
indication of reversed shear in the core. 

3. CURRENT RAMPS 

We also investigated discharges with current rampdown from 0.8 to 0.4 MA 
[8]. An example discharge in Fig. 4, produced both high l\ and high Pp< For a 
duration of about 5 to 6 T E following rampdown, enhanced values of pp , PN, and 
TE were obtained: Pp ~ 5.25 PN ~ 3.5, TE/TITER-89P ~ 2-6' and Ij ~ 2.4. Previous 
current ramp experiments on DIII-D have shown improved confinement and higher 
beta for high i\ discharges [9,10]. 

An important observation is the rapid decrease in the neutron emission at ~3 s. 
As described in Section 2.2, we infer enhanced fast ion losses at low current in our 
experiments. For our current ramp discharges, our data and modeling results show 
that fast ion losses prior to and during the ramp were low (-10%), but then 
increased rapidly to 50%-60%. Comparison of diamagnetic energy (W(üa =Wj_) 
with the total energy (WMHD = [W± + W||]/2) shows a simultaneous increase in the 
anisotropy ratio Pj_/P||> suggesting a loss of parallel fast ions. 

Thus far we have not identified the mode(s) responsible for the enhanced 
losses, but we suspect beta-induced Alfven eigenmodes (BAE) [11]. Low 
frequency fluctuations (f < 70 kHz) do not correlate with the onset of losses. Very 
limited data at higher frequency show fluctuations consistent with BAE activity. 
Reduction in parallel pressure could be due to resonant interactions of circulating 
fast ions with Alfven waves. Further experiments are planned to resolve this issue. 

4. CONCLUSIONS 

The transient behavior of the enhanced core mode, and the correlation of 
fluctuations with the current profile and confinement, clearly show the importance 
of profile control for steady state. For relevance to an advanced tokamak reactor, 
the enhanced mode must be obtained at higher current, e.g. Ip ~ 1 MA (q95 ~ 6), 
where confinement time and beta limits should increase. Our present data also 
shows that fast ion losses at these higher currents should be much lower. Future 
experiments are planned at higher currents. High power rf heating and current drive 
will also be available to sustain and control longer pulse durations (fast wave 
heating power up to 6 MW and 1 MW prototype 110 GHz electron cyclotron 
heating power, upgradable to 10 MW). In accordance with the DIII-D program 
plans, we will also begin experiments to sustain the equilibrium using the MSE 
diagnostic as current profile sensor to feedback control fast wave current drive and 
neutral beam sources. 
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Abstract 

MHD BEHAVIOR DURING RF CURRENT PROFILE CONTROL EXPERIMENTS IN PBX-M. 
Control of the plasma current profile is a key issue in determining the ultimate attractiveness of 

the tokamak as a reactor concept. Recent experiments on the Princeton Beta Experiment-Modification 
(PBX-M) tokamak have produced initial results on localized current profile control with Lower Hybrid 
Current Drive (LHCD) and Ion Bernstein Wave Heating (IBWH). Localized modification of the current 
profile has been achieved and sustained with LHCD in neutral beam heated plasmas with j3p « 1. The 
modification of plasma equilibria was demonstrated by the changes in their MHD stability and by 
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measurements of q(r) with the motional Stark effect (MSE) diagnostic. Current profile modification has 
also been achieved with IBWH, where high ¡3p plasmas (j8p ~ 1.8, j8n = 2.5, q^^ » 5) with peaked 
density profiles were created with IBWH in the presence of high power neutral beam injection (NBI), 
producing a high core confinement mode (CH-mode) by creating a core transport barrier near q « 1.2. 
This core barrier greatly reduced the ELM-driven thermal losses at this location. The IBW-induced 
pressure profile created ballooning-like high frequency modes with m-numbers from 5 to 14 and 
n=m — 1, which were localized at the position of the core barrier, near q ~ 1.1 - 1.5. These modes 
probably caused the /3-Iimit. Code calculations predict ballooning modes to be marginally unstable in 
that region, with the kink modes stabilized by the conducting shell. Results suggest that the detailed 
tailoring of current profiles required to access advanced tokamak regimes is possible with RF current 
drive techniques, but the stability of the instantaneous profiles intermediate to this goal must be 
maintained to avoid loss of control of the profiles. 

1. Introduction 

PBX-M is a medium-sized tokamak with a major radius of 1.65 m, a mid-
plane half width of 0.3 m, and plasma height of 0.7 m, and it is capable of 
producing highly-indented plasmas. Typical operation ranges are B t = 1.2 - 1.9 
T, I- = 200 - 600 kA, with indentations up to 25%. Five sets of passive 
conducting plates cover over 70% of the plasma surface, and serve to stabilize 
n=l,2 surface kink modes with the wall - plasma separation r^/a ~ 1.15 - 1.3. 
The L/R time constant of the wall for n=l stabilization is 30 - 40 msec. The 
present RF capabilities are 0.5 MW of LHCD at 4.6 GHz and 0.5 MW of 
IBWH at 40 - 80 MHz. The main objective of the PBX-M experiment is to 
explore systematically improvements in plasma stability and confinement, 
leading to an advanced high p regime, by integrating control of both current and 
pressure profiles, plasma shape, MHD avoidance with a conducting shell, and 
edge electrostatic potential with biasing [1-4]. 

In this paper, we report current modification with Lower Hybrid Current 
Drive and the associated MHD activity, and the MHD behavior during the 
IBW-induced CH-mode. 

2. Current Profile Modification with Lower Hybrid Current Drive 

Off-axis energetic electrons were successfully produced with LHCD[2,3]. 
The location of energetic electrons was clearly observed in the bremsstrahlung 
emission detected by the 2-D hard X-ray imaging system. The higher the n//5 

the closer the energetic electrons were created to the magnetic axis. A newly 
developed generalized accessibility theory suggests that the non-circularity of 
plasma shaping plays a dominant role for determining the absorption location 
under the present operating conditions [5,6]. Observed parametric 
dependencies, such as deposition location vs. accessibility parameter, B2/ne, are 
consistent for the accessibility limit predictions. Extensive studies of energetic 
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electron emission were carried out with the hard x-ray imaging system and the 
"oblique" electron cyclotron emission diagnostic under various operational 
scenarios. The data were analyzed using several velocity diffusion models, and 
they were consistent with a fast electron diffusion coefficient D = 1 - 2 m2/sec 
[7]. Radial localization of the driven current is possible in PBX-M, since the 
slowing down time of the fast electrons is faster than their radial diffusion time 
governed by the value of D given above. It is expected that radial localization of 
the fast electrons, and the consequent current profile modification, is possible in 
TPX and ITER if D in those devices is comparable to that in PBX-M. 

With off-axis LHCD deposition to OH plasmas, it was observed that the 
central "safety factor" or q(0), was increased. The typical OH-target plasma had 
<ne> « 2 - 2.5 xlO13 cm"3, Te(0) « 0.9 - 1.2 keV, Ip « 200 kA, B t = 1.5 - 1.9 
T and indentation « 5 - 10% with LHCD power = 0.2 - 0.4 MW. According to 
equilibria reconstructed with MSE measurements, the q = 1 radius was 
decreased, and the minimum achievable q = 1 radius appeared to depend on the 
applied RF power. With higher LHCD power (up to 0.5 MW) and near the 
central deposition, global MHD modes were excited with strongly-coupled 
m/n=l/l, 2/1, and 3/1 components, depending upon the power level and the n//. 
These modes could be stabilized by the appropriate combination of the LHCD 
power level, phasing, and NBI (tangential or perpendicular) as a function of 
time. In particular, NBI was needed in order to avoid global m/n=l/l, 2/1, 3/1 
modes. This was presumably due to the stabilization effect of the Te heating and 
the induced plasma rotation [8]. After the global modes were suppressed, 
discharges often achieved a long MHD-quiescent period. 

Figure 1 shows an example of LHCD + NBI operation to achieve 
simultaneously q(0) > 1 and higher j5p ( >1), leading to MHD-quiescent 
operation. The 350 kW of RF power was applied to a sawtoothing OH plasma 
at t = 0.3 sec. The Fig. 1(b) shows the contour of fluctuation activity amplitude 
observed by the soft x-ray array signal. After the LHCD was applied, the 
inversion radius gradually shrank inward from z = 15 cm to z = 3 cm and 
finally the sawteeth oscillations were eliminated at t « 0.5 sec. A weak 1/1-
mode remained, but then disappeared, leading to an MHD-quiescent period 
(after t = 0.55 sec). In this discharge, the global modes were avoided by 
applying 0.7 MW of NBI at t = 0.55 sec. It was possible to achieve and sustain 
q(0) > 1.1 as p_ increased (up to j3p « 1.2). The comparison of j(r) and q(r) 
profiles with/without LHCD (Fig. lc) clearly shows that the LHCD current was 
located off-axis: r = (1/2 - l/3)a. The density profile became peaked during the 
MHD-quiescent period while (L was rising. MHD bursts near the q = 2 surface 
(m/n = 4/2 or 5/2) were occasionally seen (t«650 msec in Fig. 1), but they were 
small in amplitude and had little effect on q(0), p , or <ne>. The achievement of 
MHD quiescent operation along with the increase of q(0) >1 indicates that the 
LHCD off-axis current drive can be used for an integrated active plasma control 
system. 
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FIG. 1. (a) Line-integrated-ne, nel (l = 60 cm), &p, LHCD and NBI versus time; (b) contour of 
fluctuation amplitude observed by the vertical X-ray array system; (c) q(r) andj(r) profiles determined 
with the equilibrium reconstructed with the MSE q(r) measurement. 

3. MHD During IBW Current and Pressure Profile Modification 

In IBW experiments, approximately 0.3 MW of IBW power were injected 
into an H-mode discharge (2 MW NBI) to modify the pressure and the current 
profile. The IBW power deposition was located at the second harmonic ion 
cyclotron resonance layer, which was at r ~ a/3 [1]. The plasma current in these 
discharges was 250 kA, toroidal magnetic field 1.5 T, major radius 165 cm, 
midplane halfwidth 30 cm, and elongation and triangularity 1.55 and 0.55, 
respectively. An increase in the central particle and energy confinement time in 
the core after 580 ms was associated with the injection of IBW [9,10]. The 
increase in central confinement was reflected by an increase in the plasma 
diamagnetism and neutron rate as shown in Fig. 2. The induced peaking, due to 
the application of IBW power to the H-mode phase, radically changed the 
character of the MHD behavior. 

Three distinctive periods in the discharge were observed during the IBW-
induced ne peaking (Fig. 2). The first period was the period of formation of a 
weak transport barrier in the core of the plasma, where the discharge was still in 
the H-mode (denoted in figure as "Core transport barrier formation"). During 
this period, thermal losses by IBW-modified ELMs were greatly reduced by the 
barrier formation between the q=l and q=2 surfaces. The second period 
(denoted in figure as "CH-mode formation") was characterized by the cessation 
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of ELMs. This marked the onset of the formation of high core confinement 
(CH-mode). In the last period (denoted in figure as "CH-mode saturation"), the 
increase in the core confinement was limited by MHD activity. 

3.1 Formation of Transport Barrier and Role of Modified ELMs 

Very shortly after the start of the IBW injection, the ELM-free H-mode 
period was terminated by the appearance of a series of closely-spaced ELMs, 
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lasting from 520 to 570 ms. During the ELM activity, the sawteeth were 
suppressed and the core transport barrier began to form. Sawteeth suppression 
was observed during IBW, 50 ms after the full IBW power was applied, unless 
the neutral beam power was raised to « 4 MW. In contrast, in NBI-only 
discharges with Pb<4 MW, the sawteeth were not suppressed. The initial 
decrease in energy and neutrons between 500 and 560 ms was also observed in 
similar H-mode discharges without IBW. 

a) MODIFIED ELM PRECEDING CH-MODE 
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FIG. 3. Time evolution of soft X-ray ELM loss profiles: (a) modified ELM during H-mode with IBW 
injection; (b) during H-mode with NBI only. 
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The formation of the core transport barrier modified the ELMs, such that 
the thermal losses observed in soft x-rays were reduced at the location of the 
core transport barrier (Fig. 3). The ELM losses in a standard H-mode without 
IBW heating normally penetrated deep into the confinement area of the 
discharge. In the H-mode with IBW heating, the loss profiles were modified by 
the core transport barrier. Fig. 3 shows a comparison between the usual ELMs 
and IBW-modified ELMs. The usual H-mode ELM causes a loss starting from 
a well-defined inversion radius of z=40 cm, reaching a maximum at z=18 cm, 
and decreasing toward the center. The IBW-modified ELMs were triggered 
roughly at the same inversion radius near the edge, but at z=15 cm they 
exhibited a substantially smaller loss minimum between two loss maxima, 
indicating a "plugging" of the energy loss channel at this location. Here, z is the 
vertical distance of the diode line-of-sight to the midplane at the major radius 
R0=165 cm [11]. This minimum loss position coincides closely with the 
maximum in the density and pressure gradients and the maximum velocity 
shear; this is the location of a weak transport barrier created by the IBW [1,12]. 

The edge H-mode barrier also began to deteriorate due to ELM activity, as 
observed in Ix signals of Fig. 1 at z=-15.9 and -37.3 cm. Once ELMs stop, the 
strong core barrier formation (the CH-mode) starts. 

3.2 Saturation in CH-Mode Confinement and its Correlation with MHD 
Activity 

Immediately after the cessation of the ELMs at 570 ms, several plasma 
parameters began to peak in the core: density, electron and ion temperature, and 
toroidal velocity [1,9]. This profile peaking usually lasted for about 50 ms. This 
strengthening of the core transport barrier was due, in part, to the absence of 
ELMs. The maximum of the gradients and the location of the transport barrier 
coincided with the position of the maximum deposition of the IBW power. This 
was an MHD-quiescent period with an occasional single burst of a medium 
amplitude m=l/n=l mode, which died out in 10 to 20 ms in most cases. In a 
few discharges, however, this m=l/n=l burst developed into a continuous and 
strong mode without 2/1 and 3/1 components. This case will be discussed 
below. 

The period of profile peaking was followed by a saturation of this 
peaking, as well as in the energy and neutron rate increase, after approximately 
50 ms. In this period, TRANSP analysis with MSE q-measurements indicated 
that q(0) increased from 0.8 to 0.97, and this was associated with off-axis 
bootstrap current (Ibs/Ip » 0.2). The saturation was due to a gradual growth of 
two different types of MHD activity. They are (a) bursting high frequency 
modes and (b) a strong m=l/n=l mode, and they do not occur in the same 
discharges. 
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(a) Bursting High Frequency Modes. The bursting high frequency 
modes were responsible for limiting the CH-mode in the majority of discharges. 
Only in peaked pressure profile IBW+NBI discharges has high frequency 
bursting in the core region been observed. These modes occur over a frequency 
range between 70 and 350 kHz, and many of these modes — sometimes as 
many as ten — were excited simultaneously in different radial locations between 
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the q=l and q=2 surfaces. An example is shown in Fig. 4. The burst duration 
of individual modes was as short as 100 ^ts. The main bursts were irregularly 
spaced, with repetition rates between 1 and 2 kHz. The spectra of these bursts, 
depicted in Fig. 4b, show many modes. The m and n-number of the modes, 
increasing linearly with the mode frequency, are related by n=m-l, with the m-
numbers for the highest frequencies as high as m=14 or higher. The modes 
were well-localized on shells in the region between q=1.25 (m=5/n=4) and 
q=1.08 (m=14/n=13), with q=m/(m-l) and possibly q=m/(m-2) in some cases. 
This region coincided with the location of the core transport barrier. 

The frequency of these modes appeared to be simply the toroidal plasma 
rotation frequency at the location of the mode (f = n vJlnR). The amplitude of 
these modes was just strong enough to provide a self-regulation of the pressure 
and density gradients in the core transport barrier region. With increasing 
frequency, the spectral peaks of Fig. 4b moved more and more toward the 
center diodes, which is an indication of a "ballooning" effect on the low-field 
side. Detailed analysis of the amplitude and phase dependence of the mode on 
minor radius is consistent with the ballooning-like character of the high-m 
modes. ECE heterodyne radiometry measurements (utilizing the third cyclotron 
harmonic) of the same high frequency modes also showed a strong localization 
Of these modes and ballooning-like behavior. The m-numbers of these modes 
have been established either from the soft x-ray fluctuation profile or from the 
slope of the phase change across the soft x-ray diodes. The n-number has been 
either measured by the Mirnov coils, or inferred from the m-number and mode 
location. 

(b) Strong m-l/n-1 Mode. A much smaller fraction of the discharges 
demonstrated CH-mode saturation due to a strong m=l/n=l mode. This mode 
usually began to grow during the CH-mode formation stage. The m=l/n=l 
mode appeared to be more effective in stopping the growth in gradients, and it 
prevented the core transport barrier from developing fully and reduced the 
confinement. Appearing with the m=l/n=l mode was a 1 kHz, m=2/n=2 mode 
and a 150 kHz, m=6/n=6 (or 5) mode. These three modes interact nonlinearly 
[13]. 

Understanding the interaction between the core transport barrier and the 
modified ELMs is important to understanding the evolution of the CH-mode. 
The fact that ELMs limited the core barrier also shows how deeply the ELMs 
penetrate into the core of the discharge. Not until the ELMs stopped could the 
core barrier fully develop. The characteristic interaction time between ELMs and 
the barrier depends on the ELM strength and their repetition rate and on the 
growth rate of the transport barrier. The barrier stopped growing in this 
characteristic time at a low strength level. In the discharges described here, this 
characteristic time was several milliseconds, whereas Xg, for comparison, was 
approximately 20 ms. 
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The soft saturation of the CH-mode that is coincident with the bursting 
high frequency modes poses two questions: are these modes responsible for the 
confinement limit, and what is the driving mechanism for these modes. The 
close association between the appearance of the modes and the limiting of the 
core confinement increase is a strong indication that these modes are the cause. 
Concerning the driving mechanism, MHD stability calculations with the PEST 
code have shown that the external kink is stabilized in these discharges by the 
wall. Infinite-n CAMINO code calculations have shown that ballooning modes 
are marginally unstable in approximately the same region of the plasma where 
the bursting high frequency modes were observed. The fact that the higher-m 
modes showed ballooning-like effects would support the picture that these 
modes might be ballooning modes. In addition, these modes also appeared at 
the location of the highest pressure gradient, and they seemed to limit the 
growth of the gradient. This further suggests that they are ballooning modes, 
since they might be driven by the pressure gradient These modes could also be 
either KBM or TAE modes. However, the bursting high frequency modes are 
nonpropagating, with frequencies given by the harmonics of the Doppler 
frequency, so they are not likely to be KBM and TAE modes. The case of the 
m=l/n=l mode will be studied further with more careful measurements of q(0) 
and dq/dr at q=l. Detailed investigations of MHD modification during IBW 
heating power are still in progress. 

4. Summary 

The experimental results reported here have shown that modifications to 
the plasma current profile can be achieved and sustained with LHCD in NBI-
heated discharges. With LHCD off-axis current modification, the sawtooth 
oscillation and 1/1 modes were eliminated, and MHD quiescent operation was 
sustained simultaneously with q(0) >1 and p >1. Future plans include the use 
of increased LHCD power to the 2 MW level to obtain higher q(0) and reversed 
shear. Current profile control was also obtained using IBWH. In the high core 
confinement mode ("CH-mode"), the bootstrap current was modified to attain 
improved high-pp equilibria. The IBW induced peaked density profiles 
produced ballooning-like high frequency modes in the vicinity of maximum 
pressure gradient. These ballooning-like modes appear near q~l.l to 1.5 
surfaces in contrast to high-m/high-q ballooning modes near the edge. The 
observed interaction between the MHD modes and the core transport barrier 
indicates directions for future experiments to optimize plasma performance 
(e.g., moving the IBW resonance layer out). Improvements to the CH-mode, 
with higher bootstrap current for higher q(0) will be made at increased IBW 
power (2MW). These will be of particular interest to TPX, since a high-p 
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regime with a stabilizing wall will be among its high performance operation 
scenarios. 
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Abstract 

PREDICTIONS OF FAST WAVE HEATING, CURRENT DRIVE, AND CURRENT DRIVE 
ANTENNA ARRAYS FOR ADVANCED TOKAMAKS. 

The objective of the advanced tokamak program is to optimize plasma performance leading to 
a compact tokamak reactor through active, steady state control of the current profile using non-inductive 
current drive and profile control. To achieve this objective requires compatibility and flexibility in the 
use of available heating and current drive systems — ion cyclotron radio frequency (ICRF), neutral 
beams, and lower hybrid. For any advanced tokamak, the following are important challenges to effective 
use of fast waves in various roles of direct electron heating, minority ion heating, and current drive: 
(1) to employ the heating and current drive systems to give self-consistent pressure and current profiles 
leading to the desired advanced tokamak operating modes; (2) to minimize absorption of the fast waves 
by parasitic resonances, which limit current drive; (3) to optimize and control the spectrum of fast 
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waves launched by the antenna array for the required mix of simultaneous heating and current drive. 
The paper addresses these issues using theoretical and computational tools developed at a number of 
institutions by benchmarking the computations against available experimental data and applying them 
to the specific case of TPX. 

1. Self-consistent advanced tokamak heating and current drive scenarios 

A large number of operating scenarios have been identified for TPX. These are 
conveniently grouped into three categories: 1) standard high-beta tokamak with 
operations near limits in (3 and qy identified by the present tokamak data base, 2) high 
bootstrap/first stable tokamak with operation at bootstrap fraction exceeding 66% such 
as identified in the ARIES-I reactor study, 3) and advanced performance tokamak 
based on the assumption that confinement improvement factors significantly 
exceeding H-mode factor = 2 and beta significantly exceeding fJn = 3.5 can be 
achieved by proper shaping and profile control. We have used the ACCOME code [1] 
to demonstrate that for each of these categories, equilibria can be produced having 
self-consistent pressure and current profiles including fast wave, neutral beam, lower 
hybrid, and bootstrap currents. The transport and stability of these equilibria is still 
under investigation. 

For standard tokamak operation at Bo = 4 T, assuming an H-mode or VH-mode 
confinement improvement factor of H = 3, scenarios are found having Te(0) = TD(0) 
up to 15 keV and ne(0) = 1.0 x 1020 nr3, IP = 1.74 MA, q95 = 3.4, and (3N = 1.94. Of 
the 1.7 MA of plasma current, 860 kA is fast wave driven current, 280 kA is from 
beam injection, 73 kA is from lower hybrid, and 490 kA is bootstrap. In modeling 
with the PICES 2-D full wave code, we confirm that in this scenario currents over 
800 kA can be driven by the available 8 MW of fast wave power. Because of the 
highly peaked FW current profile, qo « 1 if sawtooth or other current profile 
broadening processes are neglected. The actual consequence of the highly peaked fast 
wave current drive (FWCD) profile is an important matter for further investigation. 

Numerous high bootstrap scenarios have been developed with bootstrap fractions 
in the range 0.6 < fss < 0-9. In these cases the neutral beams provide ample seed 
current, although full beam and ICRF power are required for plasma heating. An 
example of a 70% bootstrap fraction scenario is shown in Fig. 1(a). Here Te(0) = 
TD(0) = 15 keV and ne(0) = 1.0 x 1020 nr3 with IP = 1.77 MA, B 0 = 3 T, q0 = 1.3, 
q95 = 4.3, and PN = 3.58. The driven current consists of 400 kA from neutral 
injection, 90 kA from lower hybrid, and 63 kA of on-axis fast wave current drive. 

Among the advanced performance scenarios investigated, some of the most 
promising are those that seek to obtain improved confinement using reversed shear, 
which is thought to explain the PEP modes on JET. Assuming an H-mode factor of 
2.7, we obtain scenarios having T(0) up to 20 keV and fss up to 0.92 at Ip of 
2.04 MA. A typical example is shown in Fig. 1(b). where, in this case, fast waves are 
used to drive a countercurrent of Ipw = -136 kA to maintain qo > 2. In this scenario 
Te(0) = TD(0) = 14 keV and n-CO) = 0.9 x 1020 nr3 with Ip= 1.63 MA, qmin = 1.8, 
q95 = 3.4, and PN = 4.3. The bootstrap fraction is 75%, whereas INB = 425 kA and ILH 
= 126 kA. To control the shear reversal point, it is necessary to operate in an ne, Te, 
B T regime, which keeps the lower hybrid deposition layer at 0.7 < p < 0.9 and which 
maximizes ILH-
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FIG. 1. (a) Current density and q profiles for ARIES-I-like high bootstrap scenario; (b) current density 
and q profiles for advanced tokamak, reverse shear scenario. 
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2. Fast wave current drive physics 

TPX, with its comparatively large aspect ratio, is a very attractive machine for fast 
wave current drive. There is a frequency window between about 45 and 48 MHz for 
which there are no parasitic ion resonances and a higher frequency window between 
about 78 and 80 MHz for which the Q H resonance is out of the machine on the high 
field side and the 3 Q D resonance, although present, is near enough to the edge that 
parasitic absorption can be acceptable. We have investigated the current drive 
efficiency, the effect of parasitic resonances, and the controllability of the driven 
current profile using the 2-D full wave RF codes PICES, FISIC, and FASTWA [1]. 
These codes are in reasonable agreement with the limited fast wave current drive data 
base from DIII-D and with the fast wave direct electron heating experiments on TFTR. 
We find in TPX that at Te(0) = 10 keV, the current drive efficiency is typically y ~ 0.1 
x 1020 A/w/m2, so that, for example, at ne(0) = 1 x 1020 nr3 the fast wave driven 
current is -600 kA. In the 45 MHz frequency range, parasitic absorption is not 
significant even though electron absorption is weak. However, current drive 
efficiency is limited by upshift of k|| due to the poloidal field. Electron absorption is 
much stronger at the higher frequency, however, up to -35% of the power can be 
absorbed by third harmonic D depending on the distribution of beam injected D ions. 
Despite the parasitic ion absorption, the total current drive efficiency is slightly higher 
at the higher frequency. 

3. Analysis and design of fast wave current drive antenna arrays 

The performance of ICRF antenna arrays, both with regard to the launched power 
spectrum and their interaction with edge plasma, is sensitively dependent on details of 
the self-consistent currents in the antenna structure and in the plasma. Recently, there 
has been a considerable advance in our understanding of the physics of these 
launching structures through the development of 3-D modeling codes. RF antenna 
arrays are inherently 3-D structures. The antenna source currents and many of the 
induced image currents cannot be adequately modeled in 2-D. Also, the plasma 
response is inherently 3-D since the coupling properties of the plasma depend 
sensitively on the poloidal mode spectrum. 

The RANT3D code [2] and the WICS code [3] both employ Fourier expansions in 
the toroidal and poloidal directions which simplify the 3-D geometry somewhat by 
neglecting the detailed structure of the Faraday shield, but which are well suited to 
calculating the performance of large arrays of antennas. The plasma response is 
included by solving the 1-D radial wave equation assuming uniformity in the toroidal 
and poloidal directions and matching boundary conditions at the plasma vacuum 
interface. At present the strap current distribution is specified using information from 
bench measurements and 3-D magnetostatic codes. The WICS code also models an 
idealized Faraday shield by imposing an appropriate boundary condition. The 
RANT3D code has great flexibility in that multiple recesses are allowed, and recesses 
can be placed within recesses so that antennas with septa of varying height, antennas 
that protrude beyond the tokamak wall, and antennas with limiters can be modeled. 
Figure 2(a) shows the geometry of recesses and current straps used in the RANT3D 
modeling of the Bay M antenna on TFTR. Recesses 3 through 6 model openings in 
the tokamak first wall. We have also used the ARGUS code [4], which employs finite 
difference methods in the vacuum region to treat the local 3-D structure in minute 
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detail (including discrete Faraday shield). Coupling to the plasma is achieved using an 
iterative scheme by which the vacuum solution in real space (y,z) is Fourier 
transformed and matched to the 1-D (ky,kz)-space solutions in the plasma. In this 
code the antenna is excited by specifying the voltage across a gap in the back-plane. 
Figure 2(b) shows the geometry, including Faraday shield bars, of one-fourth of the 
TFTR Bay M mockup antenna. The computational domain has been reduced to one-
fourth by appealing to symmetry. 

To demonstrate the accuracy of these codes, we concentrate on comparison of 
calculated versus experimental measurements of loading, a fundamental quantity of 
antenna performance. This is made possible using high resolution edge-plasma 
density profiles obtained using a two-frequency, differential-phase reflectometer 
system installed in the Bay M ICRF antenna on TFTR [5]. To make quantitative 
comparisons, we have also employed 1) a circuit model for the antenna and 
transmission system that allows current, voltage, and power measurements made 
remote from the antenna box to be converted to the experimental radiation resistance 
at the current strap, and 2) a 3-D magnetostatic model to determine the phase velocity 
of the current wave on the strap and to determine the Faraday shield transmission 
coefficient [6]. In the experiments studied, the antenna-to-plasma gap was varied by 
changing the major radius of the plasma. The full plasma density profiles for this 
series of shots were obtained by combining the reflectometer edge profile with the 
multi-channel interferometer central density profile. An example of two of the 
profiles of this series is shown in Fig. 3(a). The profiles are peaked in the center, have 
a steep density gradient near the edge (presumably the result of scrape-off on the inner 
bumper limiter), and have an exponential decay to the edge. Figures 3(b) and 3(c) 
compare experimental values with calculations using the RANT3D and RANT2D 
codes. We can see that the agreement between experiment and the 3-D calculations is 
extremely good whereas the 2-D model overestimates loading by quite a large amount 
at small gap spacing. We have studied the sensitivity of the results to a number of 
factors. We find that to achieve good agreement with the experiment it is necessary to 
include: 1) the fact that the antenna protrudes form the vessel wall [as represented by 
recesses 3 through 6 of Fig. 2(a)], 2) the strong poloidal dependence of the plasma 
surface impedance, and 3) the tendency of the source current to concentrate toroidally 
on the edges of the current strap. 

We find that 3-D effects can also have a significant effect on launched wave 
spectrum, particularly for phase shifts less than 180° and for arrays with few elements. 
The TPX 12 strap antenna produces a very efficient spectrum for current drive, mainly 
due to the array factor for the 12-element array. The main lobe is sufficiently narrow 
that the wave spectrum can be well matched to the thermal electrons, while the 
countercurrent side lobe is so slow that little power is coupled and very little current is 
driven. However, the image currents in the side walls and septa reduce the coupling at 
small k|| relative to the predictions of 2-D models. Depending on details of the edge 
density profile, this can result in a decrease in total loading of ~30%. 
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Abstract 

PLASMA RESPONSE TO EXTERNAL ROTATING MAGNETIC FIELDS IN THE JFT-2M 
TOKAMAK. 

Experimental results from the JFT-2M tokamak show that an external rotating resonant magnetic 
field transfers toroidal momentum to a plasma and modifies the radial profile of plasma rotation in the 
toroidal direction. The rotating m = 2/n = 1 resonant magnetic field created by the external coils trans
fers the toroidal momentum to an m = 2/n = 1 magnetic island through j X B torque. There exists 
a limit on the attainable frequency shift at which the external rotating field can sustain forced syn
chronous rotation of the magnetic island. There is a phase lag between the external rotating field and 
the motion of the magnetic island under the synchronization. When the frequency shift reaches the limit 
and the phase lag exceeds a critical value, the external field no longer sustains the synchronous motion 
and the rotation frequency of the magnetic island returns to its natural frequency. Two characteristic 
time constants are found in the process whereby the magnetic island returns from forced rotation to its 
free rotating motion when the external field is turned off. These experimental results are consistent with 
a model proposed earlier in which the plasma inertia in the island region is balanced against the sum 
of the local electromagnetic torque and viscous torque. However, the change of toroidal plasma rotation 
velocity measured by charge exchange recombination spectroscopy is less than half of that estimated 
from the frequency change of m = 2/n = 1 magnetic island rotation observed by the magnetic probes 
under the assumption that the change of magnetic island motion caused by the external field is entirely 
in the toroidal direction. 

1 National Institute for Fusion Science, Nagoya, Japan. 
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1. INTRODUCTION 

In the past, several tokamak experiments have been performed to investigate the 
effect of resonant magnetic perturbation on a plasma. The effect of a static resonant 
magnetic field was investigated in the COMPASS-C tokamak [1]. The change of the 
toroidal velocity caused by the resonant field was observed through the spectroscopic 
measurement of the Doppler shift of intrinsic impurity line radiation. The effect of 
a resonant magnetic field rotating in the toroidal direction was investigated in the 
DITE tokamak [2]. The synchronization of the toroidal motion of the magnetic island 
with the external rotating field was observed from the magnetic probe measurement. 
There are also theoretical studies on this subject [3, 4]. In this paper, we present 
results from the JFT-2M tokamak that show that the toroidal momentum can be trans
ferred from the external rotating magnetic field to the plasma. The charge exchange 
recombination spectroscopy (CXRS) used in this experiment measures directly the 
toroidal velocity of the fully ionized carbon, which is closely related to the toroidal 
velocity of the plasma. 

2. EXPERIMENTAL SET-UP 

A circular tokamak plasma with a large amplitude saturated stable m = 2/ 
n = 1 magnetic island is produced repeatedly in JFT-2M limiter discharges. The typi
cal plasma parameters used in this experiment are q « 3, ne » 1 X 1013 cm"3, 
Bt * 1.2 T, Ip « 240 kA, R « 1.3 m and a « 0.3 m. The typical natural rotation 
frequency of the m = 2/n = 1 island is about 3 kHz and the width of the island is 
estimated to be ~ 5 cm. A set of eight saddle coils installed inside the vacuum vessel 
and driven by two independent power supplies generates an external rotating mag
netic field with m = 2/n = 1 as a major helical component. The direction of rotation, 
the frequency and the amplitude of the magnetic field are controllable. The maximum 
frequency of the magnetic field is 5 kHz and is limited by the power supplies. The 
amplitude of the magnetic field at this frequency is ~ 5 G. The direction of rotation, 
the frequency and the amplitude of the external field are preprogrammed and can be 
modulated during a plasma discharge. One of the magnetic probes installed inside the 
vacuum vessel is sensitive almost exclusively to the magnetic fluctuation of the 
plasma and is used to check the synchronization (locking) and desynchronization 
(unlocking) of the magnetic island motion with the external magnetic field rotation. 
Balanced (co + ctr) short pulse neutral beams are injected into the plasma for CXRS 
to measure the toroidal velocity of the fully ionized carbon contained in the plasma. 

3. EXPERIMENTAL RESULTS 

The natural frequency of the saturated large amplitude m = 2/n = 1 magnetic 
oscillation observed in circular limiter discharges is 2.5-3 kHz. The frequency of the 
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850 860 870 880 890 900 

time [msec] 
FIG. 3. Frequency change of magnetic island rotation observed by the magnetic probe just after the 
termination of the external rotating field. The abrupt change in frequency occurred within less than 
0.6 ms, followed by the slower process of relaxation to the natural frequency. 

mode does not change during the steady phase of the discharge. The synchronization 
of the mode with the external rotating magnetic field is observed when an external 
resonant magnetic field rotating with a frequency close to the natural frequency of 
the magnetic island is applied to the plasma. The Fourier spectra of the magnetic 
probe signal and the external rotating field in the case of downshifted frequency 
modulation are shown in Fig. 1(a). Results in the upshifted case are shown in 
Fig. 1(b). Such a synchronization is not observed if the direction of the rotation of 
the external field is reversed. 

The phase lag between the applied field and the magnetic islands is sustained 
during the synchronization. Two cases are shown in Fig. 2. The upper four traces 
correspond to the upshifted synchronization, i.e. the frequency of the external field 
is higher than the natural frequency of the m = 2/n = 1 mode. The phase of the exter
nal field is in advance of that of the magnetic island. This indicates that the external 
field rotation drives the magnetic island rotation, but this effect is opposed by the vis
cous friction from the surrounding plasma. When the phase lag comes close to 
-140°, the synchronization is terminated, as shown in Fig. 2(d). The phase lag of 
-30° observed in Fig. 2(e), when the frequency of the external field approaches the 
natural frequency, is the offset due to the positional phase difference between the 
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FIG. 4. Toroidal velocity change of fully ionized carbon in a plasma induced by an external resonant 
rotating magnetic field, measured by CXRS. The traces correspond to the toroidal velocity profile of 
fully ionized carbon (1) in the case of no resonant field (closed circles), and (2) in the case of a 1.5 kHz 
rotating field (open circles). The natural frequency measured by the magnetic probe is 3.0 kHz. 

external coil and the magnetic probe. A similar phase lag is observed when the exter
nal field frequency is decreased, as shown in Fig. 2(e)-(h). The critical phase lag 
observed in JFT-2M is —90° in both directions if the offset is taken into account. 

In the process of returning to the natural frequency after the termination of the 
external field, two time constants are observed, as shown in Fig. 3. This figure shows 
the frequency of the magnetic probe signal as a function of time. There is an abrupt 
frequency jump just after the termination of the external field which is followed by 
the slower process of returning to the natural frequency. The abrupt change is related 
to the fast relaxation of the phase lag between the magnetic island and the external 
field. The slower relaxation corresponds to the relaxation due to the viscous torque 
proposed by Fitzpatrick [4]. 

The direct measurement of plasma toroidal rotation was also conducted with the 
CXRS method. The results are shown in Fig. 4. The natural frequency of the island 
is about 2.8 kHz. The frequency of the external field turned on at 625 ms is shifted 
linearly to the target frequency during the first 125 ms and is then sustained at this 
frequency for another 75 ms. The plasma rotation profile is measured at 
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800-816 ms, by which time the rotation has reached steady state. The short pulsed, 
balanced (co + ctr) neutral beam is injected for CXRS between 800 and 810 ms. The 
synchronization during the neutral beam injection is checked through the magnetic 
probe measurements. In each case the data are accumulated for about ten discharges 
to improve the statistical quality of the results. A clear change in the toroidal velocity 
profile is observed. The velocity change occurs over the entire measurable region. 
The rotation velocity at the plasma centre changes from - 5 km/s (minus corresponds 
to the direction opposite to the plasma current) to 3 km/s when the 1.5 kHz external 
field is applied. The change near the q = 2 surface located at R « 1.52 m is even 
smaller. The change is from 6 to 10 km/s. The direction of the velocity change is 
consistent with the decrease of the magnetic probe frequency. However, the velocity 
change at R = 1.5 m corresponding with the frequency change of 1.5 kHz is about 
14 km/s. The discrepancy between the velocity changes measured by the two 
methods is about a factor of 3. The velocity change near the q = 2 surface caused 
by the static resonant field was also investigated. Results showed a discrepancy 
similar to that described above. 

4. SUMMARY 

A similar discrepancy in toroidal velocity changes estimated through the mag
netic probe measurements and spectroscopic measurement was observed in 
COMPASS-C experiments [1]. The conclusion was reached that the discrepancy 
comes from the toroidal velocity shear. But the discrepancy cannot be attributed to 
the toroidal rotation shear in the JFT-2M case, because both methods measure the 
same radial position in the JFT-2M experiment. The reason for this discrepancy 
could be either that the island motion in the poloidal direction is also excited by the 
external resonant field or that the normally accepted 'no slip' condition of the plasma 
and the magnetic island does not always hold. The velocity change measurement in 
the poloidal direction will make clear what is the major reason for the discrepancy. 

DEDICATION 

The authors dedicate this paper to the memory of Dr. Hikosuke Maeda, head 
of the JFT-2M tokamak experimental group, who passed away on 29 November 
1994. Dr. Maeda had devoted his life to the investigation of plasma physics and 
controlled thermonuclear fusion. 
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Abstract 

PASSIVE AND ACTIVE CONTROL OF MHD INSTABILITIES IN THE HBT-EP TOKAMAK. 
Experimental studies of the effects of adjustable close-fitting conducting shells and resonant 

magnetic perturbations on MHD instabilities have been carried out in the HBT-EP tokamak. Discharges 
formed with the conducting shells positioned close to the plasma achieved longer lifetimes and attained 
higher values of (iN without disrupting than did otherwise similar plasmas formed with the shells fully 
retracted. In a second series of experiments, mode locking of naturally-occurring m = 2, n = 1 mag
netic fluctuations has been induced by applying a resonant magnetic perturbation using a highly-
localized, toroidally-distributed array of saddle coils. 

1 I N T R O D U C T I O N 

The H B T - E P tokamak [1] (R0 = 0.92 m, a = 0.15 m, B& = 0.33 T) was 
designed to study the effectiveness of close-fitting passive conductors and 
actively-controlled coils in stabilizing beta-limiting, disruptive M H D 
instabilities. Although the role of passive conductors on plasma stability has 
been examined in other tokamaks {e.g., PBX-M [2]), these experiments relied 
on a change in plasma equilibrium to produce a significant change in the 
plasma/wall separation. In contrast, HBT-EP is equipped with a set of 
segmented conducting shells and independently-adjustable limiters that 
permit, for a fixed plasma radius ay the plasma/wall distance to be adjusted 
over a range of 1.07 < <b>la < 1.52, where <b> is the average radius of the 
conducting shells. Mode control on an extended time scale is made possible 
with a set of discrete, externally-mounted saddle coils. 

2 ADJUSTABLE CONDUCTING SHELLS 

The HBT-EP vacuum chamber is a modular assembly consisting of ten large 
stainless-steel segments joined by either quartz insulating gaps, multi-port 
stainless-steel "spool" pieces, or thin stainless-steel bellows sections (Fig. 
1(a)). Two nickel-plated aluminum conducting shells of thickness 8= 0.013 m 
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stainless steel 
vacuum chamber 
segment (1 of 10) 

(a) 

m = 2 saddle coils 
located at quartz 
sections (2 of 5) 

quartz vacuum 
segment 
(1 of 5) 

bellows section 

spool" section with 
poloidal limiters 
(1 of 2) 

Shells retracted: <b>la = 1.52 Shells inserted: bla = 1.07 

FIG. 1. (a) Overhead view of the HBT-EP tokamak. (b, c) Cross-sectional view of the HBT-EP vacuum 
chamber showing the conducting shells in the fully-retracted and fully-inserted configurations. 

are located in each of the ten chamber segments. Each shell is independently 
mounted on a movable positioner that allows it to be retracted at a 45° angle 
to the outer midplane of the torus (Fig. 1(b) and (c)). The shells are poloidally 
and toroidally segmented and are contoured to conform to the shape of the 
circular cross-section plasma. The eddy current decay time for equilibrium 
field penetration is ?L/R ~ 8 ms. When fully inserted, each shell spans a 
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toroidal angle of 28°; the complete shell system covers 78% of the outboard 
surface of the plasma. The plasma radius is constrained independently of the 
shells by two sets of adjustable poloidal limiters. 

3 RESULTS OF THE SHELL STABILIZATION 
EXPERIMENTS 

In order to assess the influence of the conducting shells on the stability of 
HBT-EP plasmas, two groups of ohmically-heated discharges were produced. 
The plasmas in both groups were formed using the same startup sequence and 
had similar global characteristics (Ip~ 14 kA, q*~ 3.2, ne ~2xl0 1 9 nr3 , <Te> 
~ 50 eV). In one group the conducting shells were in the fully-retracted 
configuration (<b>/a = 1.52), in the other group the shells were fully inserted 
{bla = 1.07). Figure 2 shows the time evolution of representative discharges 

Shells Retracted Shells Inserted 
/ / 

time (ms) 

disruption disruption 
(shells retracted) (shells inserted) 

FIG. 2. Time evolution of plasma parameters for representative discharges formed with the conducting 
shells in the retracted and inserted positions. 
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Shells Retracted Shells Inserted 

time (ms) time (ms) 

FIG. 3. Magnetic and soft X-ray fluctuations preceding and following a disruption for discharges with 
shells fully retracted and fully inserted. Shaded area indicates bias and formation phase. 

from the two groups. One striking difference in the shots is the pulse length; 
the plasma lifetime was extended by a factor of four with the shells positioned 
close to the plasma. The plasma formed with the shells in the fully-retracted 
position was terminated by a major disruption which occurred as j3;vexceeded 
~ 1.5. The disruption was signaled by a strong negative loop voltage spike 
followed by a rapid (~ 40 ¡is) thermal collapse. In contrast, the discharge 
formed with the shells positioned close to the plasma achieved a maximum 
value of PN~ 2. The decline in normalized beta later in the discharge was 
likely due to decreasing plasma density in combination with reduced ohmic 
input power. 

The plasma formed with the shells retracted displayed MHD activity 
which was visible shortly after formation and continued to grow until the time 
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of disruption. In Fig. 3(a), data from two Fourier-analyzing Rogowski coils, 
separated toroidally by Á0 = 180°, shows a growing m = 2, n = 1 fluctuation 
with a real frequency off- 6-7 kHz. By comparison, the plasma formed with 
the shells in the innermost position displayed comparatively little magnetic 
fluctuation activity as /^exceeded ~ 1.5 (Fig. 3(d)). We observe, however, 
that this plasma also terminated in a disruption, albeit relatively late in the 
discharge {tdis (in) ~ 5.2 ms). The precursors in this case displayed two phases 
of growth and saturation prior to the final growth that lead to the disruption. 
In comparing the two discharges, we note that the plasma profiles are likely to 
have evolved in the longer, "shells-inserted" shot such that the stability 
properties are quite different from those of the "shells-retracted" case at the 
time of disruption {tdis (out) ~ 1 . 9 ms). A determination of the theoretical 
stability boundaries for these cases is in progress. 

The global extent of the instability is revealed in data from the soft X-
ray array, which provides views over the range 0 < r < 0.7a. Wi th the 
conducting shells retracted, large fluctuations were observed in all of the 
channels (Fig. 3(c)). Intensity fluctuation levels on the core channels were 
51 11 ~ 2 5 % , with larger fluctuations appearing on the outer channels ~ 300 /is 
prior to the disruption. The thermal crash was rapid—the central channels 
indicate a collapse with a characteristic time zcrasj¡, ~ 40 fis. For the discharge 
formed with close-fitting shells, the central channels exhibited fluctuations 
during the high-/?jv phase similar in magnitude to those of "shells-retracted" 
shot (Fig. 3(f)). The outermost channel, in contrast, is relatively quiescent at 
this time. These measurements suggest that full insertion of the shells did not 
lead to a completely stable plasma. However, the close-fitting conducting 
shells were observed to modify the structure of the mode (reduce the edge 
amplitude), slow the mode growth rate and allow the plasma to achieve a 
higher value of normalized beta without disrupting. After t = 4.2 ms, the 
character of the precursor fluctuations changed; a 10 kHz signal first appeared 
on the outer channels and became evident on all of the channels prior to 
disruption. The thermal collapse was markedly less abrupt with the shells fully 
inserted, occurring on a timescale of ïcrash ~ 220 /is. 

4 M O D U L A R SADDLE COILS 

Active mode control studies have been initiated on HBT-EP by examining 
the effect of an applied quasi-static resonant magnetic perturbation on pre
existing M H D instabilities. The perturbation was produced using a discrete 
set of saddle coils mounted on the exterior of the five quartz insulating gaps in 
the HBT-EP vacuum chamber. Each 10-turn coil produces a predominantly 
m = 2 magnetic perturbation. The coils are poloidally oriented at each toroidal 
location to give the applied field an n = 1 helicity. Although other experiments 
have employed helical coils [3] and saddle coils [4,5,6] to produce resonant 
magnetic perturbations, the HBT-EP coil set is distinctive in that it is highly 
localized; each coil spans < 6° in toroidal angle. The local applied field at the 
plasma surface (measured directly under a coil) is Br{r = a = 15 cm) ~ 7 
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mGauss/ampere-tum. The coil set (total inductance hsc ~ 400 //H) was driven 
by an ignitron-switched capacitor bank (V= 4 kV, C = 400 fi£) which 
produced a pulse of length Xp ~ 1 ms. 

5 RESULTS OF THE RESONANT MAGNETIC 
PERTURBATION EXPERIMENTS 

As a test of the power required to influence an instability, increasing levels of 
saddle coil field were applied to a series of plasmas which exhibited saturated 
m = 2, n = 1 magnetic fluctuations. The plasma parameters for these 
discharges were Ro = 97 cm, a = 15 cm, L, = 11 kA, B^ = 3.4 kG, q* ~ 3.6, 
PN~ 1.2 and <Te> « 70 eV. Figure 4 displays a summary of the experimental 
observations. At saddle coil current levels below Isc~ 300 A, the applied 
perturbation produced no marked effect on the fluctuations. However, at Isc~ 
350 A, the fluctuation frequency decreased from 11 kHz to 5 kHz and the 
signal lost its sinusoidal character. Finally, at Isc~ 600 A, the fluctuations 
disappeared, indicating that the mode had locked to the applied field (Fig. 
4(c)). This effect was observed in both the magnetic and soft x-ray traces. The 
mode locking threshold corresponds to a local applied field at the plasma 
surface of Br(r=r¿im) ~ 42 G ~ 27% Bg(r=a). The toroidally-averaged critical 
field is consistent with that observed on COMPASS-C and DIII-D [7], but 
somewhat greater than that required for locking via helical coils as reported in 
Ref. [3]. At high levels of saddle coil current (Isc > 1200 A), a disruption was 
stimulated, as evidenced by the collapse of the central soft x-ray signal. This 
event may be interpreted as forced reconnection of the internal magnetic field 
[8]. Experiments have been performed in which the direction of the toroidal 
field was reversed, thus reversing the unstable mode helicity with respect to 
that of the applied perturbation. For these cases, no mode locking was 
observed. 

6 SUMMARY 

For the class of ohmic discharges examined in this study, plasmas formed with 
the conducting shells in the fully-retracted position {<b>/a = 1.52) were 
observed to disrupt abruptly following the growth of large-scale precursor 
fluctuations. Inserting the shells to the close-fitting configuration {bla = 1.07) 
produced the following effects: 

• The plasma normalized beta exceeded 1.5 without disruption. 
• The plasma lifetime was extended by a factor of 2-5. 
• Outer (r ~ 0.7a) soft x-ray fluctuation amplitudes were reduced. 
• Growth rates of magnetic fluctuations were reduced. 
• Disruption "crash" timescales were extended. 

Application of an Isc ~ 350 A quasi-static pulse to a simple m = 2, n = 1 
modular saddle coil array produced a reduction in the frequency of pre
existing resonant 2/1 fluctuations from 11 kHz to 5 kHz,. At Isc** 600 A, the 
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modes were observed to lock. Further increase in the applied saddle coil 
current (Isc > 1200 A) induced a disruption. The levels of current required to 
lock the mode are well within the capabilities of power supplies [9] to be 
installed on HBT-EP for upcoming experiments in mode rotation control and 
synchronous feedback. 
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Abstract 

FLUCTUATION SUPPRESSION BY BIAS ELECTRODE INDUCED POLOIDAL FLOW AND 
FEEDBACK IN A TOROIDAL PLASMA. 

Results of an experimental study on the suppression of low frequency fluctuations in a currentless 
toroidal plasma by two methods: (i) bias electrode induced poloidal flow and (ii) phase sensitive feed
back are presented. Poloidal plasma rotation at velocity v8 and, concurrently, a reduction in the fluctua
tion level are observed with positive electrode biasing. At high ve, a new kind of fluctuation appears 
which is a coherent mode. Strong modification of the spectral characteristics of fluctuation and a change 
in fluctuation induced transport are found by feedback, using appropriate values of frequency dependent 
phase shifts. A theoretical model of the modified Simon-Hoh instability seems to explain the experimen
tal characteristics of the observed fluctuations. 

1. INTRODUCTION 

The cross-field transport of particles and energy occurs at rates that are much 
faster than could be accounted for by collision effects in tokamaks, and it is now 
recognized that such anomalous transport is due to fine-scale fluctuations. The 
experiments on suppression, control and modification of fluctuations, aiming at an 
understanding of the underlying physical mechanisms, are thus of great importance. 

We report here results of experiments on suppression/control of fluctuation with 
(a) bias electrode induced poloidal flow, and (b) phase sensitive feedback technique 
in a toroidal plasma with no poloidal magnetic field. Furthermore, results of a theo
retical study on the effect of feedback and poloidal flow on fluctuations, specific to 
our experiment, are presented. 

1 Columbia University, New York, USA. 
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FIG. 1. (a) Schematic ofMach probe, showing its orientation used for poloidal flow measurement. Ion 
saturation current measured with upstream and downstream disc of the Mach probe for (b) argon and 
(c) hydrogen plasma. The arrows in the figure designate the time at which the bias voltage of +50 V 
is applied to the ring electrode. The vertical scales for upstream and downstream disc signals are the 
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2. EXPERIMENTAL SET-UP 

The experimental was carried out in a toroidal device called BETA (Basic 
Experiments in Toroidal Assembly). It has R = 45 cm, a = 15 cm [1] and a quasi-
steady toroidal magnetic field of up to 1.0 kG (0.1 T). The currentless toroidal argon 
or hydrogen plasma is produced by a discharge between a 2 mm diameter hot fila
ment tungsten wire cathode and a grounded limiter. The conducting limiter substan
tially reduces the vertical field Ez produced by charge separation; it provides 
equilibrium. Typical plasma density and electron temperature are in the range of 
(1-3) X 1010 cm-3 and 1-15 eV, respectively. Langmuir probes are used to mea
sure the density and potential fluctuations. The poloidal plasma rotation with biasing 
is monitored by using a Mach probe (Fig. 1(a)). 

A ring electrode (inner diameter = 10 cm, outer diameter = 1 2 cm) is used to 
bias the plasma. A pulsed positive voltage of up to 450 V, a rise-time of ~ 1 ms and 
an RC decay time of ~ 60 ms are applied to the ring electrode by using a capacitor 
bank [2]. For the purpose of phase sensitive feedback, the continuous poloidal limiter 
of 0.18 m diameter is replaced by a segmented limiter of the same diameter, 
consisting of ten electrically isolated conducting segments which can be biased 
independently and act as a sink of electrons at respective azimuthal locations. The 
density fluctuation signals, picked up by a Langmuir probe, are bandpass filtered and 
passed through a set of phase shifters and power amplifiers to produce feedback sig
nals which are superimposed on the biased limiter segments. The signals on succes
sive limiter segments differ in phase by a fixed phase shift at a given frequency. The 
phase shifters produce phase shifts which increase linearly with the frequency. The 
limiter bias is adjusted so that it is in the exponential region of the I-V characteristics 
of the segment; hence, when we apply feedback electron collection it is modulated 
according to the density fluctuation. 

3. EXPERIMENTAL RESULTS 

3.1. Effect of bias electrode induced poloidal flow on fluctuation 

The positive bias voltage Vb to the ring electrode was applied during the dis
charge (discharge duration - 1 . 2 s). Figures 1(b) to (c) show the time evolution of 
the ion saturation current collected by upstream and downstream discs of the Mach 
probe for argon and hydrogen plasmas with Vb = +50 V, B^ = 300 G (0.03 T). 
On application of the bias (depicted by the arrow), we observe a large asymmetry 
in the ion saturation currents measured by the upsteam and downstream discs for both 
hydrogen and argon plasma and, concomitantly, a significant reduction in the fluctua
tions. The ratio R of measured ion saturation currents by upstream to downstream 
discs at peak is ~ 6 for the hydrogen and ~ 1.8 for the argon plasma. This large cur
rent ratio implies significant poloidal plasma flow on biasing. The observed change 
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in the direction of flow with direction of B^ confirms the poloidal plasma rotation. 
The fluctuations reappear after rotation (or biasing) has ceased. 

It is found that the reduction of ôn/n with biasing is the same in both regions, 
i.e. the ve shear (r between 5 to 7.5 cm) and the no shear region (r from 7.5 to 
11.5 cm). For the hydrogen plasma, for Irl < 3.5 cm, the reduction in on is 
negligible. In the region of large ue shear but relatively small vd (r = 3.5 to 
7.5 cm), the on reduction is small and has a very short duration. On the other hand, 
beyond r = 7.5 cm where ve is large but its shear is small, the on reduction is 
appreciable for long duration (Fig. 1(c)). These results show that the suppression of 
fluctuation is significant at locations where vg is large and does not critically depend 
on its shear. At large ve, i.e. beyond certain values of B^ or the bias voltage, the 
fluctuations start reappearing; they are found to be a new coherent mode. 

3.2. Effect of feedback on fluctuations 

Experiments on the phase sensitive feedback of density fluctuations using the 
segmented limiter have been carried out for different direct current bias and different 
relative phase shifts between the pickup points and the limiter segments. The main 
results of these experiments can be summarized as follows: 

(i) The frequency spectrum of the fluctuations is strongly modified with the 
feedback for the case of negative direct current bias on the limiter segments while 
for positive direct current bias the modification is insignificant. 

(ii) The modification to any specific mode in the spectrum depends mainly on 
the phase shift relative to the pickup signal, the relative phase shift between limiter 
segments, the number of segments used for the feedback and the poloidal angle 
covered by the segments. 

(iii) In addition to the modifications to the specific modes, the part of the spec
trum which is turbulent without feedback becomes coherent with feedback for 
specific values of the relative phase shifts. 

(iv) In addition to the change in the spectrum, the mean density also exhibits 
a change by as much as ±40% as the relative phase shifts of the feedback signals 
are varied. This may indicate an effect of the feedback on overall particle 
confinement. 

(v) Preliminary measurements of the fluctuation induced, frequency resolved 
particle transport with and without feedback also show significant differences arising 
both from the modification for the density and potential spectra and the relative phase 
between the density and potential fluctuations at a given frequency. 

An example for spectra with different relative phase shifts of the feedback sig
nals on the limiter segments is shown in Fig. 2, which demonstrates almost complete 
suppression of the m = 1 mode, simultaneously with strong enhancement of the 
m = 2 mode at specific phase shifts of the feedback signal. The feedback signals in 
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FIG. 2. Normalized density fluctuations, h~, versus frequency, (a) Limiter grounded, no feedback; 
(b) poloidal limiter segments biased to -2 V with respect to the vessel, no feedback; (c) negative bias 
and feedback applied, with 60° phase shift to segment 1 with respect to sensing point and successive 
phase shifts of 30°, each to segments 3, 5, and 7; (d) initial phase shift of 90° to segment 1; (e) initial 
phase shift of 120° to segment 1 (the phase shift mentioned is for a frequency of 3 kHz; the phase shifter 
has a linear response over the low frequencies (—12 kHz))-

these experiments modulate the current drawn by the limiter segments, resulting in 
a modulation of the electron sinks represented by the segments. 

THEORETICAL MODEL AND RESULTS 

Since fluctuations are observed both in the inboard and outboard regions [3] and 
the phase difference (<pnip) between ñ and Up lies between ir/2 and TT, they cannot be 
entirely attributed to Rayleigh-Taylor and drift-like modes. We report the identifica
tion of low frequency electrostatic fluctuations in BETA plasma which was termed 
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as modified Simon-Hoh instability (MSHI) [4]. In the BETA device the ion Larmor 
radius is appreciable for typical plasma parameters; a strong direct current 
inhomogeneous radial electric field also exists. In such a plasma a relative electron 
and ion azimuthal E X B drift can arise because of the finite Larmor radius effect. 
This leads to charge separation in the azimuthal direction and hence to a perturbed 
electric field. An enhancement of density perturbation can occur if Vn-E > 0. 
We model the BETA plasma in a simple slab geometry with the effective gravity act
ing radially outwards. The linearized electron continuity and vorticity equations with 
a phase sensitive feedback electron source are given by: 

3t 
+ »Ee V J ñ 

dip d(<p - n) 
= -U* e —- + €nU*e + S e n 

dy dy (1) 

dt + v*r V + vEi- V + vm V i <p 

-env*e ~ - - kgafc • V ñ + Señ 
dy 2 B¿ 

(2) 

where ñ and <p are the normalized density and potential fluctuations, v*¡ = 
(cTj/ejBLn), (j = e, i) is the diamagnetic drift frequency, en = Ln/R, L"1 = 
—d In n/dx, R is the radius of curvature, Se(w) = Seld, 6 is the phase. The effects 
of ion viscosity and parallel dynamics are found to be insignificant and hence have 
been dropped in this analysis [5]. The relative E x B drift between electrons and 
ions can be expressed as 

1 « 2 2 E x B 
vEe — VE\ = ~ k 0 a¡ C —2 (3) 

where ko is the inverse of the electric field scale-length. The generalized dispersion 
relation is found to be given by 

O) + 0) 
1 

kga¡ü>E - e*na>*e + \p{l 

+ kia^ 
en(l - e j w»2

e + - kgafw* ,coE - io)eSe(co) = 0 (4) 

where a> = co — wE, a>E = k • yEe, w*e = k • v*t and vm is the neutral-ion collision fre
quency. Our basic results are: 
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FIG. 3. Gamma versus B at ky = 0.2 cm'1', k0 = 0.25 cm'1, Ln = 10 cm, T¡/Te = 0.2, E = 1 V/cm, 
T, = 5 eV. 

(1) In the limits vm <̂  w and kxa¡ < 1, the Rayleigh-Taylor mode is unstable 
only for wavelengths longer than the critical Xc, where Xc = 7ras Ven/1 — en. 
In the collisional limit, vm > co, this mode still persists with the modified 
growth rate 

cn"-y "*e 

ki a^i, 
(5) 

(2) In the collisionless plasma and œ ~ coE > a>*e, the growth rate of MSHI is 

-ikgafo + i i k° 2 Te Ki e E (6) 

and for typical BETA parameters this mode is unstable for Vn-E > 0. 
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(3) Inclusion of the phase sensitive feedback source term leads to the stabilization 
of the Rayleigh-Taylor mode and of MSHI for 6 > ir/2. 

The behaviour of the Rayleigh-Taylor instability and of MSHI with magnetic 
field is shown in Fig. 3. The growth rate of MSHI increases abruptly (near 
B = 200 G (0.02 T) for BETA parameters) and then decreases with increasing mag
netic field, which is consistent with the experimental observations. In case of biasing, 
Vn and E are in opposite directions, hence significant stabilization is observed. 

5. CONCLUSIONS 

We observe a significant effect on low frequency fluctuations of a pure toroidal 
plasma by a bias electrode induced poloidal flow and phase sensitive feedback. The 
positive biasing of the toroidal plasma results in a significant poloidal rotation of 
plasma and, concurrently, a suppression of fluctuations. For high ve, a new kind of 
fluctuation appears which is a coherent mode. The feedback results in a strong 
modification of the spectral characteristics of the fluctuations. At a certain feedback 
parameter, the coherent mode is suppressed but its harmonics enhanced, while the 
high frequency part of the turbulent spectrum turns into a coherent mode. The theo
retical results are in general agreement with the experimental observations. 
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Abstract 

A SPHERICAL TOKAMAK EMPLOYING MAGNETICALLY DRIVEN PLASMA GUNS. 
In this study, the concept of a spherical tokamak with non-inductive current drive to be realized 

by an alternative method is presented. The analytical model of this conceptual design is a combination 
of peculiarities based on current drive by helicity injection as developed by Taylor and a spherical torus 
plasma with small aspect ratio (A between 1.2 and 2), and naturally large elongation (K in the range 
of 1.25 and 3) with an edge safety factor qa between 1.5 and 4. The numerical scheme used in this 
computational experiment is constituted by the analytical expressions given by Peng and Wilson. In 
addition, the bootstrap current drive mechanism is also taken into consideration. These models are inter
active. In the proposed system, a simulated single turn, very high current, toroidal field coil is controlled 
by a magnetically driven C-gun. The main part of the toroidal field coil consists of a shock heated, time 
varying, non-linear plasma belt in the flux conserver and a complementary back strap outside. The 
poloidal current loop is completed by a spark gap switch and a capacitor bank. The complete spherical 
torus plasma is formed by a multisegmented 24 C-guns system around the flux conserver. Because of 
the temperature and density gradients of these belts, pushed towards the centre of the flux conserver 
by the Lorentz forces, either toroidal or poloidal bootstrap currents are generated. On the other hand, 
helicity injection of the C-guns creates a second current drive mechanism. Consequently, a low aspect 
ratio, large elongated and strong paramagnetic spherical tokamak plasma is produced. 

1. INTRODUCTION 

The idea of the low aspect ratio tokamak has recently been advanced very much, 
depending primarily on the conventional tokamak assumptions based on the compact
ness of the system. In general, the conceptual design of a spherical torus is character
ized by high toroidal and poloidal beta, within the first stability regime, with naturally 
large elongation and strong paramagnetism [1]. 
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The distinctive specification of an experimental spherical tokamak (ST) facility 
is the use of a poloidal current rod [2] at the centre of the flux conserver, instead of 
conventional field coils, in order to obtain the toroidal field needed. 

From the viewpoint of the conceptual ST, this proposed system is similar to the 
experimental devices of START [2] and CDX-U [3]. In this system, however, 
24 C-guns [4] are used around the flux conserver, symmetric with respect to the 
Z axis; there are neither a central rod nor toroidal or poloidal field coils. The simu
lated one segment, single turn, very high current, toroidal field coil is controlled by 
a magnetically driven C-gun. The main parts of the toroidal field coil consist of a 
time varying, non-linear, shock heated plasma belt in the flux conserver, and a com
plementary back strap outside. The poloidal current loop is completed by a spark gap 
switch and a capacitor bank. 

The non-inductive current drive mechanism is based on the internally driven 
magnetic helicity injection method. Both toroidal and poloidal non-inductive current 
drives are realized in four operating stages: (i) As the toroidal field is generated by 
the loops of 24 belts, the back straps pushing the belts towards the system centre sym
metrically by the Lorentz forces and the belts staying inside their own self-generated 
toroidal magnetic field provide for either toroidal or poloidal magnetic helicity injec
tions, (ii) The interaction between the poloidal field of the toroidal current generated 
by the magnetic helicity and the thermal electrons in the belt makes a contribution 
to the toroidal current startup by the helices having different pitches in the belt, 
(iii) On the other hand, the long pitches of thermal electrons in the belt contribute 
to the toroidal and the short pitches to the poloidal current, (iv) Up to the equilibrium 
phase of the belts pushed towards the centre, because of the temperature and density 
gradients, the toroidal and poloidal bootstrap currents affect the non-inductive current 
drive. 

2. NUMERICAL SCHEME 

2.1. Characteristic functions of belts 

As can be seen in the non-inductive current drive scenario mentioned, the C-gun 
is the heart of the ST system. The poloidal, toroidal and bootstrap currents and their 
relevant magnetic field generation and formation procedures are controlled by the 
C-guns themselves. Besides, in the belts and the toroidal plasma channels, axial 
symmetry is adopted. Thus, up to the equilibrium state, an energy transfer in the 
coaxial network model with a very large coupling coefficient is taken into account. 

Using a binomial series, we can express the characteristic form function of the 
belts as 

Z ( r ) - i = c 3/ r 2 + c 2 (1) 
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where c is a constant. From Eq. (1), the parametric scaling equations are given by 

z = ca[l/tan(0 + cb)] 
(2) 

r = A(t)[l - cos(20)]cr 

where ca, cb, cr are scaling constants and A(t) is belt position as a function of time. 
In general, for a single turn loop inductance, L may be written as 

L = ^ fa, | Hnds) = MoS/d (3) 

where S and d are the loop area and the total width of the loop, respectively. From 
Eqs (1) and (3), the belt inductance, Lb, is found as 

Lb = 6 x 10-7 | ^ *» 2 dzb/ab (4) 
0 z b + a b 

where zb is the electrode gap distance of the C-gun and ab is the belt radius. 

2.2. Stored magnetic energy in belt 

From the C-gun current, the moving belt receives an amount of energy of 

Wb(t) = 0.302Ib
2(t) |Zb * f c 2 dzb/ab (5) 

0 Z b + a b 

where Ib is the C-gun current; the other symbols are the same as used in Eq. (4). 
The belt current of the C-gun is defined by 

Ib(t) = e<ne>[2kTe(t)/me]
1/2S (6) 

Here, the parameters e, (r^), me, Te, k, S are charge, average density, mass and 
temperature of the electrons, the Boltzmann constant and the area of the belt in the 
poloidal surface, respectively. 

The shock heated electron temperature of the plasma belt can be expressed in 
the form 

Te = [emi/3k(3mime)
1'2] [(E/p)/Pc(l + 2.405/Rwb)/Pcp] (7) 
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where mi is the ion mass, E the electric field of the C-gun at poloidal frame, p the 
working gas pressure, Pc the collision probability and Rwb the distance between the 
belt and the wall of the flux conserver. 

2.3. Poloidal frame 

As the belts move towards the centre, 80% of their initial energy is released to 
the magnetic surfaces of the poloidal profile. Because of the mutual magnetostatic 
forces of the belts at the centre, the initial belt profile is changed, and a weak, central, 
pinched column is produced. The characteristic form function of the belt in this situa
tion is given by 

Z ^ t ) - 1 = [exp(rb/2) + exp(-rb/2)cfck(t)] (8) 

where rb is the belt radius, cf is a form function parameter and ck is the elongation 
constant. 

The loop current to be formed in the poloidal frame can be expressed in the form 

1 *- ( 2 W >23xV. . ) ' a (9) 

where Wb is the stored energy in the belt, r]c (see Eq. (25)) is the coupling effi
ciency between the belts and the poloidal frame, K is the elongation and a is the profile 
radius. 

In order to analyse the poloidal flux on the toroidal surface of the conceptual 
ST system, for the locus of the outermost plasma flux surface, two conventional co
ordinate systems are used and adapted to this ST system. The two co-ordinates of the 
plasma boundaries parametrized in the cylindrical co-ordinates [5, 6] are given by 

R = Ro + acos(0 + bund + X sin 20) (10) 

Z = a/c sin 0 

and 

R = RQ + acos0 - a¿sin20 (11) 

Z = a«sin0 

where RQ is the major radius, a the plasma radius, 0 the poloidal angle, 6 the tri
angularity factor, X the broadening factor of the tips and K the elongation. 
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2.4. Non-inductive current drive 

Just after startup, the current loops of 24 C-guns produce the toroidal magnetic 
field of the ST system. The toroidal magnetic flux density, Bt, on the poloidal 
frame, can be written as 

Bt(T) = 10-7 NgIb(A)/ca(m) ln[(Ro + a)/(Ro - a)]/7ra2/c (12) 

where Ng is the number of C-guns, Ib is the belt current of a C-gun, a is the minor 
radius of the current loop produced by the belt or the half-width of the plasma column 
at the midplane, and RQ is the major radius of the current loop with respect to the 
geometric centre of the system. 

The major radius, Ro, of the current loops produced by the belts that are going 
to be pushed all together towards the centre by the Lorentz forces, will change in time 
until it reaches equilibrium (the belt surfaces become parallel to the Z axis such that, 
at the centre, a weakly pinched column occurs). On the other hand, since the flux 
conserver radius is normally unchangeable, the ratio Rw/Re assumes values between 
2 and 3 [7] (here, Rw and Re are the major radii of flux conserver and current 
loop during equilibrium, respectively), and in the case of force free equilibrium, 
J x B = k B x B = 0[8], because of magnetic helicity, toroidal current drive will 
start. Thus, in the ST system, the poloidal field vector formed by this toroidal current 
and the toroidal field vector itself will become interlinked. 

For the relaxed state in Ref. [8] 

fi0J = V x B = kB (13) 

Here, the toroidal plasma current density is given by 

JP = kBt//x0 (14) 

Using Eq. (12) and inserting the ST system parameters into Eq. (14) we obtain 
for the plasma current Ip: 

IP(A) = 79.6 X 10-3 kNgIb(A)a(m) *Ln [(Re + a)/(Re - a)] (15) 

where k is Taylor's constant. For the classical spheromak configuration [9], k takes 
the form 

k = 4.493/Re (16) 

In this ST system proposed, it is assumed that profile parameters such as RQ, 
Re and the inverse aspect ratio, e, will change up to equilibrium. Thus, Eq. (16) will 
include an extremum so that a statistical distribution between limiting values will be 
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formed. If in the ST system an operating mode involving helicity injection current 
drive is assumed in the relaxed state [10], from Eq. (16), after some rearrangement, 
k can be defined as follows: 

k = Ck/Re(2 - e) (17) 

where Ck is a constant in the range between 0.98 and 1.28 for the ST system. 

2.5. Quasi-steady state condition 

While the ST system is transferred into equilibrium, or, in other words, the 
poloidal profile approaches the Z axis, K will increase and, because of the profile 
change, the minor radius, a, will approach RQ, i.e. it will improve as a tight aspect 
ratio spherical tokamak. 

As is seen from Eq. (12), the increase in K and in ln(Re + a)/(Re — a) will 
cause an increase in the toroidal flux density as well. Consequently, the plasma 
characteristics will also change. For example, an instant increase in the plasma 
electron temperature will give rise to macro- and microinstabilities. In this case, in 
order to confine the plasma in the initial conditions for a long time, one should 
operate the system in the sustainment phase of the C-guns. This is possible by access
ing the slow discharge operating regime of the C-gun capacitor bank. Hence, long 
term operation will last up to 0.5-1.0 s confining the plasma under optimum 
parameters. 

The principal equations [1, 11] used to analyse this quasi-steady state condition 
are: 

The toroidal plasma current in equilibrium can be approximated by 

Ip(MA) = [5a(m)Bt(T)/qa] [C,e/(1 - e2)2] [(1 + K2)/2] (18) 

Here, qa is the safety factor at the plasma edge, and Cj = 1.22 - 0.68 e. 
The beta limit is approximately given by: 

|8C = 0.0331 Ip(MA)/[a(m)Bt(T)] (19) 

With jSc = ft, the poloidal beta is given by 

/y& = [5a(m)Bt(T)/Ip(MA)]2 [(1 + K2)/2] (20) 

For the ratio of bootstrap to plasma current, we have 

Iboot/Ip = C 2 (6 1 / 2 /3 p ) 1 3 (21) 
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where C2 = 1.32 - 0.235 (qa/q0) + 0.0185 (qa/q0)
2, qo being t he safety factor at the 

centre. 

2.6. Internal inductance 

In the relaxed state, we may assume that the plasma current and the toroidal 
field vectors are parallel to each other. From this point of view, the internal induc
tance of the ST system in equilibrium can be expressed as 

1¡(H) = 8 x 10"7 a(m) K ln[A/(A - 1)] (22) 

where A, a and K are aspect ratio, minor radius and elongation, respectively. 

2.7. Heating 

As was explained above, the toroidal and poloidal fields and the plasma current 
in this ST system are all self-organized. For this reason, the heating mechanism of 
the system must be considered to be different from a classical, conventional tokamak. 
Just after transition to equilibrium in the ST system, the magnetic energy stored in 
the plasma internal inductance, Wp, is given by 

Wp(J) = li(H)Ip
2(A)/2 (23) 

In this relation, 1¡ and Ip can be found from Eqs (22), (15) or (18). 
This stored magnetic energy, Wp, in the toroidal, D shaped plasma column can 

be taken to be equivalent to the kinetic energy density; then the plasma temperature, 
Tp, becomes 

ne (m
 3) Vp (m

3) 

Here, Vp is the plasma volume. The coupling efficiency, r\c, is given in the form 

Vo = [Wm - (Wb + Wprf + PrrH)]/Wm (25) 

where Wm is the stored mutual magnetic energy (Wm = MIb/2, M2 = lblprf; 
coupling coefficient Cc = 1), Wb is the stored magnetic energy in the poloidal 
profile, Pr is the non-thermal resistive loss and TH is the heating time: 

_ 1.20 X 1Q-27 Tp(eV) T3/2(eV) n^nr3) RgQm) qa
2 

B2(T) 
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FIG. 1. Variation of belt inductance with belt radius for Z = 0. Here, the electrode gap distances of 
the C-gun are 10.0 cm and 30.0 cm. 

3. COMPUTATIONAL EXPERIMENTS 

3.1. Numerical 

By using the equations in a numerical scheme, it is possible to determine the 
reference data of the ST system. Thus, the conceptual ST system design can be 
characterized. For this purpose, the predetermined profile and C-gun parameters are: 
Ro = 0.15 m; A = 1.5; K = 3; qa = 2.5; a = 0.1 m; plasma volume, Vp = 2 m3; 
bank energy per C-gun, Wbank =1.19 MJ; total bank energy, 24 Wbank = 28.56 MJ. 

The reference data of the ST system and the relevant equations are as follows: 
electron temperature of belt, Te = 850 eV (see Eq. (7)); electron density, 
ne = 2.8 X 1020 m"3 (for a Maxwellian plasma, see Eq. (7)); belt current of 
C-gun, Ib = 450 kA (see Eq. (6)); stored magnetic energy in belt, Wb = 810 kJ (see 
Eq. (5)); total stored magnetic energy for 24 C-guns, 24 Wb = 19.4 MJ; toroidal 
flux density, Bt = 5.54 T (see Eq. (12), equivalent to 12.0 MJ) for the ST system; 

Lb1¡ x 
Lb2¡ + 

+ / Zb = 30.0 cm 

zb=10.0 cm 
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FIG. 2. Stored magnetic energy in the belt versus belt radius for Z = 0. Here, the electrode gap dis
tances are the same as in Fig. 1. 

plasma current, Ip = 2.72 x 106 A (see Eq. (15)); internal inductance, 
1¡ = 264 X 10"9 H (see Eq. (22)); stored magnetic energy in internal inductance, 
Wp = 977 x 103 J (see Eq. (23)); plasma temperature, Tp = 5.44 keV (see 
Eq. (24)); coupling efficiency, 17C = 0.50 (see Eq. (25)); heating time, TH = 3.36 s 
(see Eq. (26)). 

3.2. Graphical 

From the viewpoint of formation, heating and confinement of the ST system, 
it is necessary to know the energy deposition and transportation mechanisms from the 
plasma belt produced by the C-gun. In this respect, the energy deposition mechanism 
depending upon the electrical characteristics of the C-gun and the geometrical 
structure of the belt can be defined by Eqs (4) and (5). 

Depending on the electrode geometry of the C-gun and the radius for Z = 0, 
the belt inductance can be calculated from Eq. (4). On the other hand, the stored 
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FIG. 3. Poloidal view of ST currents injected by the C-gun and time evolution of the profile formed 
by the belt. The ST system parameters are: Ib = 600 kA, tr = 12-14 ¡is, Wsb = 1.8 kJ (at the centre), 
(ne) = 10'6 cm'3; the electron temperature of the belt is 265 eV. 

magnetic energy in the belt is given by Eq. (5). As can be seen from Eq. (5), the 
belt current parameter, Ib, is defined by the plasma parameters in Eqs (6) and (7), 
depending on the operating condition of the C-gun. 

The results obtained with 10.0 cm and 30.0 cm of the electrode gap distances 
of the C-gun are shown in Fig. 1 as a function of the belt radius, ab, for Z = 0. 

Figure 2 shows the stored magnetic energy in the belt as a function of the belt 
radius, ab, for Z = 0, with respect to the 10.0 cm and 30.0 cm electrode gap 
distance of the C-gun. Here, the belt current is 600 kA. 

It should be noted that the transformation between the analytical model and the 
graphical software is carried out by the common scaling function of two independent 
linear regressions. Taking into account Eqs (1), (2) and (8), Fig. 3 shows the time 
evolution of the current profile of the poloidal frame. Here, the operating and plasma 
parameters of the C-gun are: belt current per gun, Ib = 600 kA; current rise time, 
tr = 12-14 fxs; pulse duration, tp = 210 jus; stored magnetic energy in the belt 
at the centre, WSb = 1.8 kJ; average electron density, (rig) = 1016 cm-3; belt 
temperature at the centre, 265 eV. 

Using Eqs (10) and (11) for this low aspect ratio ST, the parametrized plasma 
boundaries and related flux surface profiles are shown in Figs 4(a) and (b). In 



IAEA-CN-60/A3/A5-P17 313 

(cm) 

20 40 60 

Rl;,R2i,R3;,R4¡,R5i,R6i,R7i 

(cm) 

10 20 30 

Rl i,R2 i,R3 i,R4 i,R5 i,R6 i 

(cm) 

FIG. 4. Flux surfaces profile of ST system. The plasma boundaries are parametrized (a) by Eq. (10) 
and (b) by Eq. (11). Here, the equilibrium parameters are: R0 = 15 cm, a = 12 cm, K = 3, è = 0.5 
and \ = 0.1. In addition, in (a) the locus of the belt of the C-gun is also parametrized by using Eq. (10) 
and parameters of R0 = 30 cm, a = 19 cm, b = —0.8 and X = —0.5. 

Fig. 4(a), the belt of the C-gun is also parametrized by Eq. (10). Here, the para
meters are taken as follows: major radius, RQ = 15 cm; plasma radius, a = 12 cm; 
elongation, K = 3; triangularity, ô = 0.5; broadening factor of tips, X = 0.1. 

Using Eqs (18) and (21), the results obtained for K = 1.75, 2.0, 2.3 and 2.5 
are shown in Fig. 5 as a function of the edge safety factor, qa, for a set of discharge 
parameters with B(T) = 2.0, a(m) = 0.2 and A = 2.0. 

4. CONCLUSIONS 

(1) The results from computational experiments show that a spherical tokamak 
plasma can be produced by using the magnetically driven 24 C-guns. 
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F/G. 5. Plasma currents as a function of qa for K = 1.75, 2.0, 2.3 and 2.5 for a set of system 
parameters with B, = 2.0 T, a = 20 cm and A =2.0. 

(2) As in a classical tokamak configuration, in this computational ST system 
itself, the magnetic energy stored and the non-linear time varying plasma belts 
produced by 24 C-guns produce the toroidal and poloidal currents and their magnetic 
fields generated by magnetic helicity injection and energy transfer mechanisms. 

(3) In practice, in this ST system, an internal non-inductive current drive 
mechanism can be realized as well, increasing the magnetic shear in the outer plasma 
region. 

(4) The high edge gradient of the radial electric field of the C-guns may be the 
reason for the L-H transition-like mechanism. Therefore, it may be responsible for 
the improved confinement regime. 

(5) Because of the high magnetic shear of the belts, either a high internal induc
tance, lj, or a high beta value up to the second stability region can be maintained. 
By increasing the toroidal beta, a rapid increase in the elongation, K, of the plasma 
poloidal cross-section and, hence, an increase in the plasma current can be obtained. 

(6) Because of the temperature and density gradients on the belts pushed 
towards the centre of the flux conserver and both poloidal and toroidal helicity injec
tions, poloidal and toroidal bootstrap currents are generated. Thus, in the future, it 
will be possible to access steady state operation. 

(7) In the next step, ohmic heating mechanism, global energy confinement 
time, profile control and the overall energy balance and equilibrium of the system 
will be investigated, and an optimization of the system will be carried out. 



IAEA-CN-60/A3/A5-P17 315 

ACKNOWLEDGEMENTS 

This work was performed under a co-operative agreement between the Turkish 
Atomic Energy Authority and the International Atomic Energy Agency, Contract 
No. 7412/RB. 

REFERENCES 

[1] PENG, Y.K.M., STRICKLER, D.J., Nucl. Fusion 26 (1986) 769. 
[2] GRYAZNEVICH, M., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1992 

(Proc. 14th Int. Conf. Wurzburg, 1992), Vol. 2, IAEA, Vienna (1993) 575. 
[3] ONO, M., et al., ibid., Vol. 1, p. 693. 
[4] SINMAN, S., SINMAN, A., in Plasma Physics and Controlled Nuclear Fusion Research 1986 

(Proc. 11th Int. Conf. Kyoto, 1986), Vol. 2, IAEA, Vienna (1987) 731; Research Using Small 
Tokamaks (Proc. Tech. Comm. Mtgs Nice, France, 1988, and Arlington, Virginia, 1990), 
IAEA-TECDOC-519, IAEA, Vienna (1989) and IAEA-TECDOC-604, IAEA, Vienna (1991). 

[5] FITZPATRICK, R., et al., Nucl. Fusion 33 (1993) 1533. 
[6] JARDIN, S.C., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1992 (Proc. 

14th Int. Conf. Würzburg, 1992), Vol. 2, IAEA, Vienna (1993) 285. 
[7] BODIN, H.A., NEWTON, A.A., Nucl. Fusion 20 (1980) 1255 (a review paper). 
[8] TAYLOR, J.B., Phys. Rev. Lett. 33 (1974) 1139. 
[9] OKABAYASHI, M., TODD, A.M.M., Nucl. Fusion 20 (1980) 571. 

[10] TAYLOR, J.B., TURNER, M.F., Nucl. Fusion 29 (1989) 219. 
[11] WILSON, H.R., Nucl. Fusion 32 (1992) 257. 





Combined Poster Session A6/C 

HELICAL SYSTEM PHYSICS 
AND 

PINCHES AND OPEN SYSTEMS 





IAEA-CN-60/A6/C-P1 

PARTICLE TRANSPORT STUDY 
OF ELECTRON CYCLOTRON HEATED PLASMAS 
IN HELIOTRON E 

H. ZUSHI, K. NAGASAKI, T. MIZUUCHI, K. KONDO, S. BESSHOU, 
H. OKADA, F. SANO, B. PETERSON, C. CHRISTOU, Y. KURIMOTO, 
T. NAKAYAMA, H. TAKADA, A. SAHARA, H. FUÑABA, Y. SUZUKI, 
T. HAMADA, A. ISAYAMA, T. KINOSHITA, K. YAGUCHI, 
S. KOBAYASHI, K. SAKAMOTO, M. WAKATANI, T. OBIKI 
and H-E GROUP, S. SUDO1, M. SATO1, K. IDA1, M. IIMA1, S. KADO2, 
K. MURAOKA2, T. BIGELOW3, M. MURAKAMI3, J.F. LYON3 

Plasma Physics Laboratory, 
Kyoto University, 
Uji, Kyoto, 
Japan 

Abstract 

PARTICLE TRANSPORT STUDY OF ELECTRON CYCLOTRON HEATED PLASMAS IN 
HELIOTRON E. 

The particle transport in ECRH plasmas is investigated with edge fluctuation measurements. Both 
electrostatic and electromagnetic fluctuations are well correlated with the global particle confinement, 
<Tp>, (« nl/Ha). It is found that the radial electric field increases positively just inside the last closed 
flux surface (LCFS) during the particle confinement degradation phase. A poloidally asymmetric 
potential distribution and Ee are also observed near the LCFS, which is considered to be caused by the 
spatially asymmetric loss cone structure and the loss of ECRH generated energetic electrons. Pellet 
ablation, energy diffusion and pitch angle scattering of injected beam ions, and the rotation of MHD 
modes are studied to evaluate the density, energy and loss of suprathermal electrons. A transition to 
improved particle confinement has recently been observed for a combined edge/central heating scenario. 
The effects of trapped electron loss on particle confinement improvement are discussed. 

1. INTRODUCTION 

In Heliotron E, particle "pump-out" (degraded particle confinement) usually oc
curs in an ECRH plasma and is also observed when the ECRH pulse is superposed on 
an NBI plasma[l]. It has been shown that particle confinement time and to a greater ex
tent impurity confinement time are reduced with increasing positive Er[2], Large poten
tial spikes have also been observed on the divertor footprints as the pump-out occurs[3]. 

1 National Institute of Fusion Science, Nagoya, Japan. 
2 Kyushu University, Kasuga, Fukuoka, Japan. 
3 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
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These facts motivate this study, that is, to show that the loss of energetic electrons plays 
an important role in triggering the pump-out. Edge probe diagnostics are used to mea
sure edge profiles, flow, turbulence, and turbulent-driven transport inside the last closed 
flux surface (LCFS) and in the scrape-off layer(SOL)[4]. Five arrays of magnetic probes 
are also used [5]. 

2. FLUCTUATIONS AND PARTICLE PUMP-OUT 

In this paper the results of heating experiment combining 35GHz (central) and 
53GHz (edge:r/a> 0.74) gyrotrons at B=1.26T will be presented. The typical core and 

edge plasma parameters are as follows : ñe ~ 1X 1013 cm-3, Te(0)~600eV, T¡< 200eV, 

ne(a) £ 2x l0 1 2 cnr 3 , Te(a) s 50eV, and space potential Vs(a) £ 200V, and Er 

s +70V/cm. PECH(35GHz) is 130kW and PECH(53GHz) is varied up to 400kW. The 

typical time evolution of the pump-out accompanied by a transition is shown in Fig.l. 

A plasma is initiated using 35GHz only for 20ms. At the end of this pulse the pump-out 

occurs. The density tends to drop, and both H a emission and divertor flux r^v moni

tored by fixed Langmuir probes (not shown) are enhanced. Along with edge heating, the 

pump-out becomes significant. Electrostatic and magnetic fluctuations are enhanced 

during the pump-out phase. The fluctuation levels of he / ne and e<¡>f /Te at the LCFS 

are typically 10-30 % and 10-40 %, respectively. Both radial profiles inside the LCFS 

and in the SOL are similar, which indicates that a Boltzmann relation holds in both re

gions. Fluctuation characteristics, however, are quite different inside the LCFS and in 

the SOL. For 0.9 < r/a < 1, fluctuations are highly correlated with a coherence, y 2, 

above 0.8 in a frequency band width from 5 to 105kHz. In the SOL, the fluctuations be

come quite uncorrelated and y 2 drops down to ~ 0.2 within just 2cm outside the LCFS 

in vessel coordinates. Fluctuations inside the LCFS propagate in the ion-drift direction 

with a phase velocity of l-3km/s in the laboratory frame. If we take into account the E rx 

Bcp rotation velocity of 5-7km/s, the fluctuations may propagate in the electron diamag-

netic drift direction with vph of 2-4km/s, which is about two times higher than the esti

mated electron diamagnetic drift velocity. Among the magnetic fluctuations, 5„, no co

herent MHD modes can be identified and they are not correlated with either 0 r or h(. 

In addition to a positive Er of ~+70V/cm inside the LCFS, Eg and other components 

(En, Ej_ and Ecp) are enhanced during the pump-out phase. Both radial profiles of fluc

tuation driven flux, fn<p , and EQ are shown in Fig.2. Although E# (>0) is considered to 

be a consequence of the electron toroidal drift loss, E $ x Bcp is directed inward at the 

measured point. Although the net convective flux cannot be measured, the floating po

tentials at four different X-points around the torus also support Eg formation there, re

sulting in E Q X Bcp convection across the LCFS. E e has already been observed in other 

devices [6,7]. Correlation of these fluctuations and dc convection with a global particle 
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confinement time, < r p >, is studied by varying rf power and density. Here, we used 
n 1/H a (the ratio of line density and H a emission intensity) as < r p >. Figure 3 shows that 

fn<p , Be and dc convection are fairly well correlated with < r p>. 

3. EFFECTS OF ENERGETIC ELECTRONS 

Energetic electrons are created via the cyclotron heating process, and the loss of them 
may affect the plasma performance. In order to evaluate the energy, density and loss of 
energetic electrons, pellet ablation and the beam energy spectrum are investigated. These 
experiments are done for central heating at B=1.9T. First, pellet injection is used to study 
how the energetic electrons affect pump-out. Figure 4(a) shows that < r p> is improved 
when a pellet is injected at least 4ms after the rf pulse end, while it remains at a low level 
during and just after the pulse. From this result and the analysis of how pellet ablation 
is affected by the energetic electrons, an energy of 2G-35keV is estimated [8]. Second, 
the energy diffusion process of perpendicularly injected beam ions is studied in the ener
gy range above Vinj\ From ref.[9] the spectrum for v > vinj has a slope determined by the 
ratio of drag to energy diffusion including the effect of the beam self collisions. However, 
ECRH increases the effective temperature,Teff, determined from the slope, by a factor 
of 2, while Te increases by only 30%, as shown in Fig.4(b). An additional energy diffu
sion process may be necessary to explain the discrepancy. Third, the ECRH effect is also 

Pellet #57560-576 Energy diffusion #66373-82 
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FIG. 4. (a) nl/Ha and nl/Tdh, plotted at the time of the pellet injection during and after the ECRH 
pulse, (b) Energy spectra of perpendicularly injected beam ions without and with ECRH. The injection 
energy is 26.4 keV. 
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observed for the energy spectrum of injected beam ions with vu =£0. Since an energy ana
lyser is used to detect the ions with vn~0, high energy particles (v ~v¡nj) are usually hard 
to detect. ECRH, however, enhances the apparent pitch angle scattering, resulting in an 
increase in WQX for v > vinj /2. Since there is a loss cone in velocity space, this enhance
ment in WQX should be attributed to a significant reduction of the loss cone. In the helio-
tron configuration, positive Er can reduce the fast ion loss[ 10]. Positive Er formation and 
reduction of negative Er due to ECRH in NBI plasmas are also supported by the reversal 
of the rotation direction of the m=2 MHD mode near the center from the electron diamag-
netic drift direction to the ion drift direction, and the reduction of the rotation frequency 
of the m=4 mode near the half radius from 60kHz to 35kHz, respectively. 

930610-618 

16 18 20 22 
<a>lim( c m ) 

FIG. 5. (a) A<t>fM during the initial phase of the edge heating plotted as a Junction of the limiter 
radius (a)lim. (b) Delay time for the transition to occur with respect to the edge heating turn-on time. 
For both (a) and (b) the transition occurs in the hatched region. 
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4. TRANSITION TO IMPROVED PARTICLE CONFINEMENT 

When the edge region is strongly heated, a transition phenomenon has been found to 

reduce fluctuation levels, resulting in an enhancement of < r p >by a factor of 4-8, as 

shown in Fig. 1 [4,5,11]. Although nl is doubled, Te(0) and T¡ are unchanged. At the tran

sition, t^ is suppressed. Besides the reduction in the fluctuation amplitude, fluctuations 

become decorrelated. As a result, f^ is reduced by an order of magnitude, and then the 
density gradient inside the LCFS becomes steep. Also, Er and E Q are reduced to almost 
zero and the poloidally asymmetric potentials at four X-points disappear. Thus, the tran
sition is considered to be a result of the suppression of " pump-out". Since Er becomes 
small, the radiation loss (mainly due to boron influx) increases due to enhanced impurity 
confinement. As a result, the edge region is cooled, and the diamagnetic signal does not 
increase. Although the reduced Te profile is similar to that of a detached plasma in toka-

maks, there is a significant difference in the decorrelated low level of t^ compared with 

enhanced t^ in detached plasmas [12]. 

To study the relation between the transition and the loss of energetic electrons, a rail 
limiter is inserted. For <a>um = 14cm, the edge heating zone is in the limiter shadow. 
Although the transition is delayed, it occurs until <a>ij,m is reduced by about 2cm from 
<a>LCFS=21cm, but does not occur above 2cm as shown in Fig.5. For <a>i¡m< 18.7cm, 
the potential asymmetry becomes small and plasma potential itself remains at a lower 
positive value. Thus, it is considered that the limiter acts as an obstacle for production 
of energetic electrons via wave-plasma interaction, and then prevents the increase of en
ergy. As a result, strong edge poloidal asymmetry induced breakdown of the pump-out 
does not occur and plasma performance remains in the degraded state. 

5. CONCLUSION 

The particle transport in ECRH plasmas is investigated from the points of view of tur

bulence-driven fluctuations, dc convection and the associated asymmetric poloidal po

tential distribution near the LCFS. A good correlation between < r p >, and f „0 , Be and 

convection is obtained. Loss of energetic trapped electrons may enhance the fluctuations 

and dc convection. A strong asymmetric poloidal potential distribution is suddenly bro

ken by the plasma itself, resulting in a dramatic improvement of < r p>. 
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Abstract 

L-2 STELLARATOR MODERNIZATION AND FIRST RESULTS OF ECRH EXPERIMENTS. 
The status of the L-2M experimental programme is reviewed. The first ECRH experiment started 

in early 1994 after the end of the modernization of the L-2 stellarator. The main aims of the reconstruc
tion, the major topics of the programme, the results of the magnetic measurements and the first plasma 
experiments are reported. 

1. INTRODUCTION 

The L-2 stellarator was put into operation in 1975 and at that time it was the 
largest stellarator system (R = 100 cm, a = 11.5 cm, i(0) = 0.19, i(a) = 0.8, 
B0 = 1.5 T). The plasma parameters achieved in the ohmic heating regime at that 
time (mean plasma density ne < 2.5 X 1013 cm-3 and electron temperature Te < 
0.6 keV) had previously been attainable only in the tokamak type devices. Many 
experiments on ohmic, ICR and ECR heating and confinement of plasmas were 
carried out in the L-2 stellarator. The greatest attention was given to the heating and 
confinement of a currentless plasma [1-3], created in ECR conditions at the first 
(o) = fie) and second (co = 2fie) harmonics of the frequency involved. The experi
ments were carried out with the magnetic field B0 = 1.34 T, with frequencies of 
37.5 and 75 GHz. A plasma with the parameters Hg = 2 X 1013 cm"3, Te < 1 keV, 
j8(0) = 0.4% was produced. 

The L-2 dimensions and plasma parameters are inferior to those of modern 
devices such as ATF or W7-AS. At the same time, there are quite a number of 
physics problems that can be studied with this device, e.g. the physics of plasma 
transport in stellarator magnetic field configurations, the mechanisms for plasma 
heating and heating efficiency in the case of both ECR and ICR. 

327 



328 GREBENSHCHIKOV et al. 

2. MODERNIZATION OF THE L-2 STELLARATOR 

To continue these investigations, L-2 was modernized in 1992-1993. The 
modernization involved the following points: 

(1) Development of the design and the construction of a new vacuum chamber 

The new vacuum chamber of 1 mm thick stainless steel has 70 ports (instead 
of the previous 28), which is quite sufficient for diagnostics and ECRH and ICRH 
systems. The chamber is bakeable up to 250°C by means of a transformer. 

(2) Modification of the stellarator power supply 

The power supply for the L-2 stellarator is a capacitor bank with energy storage 
capacity of 7 MJ. This capacitor bank is connected to the magnetic field windings 
via ignitrons, producing a sinusoidal current with a half-period duration of about 
0.1 s. In the case of ECRH and ICRH experiments, the magnetic field should be con
stant within the limits of 1 % of the maximum value, restricting the time duration to 
less than 10 ms. As the previous experiments showed, the stationary state of plasma 
conditions could not be reached because of insufficient time. Although both average 
density and plasma energy were sustained at a constant level, the radial density 
profile varied noticeably [3]. 

The modernization of the power supply is aimed at increasing the duration of 
the constant magnetic field period (within limits of 1%) by a factor of 2. This has 
been achieved through the addition of inductance (L = 0.56Lst, Lst =1.56 mH) and 
division of the capacitor bank C0 (0.62 F) into two parts (C¡ = 0.26 F, C2 = 
0.36 F), producing an electrical scheme similar to a delay line. 

(3) Creation of a new ECRH complex 

In the previous experiments on L-2 the maximum ECR input power was 
280 kW with a pulse duration of up to 8 ms. For quasi-stationary discharge con
ditions to be realized, the input power should exceed some critical value dependent 
on the average density. Thus in the L-2 experiments, when the input power was 
P0 = 280 kW, the plasma was produced with an average density of only up to 
ne = 2 X 1013 cm-3 (cut-off density 3.5 x 1013 cm-3). To upgrade the heating 
power, a new ECR system was created consisting of two 75 GHz gyrotrons with a 
total input power P0 of up to 0.9 MW. Two quasi-optical transmission lines allow 
us to launch well focused Gaussian beams with plane polarization (X mode), 
co = 2S2e) into one or two toroidal plasma cross-sections. A new power supply for 
the gyrotrons allows us to prolong the heating pulse up to 20 ms. 

(4) Development of the plasma diagnostics 

L-2 is equipped with a diagnostic complex allowing us to obtain the spatial dis
tribution of the main plasma parameters. The plasma density is measured with a one 
channel 2 mm interferometer and a seven channel HCN laser interferometer. The 
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electron temperature at different radial points is measured by Thomson scattering 
with a wavelength X = 5000 Á, microwave plasma radiation at the second harmonic 
of the electron cyclotron frequency, semiconductor soft X ray detectors using the foil 
method, a semiconductor Si(Li) X ray spectrometer and the spectral technique. Probe 
measurements are performed in the near boundary plasma. The ion plasma tempera
ture is determined from charge exchange atomic spectra by a five channel particle 
analyser and from the width of the spectral lines. Diamagnetic measurements permit 
us to obtain both the total plasma energy and the input heating power, and radiation 
plasma losses are determined by pyroelectric detectors. Plasma density fluctuations 
are studied from 2 mm beam scattering. Now we are preparing the diagnostic equip
ment for measuring the plasma potential distribution with a heavy ion beam. 

New diamagnetics, Thomson scattering, soft X ray and optical diagnostics 
aimed at measuring the radial distribution of the plasma parameters over the plasma 
cross-section were created. 

3. FIRST EXPERIMENTS ON THE L-2M STELLARATOR AND FUTURE 
PLANS 

When the L-2M stellarator was put into operation, measurements of the mag
netic surface were carried out because of the replacement of the vacuum chamber, 
which demanded reinstallation of the entire magnetic system, including the helical 
windings. The rotational transform on the magnetic axis i(0) = 0.19 and t(a) = 0.8 
at the separatrix, with a mean radius of the separatrix of 11.5 cm. There are two 
magnetic islands in the region t = 0.5 which have a relatively small radial size 
Ar < 1 cm. 

A number of OH experiments at Ip = 17 kA were carried out after the mag
netic measurements. Here, the aim was to age the new vacuum chamber and to adjust 
all stellarator systems, including plasma diagnostics and the data acquisition system. 

The immediate task of the L-2M experiments is to explore the physics of ECRH 
and confinement at very high values of the volume heating power density. On L-2, 
the power density was already higher than on other tokamaks and stellarators. Results 
on L-2 have shown [2, 3] that at high power densities the heating efficiency drops. 
The absorbed power value Pab was derived from the diamagnetic measurements. 
However, a low value of absorption coefficient (0.3-0.4) was found, which con
tradicts both theoretical predictions and data obtained in direct microwave measure
ments. The data reveal an extremely high value of the extraordinary wave absorption 
coefficient (close to 1). The main power losses are likely to take place in the input 
cross-section area and increase with the input power. The mechanism of this 
phenomenon is not yet clear. It should be studied in future experiments. With its high 
power density (up to roughly 3 MW/m3) and longer pulse length, the L-2M stellara
tor is able to explore this problem further. 



330 GREBENSHCHIKOV et al. 

The first experiments on ECRH were performed in 1994 with one gyrotron, 
with an input power of 300 kW and a pulse duration of 12 ms. 

A currentless plasma with a mean density of (1-2) x 1013 cm-3 and an elec
tron temperature of 800 eV was produced. The total plasma energy increased with 
time to a value of 0.4 kJ and was limited by a high level of radiative losses, which 
reached 100 kW at the end of the heating pulse and showed the need for further 
vacuum chamber conditioning. In previous experiments on L-2, the radiation power 
did not exceed 25 kW at the same power level. 

The simulation of plasma confinement and heating processes based on the full 
matrix of neoclassical transport coefficients was performed to derive both the abso
lute values and the radial dependences of the plasma parameters, close to those of 
ECRH experiments [4]. The good correspondence between experiments and calcula
tion allows us to reach a conclusion concerning the domination of the neoclassical 
losses in the L-2 stellarator for the operation regimes considered, and a series of 
prognostic computations were made in this connection to extend the database on 
injection power (up to 400 kW) and on plasma density (up to 2 X 1013 cm"3). The 
resulting rough scalings are: 

TE = 28n°-68/P0-53 

Te(0) = 72P°-51/n0-43 

W = 29n/P046 

(ms, 1013 cm'3, kW, eV, J). 

Moreover, the scalings based on this simulation prove to be similar to well 
known stellarator scalings such as LHD or gyro-Bohm. It is possible now to predict 
future experiments on L-2M. We would expect the plasma parameters in the L-2M 
stellarator to be in the range ñg = (0.5-2.5) X 1013 cm-3 and Te(0) < 1.5 keV, 
presupposing ECR production and heating of the plasma. 

Until now ICRH experiments on ohmically heated plasmas have been carried 
out. New ICR antennas have been designed for the new chamber and allow ICRH 
of a currentless plasma, which makes it possible to investigate plasma confinement 
depending on the ion temperature. 
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Abstract 

IMPACT OF ROTATIONAL TRANSFORM PROFILE CONTROL ON PLASMA CONFINEMENT 
AND STABILITY IN CHS. 

In neutral beam heated plasmas of CHS, which is a low aspect ratio heliotron/torsatron device, 
the effect of rotational transform (<) profile shape on plasma confinement and stability is studied by 
inducing a net plasma current (Ip). When the external i is increased by Ip, a very rapid H mode transi
tion (within —0.2 ms) is observed at the thresholds of Ip and heating power, and the discharge shows 
all the characteristics found in the tokamak H mode. There is no obvious difference in the H mode 
characteristics between deuterium and hydrogen plasmas. In the opposite case, when the external ¿ is 
decreased by reversing Ip, the H mode transition is not observed. 

1. INTRODUCTION 

In stellarators and heliotron/torsatrons, the rotational transform (i) profile plays 
an important role in plasma confinement and stability [1-3]. The magnetic field struc
ture of a helical plasma is mostly composed of a set of external coil currents, in con
trast to the tokamak configuration. However, finite plasma pressure can appreciably 
deform the magnetic configuration even in helical plasmas. This requires active con
trol of the t profile and/or the pressure profile during the discharge. It is important 
to investigate the plasma response to modification of the t profile. In the CHS 
heliotron/torsatron, we have studied two cases where the i profile is controlled by 
small OH current (Ip), i.e. where the external t is increased by Ip and where it is 
decreased by it. Figure 1 shows typical i profiles of CHS plasmas studied in this 
experiment — those in the vacuum field and those with increased and decreased i. 

1 Plasma Science Center, Nagoya University, Nagoya 464-01, Japan. 
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F/G. 7. l profiles of CHS. The dotted curve denotes the i profile in the vacuum field. The thick solid 
curve shows the profile in a low 0 plasma where the external l is increased by Ip (= 30 kA) at the 
toroidal magnetic field Bt = 1.2 T, and the thin solid curve the profile where the external i is 
decreased by reversing Ip (= —15 kA). 

2. EXPERIMENTAL RESULTS 

In the previous campaign of H mode study in CHS [4, 5], the observed depres
sion of UJDa light at the L-H transition was relatively slow and the backtransition 
(H-L) was usually unclear, although the discharge exhibited many characteristics 
found in the tokamak H mode. 

In the present experiment, we have observed the H mode with a very rapid tran
sition in deuterium plasmas, as shown in Fig. 2(a). The rotational transform at the 
centre is estimated to be increased up to —0.8, which is slightly higher than in the 
previous campaign. The depression time of Ha/D„ light at the L-H transition is typi
cally 0.2 ms, and the backtransition is also very clear. The line integral electron 
density at the central chord shows a small drop at the transition and rises continuously 
till the gas puffing is switched off. The line integral density near the plasma edge 
(<r>/<a> « 0.8) rises faster than at the central chord. The electron density near the 
last closed flux surface (LCFS) (<r>/<a> > 0.9) obtained by a thermal lithium beam 
probe (LIBP) evolves very rapidly (0.05-0.1 ms) at the transition. Figure 2(b) shows 
the time evolution of Li I light obtained with the LIBP in an H mode discharge simi
lar to that of Fig. 2(a). The Li6 signal just inside the LCFS indicates a rapid increase 
in electron density, and the Li8 signal just outside the LCFS indicates a sudden 
decrease there. This figure shows the rapid formation of an edge transport barrier 
near the LCFS. 

TOI et al. 
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FIG. 2. (a) Time behaviour of the H mode in a deuterium plasma, where Bt = 1.2 T and the line 
averaged density of the target plasma is about 2.2 X 1013 cm'3. The first H phase initiated at A lasts 
for only a few milliseconds and the second H phase from B lasts till C. Line integral densities at the 
centre and near the edge f<r>/<a> « 0.8) are shown, together with the HJDa light at two toroidal 
locations, (b) Time evolution of Li I line intensities just inside (Li6) and outside (Li8) the LCFS in an 
H mode discharge similar to that of (a). 
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FIG. 4. Time evolution of edge density fluctuations in the range 50-200 kHz measured with the LIBP 
in an H mode discharge. 

In Fig. 3 we compare radial profiles of electron and ion temperatures, electron 
density and poloidal rotation velocity of C6+ ions in the L phase (~ 10 ms before 
the L-H transition) and the H phase ( ~ 20 ms after the transition). The poloidal rota
tion velocity is enhanced in the electron diamagnetic drift direction in the H phase, 
indicating the increase in radial electric field shear near the edge. 

Fi gure 4 shows the time evolution of electron density fluctuations near the 
LCFS measured with the LIBP, where the data are averaged for every 0.4 ms time 
interval. High frequency fluctuations of more than 50 kHz are clearly suppressed at 
the L-H transition but gradually increase during the H phase. Fluctuation signals of 
more than 50 kHz from the microwave reflectometer (MWR) are also suppressed at 
the transition, although the MWR signal obtained with homodyne detection is not 
necessarily proportional to the density fluctuations. Moreover, incoherent magnetic 
fluctuations of more than 50 kHz are also decreased at the transition. An internal dis
ruption related to the m/n = 3/2 mode, which is excited near the plasma centre, is 
sometimes observed before the L-H transition. In previously studied H modes, the 
internal disruption was initiated by the m/n = 2/1 mode excited near the centre [5]. 

In the H mode of CHS, the transition sensitively depends on Ip for fixed Bt. 
The threshold heating power is determined by changing NBI power at the same 
plasma current and density. The threshold NBI (absorbed) power is about 320 kW 
at Bt = 1.2 T, Ip = 30 kA (at the transition) and target density ne = 2.3 X 
1013 cm3 . The threshold is about a factor of 2 higher than that from the scaling law 
[6]. No obvious difference in threshold condition and plasma quality is found in deu
terium and hydrogen H mode plasmas of CHS, in contrast to the tokamak H mode. 

When the external i is decreased by reversing Ip, as shown in Fig. 1, the den
sity profile measured with a two channel FIR interferometer and with Thomson scat
tering is broad and even hollow throughout the discharge, and the electron 

CCQÎ2, 
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temperature is low and its profile peaked (open squares in Fig. 3). The reduced tem
perature may be caused by very small t in the central region. In this case, edge density 
fluctuations measured with the LIBP are appreciably enhanced. In this case, the 
H mode transition is not observed. 

3. CONCLUSION 

Rapid transition from L to H phase or from H to L phase is observed with 
t profile control in deuterium and hydrogen plasmas, without an obvious isotope 
effect of the main plasma ions on the threshold condition and confinement quality. 
The i profile control experiments in CHS described above suggest that the presence 
of the i = 1 surface just inside the LCFS (<r>/<a> ~ 0.9-1.0) and internal disruption 
induced by interchange modes near the plasma centre are important for the transition. 
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Abstract 

FIRST EXPERIMENTAL RESULTS AND RECENT MHD STUDIES FOR THE H-l HELIAC. 
Detailed e-beam measurements of the H-l heliac field geometry using both fluorescent targets 

and multi-wire-tomographic techniques have confirmed accurately formed magnetic surfaces for a very 
wide range of configurations. These measurements have enabled the only significant error in coil 
position to be identified and agree with each other and the computed geometry to ~ 2 mm. Preliminary 
experiments on low <fi> quasi-steady-state plasma formation confirm that the column is well defined 
by the vacuum surfaces with peak densities coinciding with the helical magnetic axes. Computational 
studies of Mercier and ballooning stability limits show that the effect of the removal of the vacuum 
magnetic well should be clearly observable. Studies of nonlinear stability with the NSTAB code confirm 
the reactor relevance of the heliac concept. 

1 Supported by DOE grants DE-FG02-86ER53223 and DE-FG02093ER25'60, and by NSF 
grants DMS-8922085 and DMS-900002P. Some of the computations were performed on the Fujitsu 
VP2200 at the ANU Supercomputer Facility. 
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1. INTRODUCTION 

H-l [1] is a medium size (R = 1.0m,<a>~ 0.2m) three-field-period heliac 
designed for basic studies of "current-free" toroidal confinement in both quasi-
continuous operation (at B< 0.25T) and in pulsed fields (B < IT). Controlling 
the ratios of currents in its five coil sets (36 toroidal, central poloidal ring, 1=1 
helical, inner-vertical pair, outer-vertical pair) allows a very wide range of low-
shear, high-transform-per-period, closed flux configurations to be accessed, e.g. 
with 0.6 < « < 2, and with full-width magnetic wells of both signs (+5% to 
—2%). A plan view and the location of some of the diagnostics are shown in 
Fig. 1. 

2. MAGNETIC SURFACE MEASUREMENTS 

First year operation has concentrated on accurate measurements of mag
netic surfaces by low energy electron beams, using two complementary methods. 

The first method uses a small electron gun (0.7mm aperture) in a fixed 
toroidal plane (<j> = 0), and a target array of 21 phosphor-coated wires mounted 
in a frame at <j> — 120° which pivots azimuthally ±15° about the central ring 
[2]. After correction for optical distortion, CCD camera images of fluorescent 
spots allow the recovery of electron drift surfaces, which are within 2mm of flux 
surfaces under the prevailing conditions (100-300 eV, 0.15T). This method has 
the advantage of providing sharp surface outlines (Fig. 2) even when individual 
punctures are unresolvable because of shear or collisional blurring, or when the 
beam is attenuated significantly (if the base pressure is high, 10 - 6 Torr). More 
than 100 transits can be tracked when the e-folding distance is only 20 transits. 

The second method is a new electron-beam tomography technique [3], in 
which electron currents are collected directly by a grid of 64 fine wires in the 
toroidal plane at <f) = 85°. The technique allows the use of very low current 
(< lOOnA) and low energy ( 10-30V) electron beams and provides a quantitative 
measure of beam attenuation and diffusion. The wire array is rotated precisely 
in a circular carrier (30 000 microsteps), providing accurate (< 1mm), absolute 
location of puncture points, and fine scans of electron beam cross-sections. Ini
tial results indicate that resolution is better than 0.5mm (Fig. 3b). 

Magnetic surfaces obtained by both methods show very good agreement 
(Figs 2 and 3a) with computation including known perturbations, such as the 
asymmetric component of the crossover conductors in the ring conductor. By 
fitting surfaces at various helical current values, including key resonant condi
tions at 1/1, 5/4, 8/7 and 3/2, three important coil set parameters have been 
determined to sub-millimetre accuracy. These are the effective excursion radius 
of the helical conductor (94.5mm), and the residual offsets of the ring conductor 
(6x, 6y < 2mm) from the toroidal field coil set axis. 
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FIG. 3. (a) A case similar to Fig. 2, but at (j> = 85° by the wire tomography method. The cross-section 
of the spot is given in (b), indicating a resolution of 0.5 mm. 

3. PLASMA OPERATION 

Quasi-continuous operation at low fields (< 0.1 T) with static gas fill 
(Ar or H2) at p « 10 - 5 torr uses a pair of phased antennae designed to couple 
to a helicon mode (uci « OJ « u>ce). RF powers up to 60 kW at 7MHz 
produce mean densities ~ 2x 101 8m - 3 . The plasma position agrees well with the 
computed vacuum surfaces in all cases studied with the peak density coincident 
with the helical magnetic axis as shown in Fig. 4. Both </3>(from diamagnetic 
signal) and particle confinement (from ne) depend strongly on «. A low frequency 
oscillation is often observed in Ar plasma, bearing some similarity to drift wave 
modes observed in SHEILA[4]. 

4. MHD STABILITY 

The NSTAB code computes fixed boundary, 3D, MHD equilibria with 
nested flux surfaces by minimising an energy integral to solve Euler equations, 
including one of the form L(1Z) = 0 for the minor radius 1Z of the plasma [5]. 
Global stability is analysed by inserting a forcing term fmn in the minimisation 
L(7Z) = fmn associated with resonant mode numbers of the rotational trans
form. A quantitative criterion for the onset of nonlinear instability is given by 
the normalised variation STZmn/fmn of 71, which may be compared for configu
rations of interest. This can be compared with an evaluation of the 3D Mercier 
criterion which has also been incorporated into NSTAB. 

Our calculations with NSTAB for a standard case of H-l show a transition to 
Mercier instability at </3> « 1% in agreement with earlier work [6]. The quanti
tative nonlinear stability analysis predicts negligible MHD mode activity above 
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FIG. 5. Flux surfaces for the H-l standard case at </3> « 2% as calculated by the NSTAB code. 
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the Mercier limit for H-l. Instead, a corrugation of the equilibrium magnetic 
flux surfaces with near-resonant periodicity develops that becomes extreme at 
</3> « 2% as shown in Fig. 5. Our experience with the HINT code [7] is that 
a large part of the plasma becomes ergodic at these pressures. 

A ballooning study of two H-l configurations with optimised pressure pro
files [8] has been extended to include an H-l case with a 0.3% magnetic hill in 
the vacuum field, rotational transform on axis of 1.29 and a positive shear of 
14% (configuration (g) of Table II of [9]). In [8] it was found that ballooning-
optimised pressure profiles were more unstable than the Mercier-optimised pro
files and gave a stability limit of </?> « 0.8% independent of magnetic well 
depth. In contrast to this, the hill case had a critical <(3> of 0.3% with a 
Mercier-optimised pressure profile being the most unstable. Fig. 6 shows a 
stability diagram for both the ballooning eigenvalue and the Mercier criterion. 
The Mercier optimised pressure-profile and its corresponding ballooning result 
(dotted lines) are contrasted with a ballooning-optimised pressure profile (solid 
lines) for which the Mercier criterion is already unstable. A scan of the (0k,a) 
parameter space of the ballooning eigenvalue, in a parallel-computing environ
ment, has revealed a rich structure similar to that predicted in[10]. Work is in 
progress to determine the influence of this on the physics of ideal ballooning 
modes. 
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FIG. 6. Stability diagram for an H-l case with a vacuum magnetic hill. The dotted lines correspond 
to a marginal, Mercier-optimised, pressure profile at < |8> = 0.31%. The solid lines correspond to 
a marginal ballooning-optimised pressure profile at <(3> =0.43%, which is above the Mercier 
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Further studies with NSTAB have established the stability of some heliacs in 
reactor relevant regimes. Results for a case with an optimised crescent similar 
to TJ-II, but with 9 field periods and an aspect ratio of 13, has been shown to 
have a <f3> limit well above 5%. Once again, the nature of this limit appears 
to be soft in the sense that the flux surfaces clash with the fixed boundary in a 
way that would indicate a stochastic deterioration of the equilibrium. 
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Abstract 

HELIAS-HELIAC HYBRID STELLARATOR FOR CURRENTLESS PLASMA CONFINEMENT. 
A new helical axis stellarator called the Helias-Heliac hybrid stellarator (HHHS) has been 

devised. The centre ring coil of the Heliac is replaced with a highly modulated t = 1 helical coil which 
is placed in a toroidal coil system similar to that of a tokamak. Another modulated i = 1 helical coil 
and vertical field coils are set up to realize magnetic well configurations. One of the optimized HHHS 
configurations (M4STD) is obtained by reducing the bumpy magnetic field. 

1. INTRODUCTION 

There are two major subjects in recent stellarator research. One is development 
of a stellarator configuration with a high /5 limit greater than 5 % and with good con
finement of high energy particles in high |S plasmas. The Large Helical Device 
(LHD) [1] satisfies the criterion of high energy particle confinement at zero /3; 
however, trapped particle loss increases gradually with increasing </3>. On the other 
hand, Wendelstein 7-X (W7-X) [2] has the property that trapped particle confinement 
improves with increasing </3>. 

The second subject is development of an efficient modular coil system. W7-X 
employs a modular coil system, which is promising for the maintenance of a fusion 
reactor. One disadvantage of the modular coil system is a loss of flexibility in the 
magnetic configuration. Thus we have tried to obtain a new stellarator configuration 
with properties similar to those of W7-X or Helias and based on the continuous i = 1 
helical coil [3]. We devised a new helical axis stellarator with characteristics of mag
netic surfaces similar to those of Helias by developing a coil system similar to that 
of Heliac [4]. We call this the Helias-Heliac hybrid stellarator (HHHS). Although 
there are several types of HHHS [5, 6], in this paper we describe an HHHS configu
ration with 0 limit </3> > 5% and good confinement of high energy particles. 

2. COIL SYSTEM AND VACUUM MAGNETIC SURFACE 

Figure 1 shows the four period coil system generating HHHS configurations. 
The winding law of helical coils is given by 6 = —0O + 4$ — a sin 4</>, where 
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FIG. ]. Schematic view of the coil system of the M4STD configuration. For simplicity the toroidal coils 
are not shown. 
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FIG. 2. Cross-sections of the vacuum magnetic surfaces of the M4STD configuration, (a-c) <¡> = 0, 
ir/8 and ir/4, respectively. 
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TABLE I. COIL PARAMETERS FOR THE M4STD CONFIGURATION WITH 
AN AVERAGE MAGNETIC FIELD OF 1 T AT THE MAGNETIC AXIS 

Coil type 

Helical 

Vertical 

Toroidal 

Inner 

Outer 

4/period 

0o 

— IT 

0.0 

a 

0.4 

- 0 . 9 

Centre 
(m) 

R = 2.2 

Major, 

2.3 

2.2 

Radius 
(m) 

1.80 

minor radii 
(m) 

, 0.19 

, 1.40 

lo 
(MA) 

0.732 

Current 
(MA) 

0.556 

-0.185 

0.011 

cT 

1.5 

6 ($) is the geometrical poloidal (toroidal) angle, and a is the pitch modulation 
parameter. In addition to the two i = 1 helical coils, one pair of vertical field coils 
is set up with a radius of 3.5 m. One coil is placed 1.2 m above and the other 1.2 m 
below the equatorial plane. The toroidal coil currents are distributed as ITF = 
I0(l + cT cos 4<f>) to reduce the bumpy magnetic field in the HHHS [5, 6]. The coil 
parameters are summarized in Table I. For the axisymmetric magnetic field produced 
by the toroidal coils, the parameter y is introduced by y = Bt(í)(0)/Bh(<)(0), where 
Bh¿(0) (Bt¿(0)) is the averaged value of the toroidal field produced at R = 2.2 m by 
the helical (toroidal) coils. 

For the coil parameters in Table I and y = 8.0, we have obtained an HHHS 
magnetic configuration similar to that of Heliac. Figure 2 shows vacuum magnetic 
surfaces from the line tracing code at <f> = 0, TT/8 and 7r/4. The average minor and 
major radii a and RQ are about 0.2 m and 2.4 m. This magnetic configuration is 
obtained as a result of reducing the bumpy field component. One advantage of the 
configuration in Fig. 2 is that the magnetic well is formed in the whole plasma region 
even at zero ¡3. 

MHD EQUILIBRIUM AND MERCIER MODE STABILITY 

The three dimensional equilibrium code VMEC [7] has been applied to the 
HHHS for studying the finite /3 equilibria and the Mercier criterion. Here a broad 
pressure profile P = P0(l — IAP) is assumed, where i/'p is the poloidal flux function 
and 4>P = 1 at the plasma edge. Figure 3 shows the rotational transform profiles for 
<jS>=0%, 4.1% and 7.3%. With the increase of <j8>, t(0) increases weakly; 
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FIG. 3. Rotational transform profile for various values of (0). 

however, t(a) decreases substantially. By assuming that the equilibrium @ limit 
</3>eq corresponds to the magnetic axis shift of half the radius, ((3}^ « 7.3% is 
obtained. 

Fourier spectra of this HHHS in the Boozer co-ordinates are compared for 
<j8> = 0% and 4.1%. The reduction of Bj 0 corresponding to the toroidal curvature 
is rather weak, although the bumpy component B0;4 is reduced substantially at 
</3> = 0%. It is noted that the reduction of B0 4 is favourable for enhancing trapped 
particle confinement. At </3> = 4.1 %, the B0 0 component decreases because of the 
diamagnetic effect, which also enhances trapped particle confinement. The other 
Fourier components do not change much with the increase of <0>. 

When the finite /3 equilibrium is obtained numerically, it is possible to evaluate 
the Mercier criterion for localized interchange instabilities, which is written as 
DM > 0 [8]. The HHHS configuration in Fig. 2 is stable to Mercier modes up to 
</3>st ~ 7.3%. Thus <|8>st ~ <|8>eq in this case. For the less broad pressure pro
files such as P = P0(l - tô)2 and P = P0(l - i£P)

2, (¡3)^ « <,3>st « 4.6% and 
2.3% is obtained. This behaviour whereby the broader pressure profile gives the 
higher /3 limit is different from that in the TJ-II Heliac [9]. 

4. PARTICLE ORBIT CONFINEMENT AND NEOCLASSICAL TRANSPORT 

Particle orbits are followed by using drift equations in the Boozer co-ordinates. 
When a particle of 1 keV starting at a point on the flux surface corresponding to half 
the radius goes across the last closed flux surface, it becomes a loss particle. Then 
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FIG. 4. Dependence of D¡ on v^ for: (A) M4STD with B0 = I T, EFIELD = 10'8 V-s/m2; 
(B) M4STD with B0 = 1 T, EFIELD = 10'2 V-s/m2; (C) an equivalent tokamak with B0 = 1 T, 
EFIELD = 10~8 V-s/m2; and (D) M4STD with B0 = 3 T, EFIELD = I0~8 V-s/m2. 

the trapped and loss particle ratios are 20.5% and 19.5% at </3> = 0 % , and 25.1 % 
and 2.2% at </3> = 4.1% for the case of P = P0(l - \¡/?) without the radial elec
tric field. Here the reduction of the bumpy component B0 4 plays a role in decreas
ing the loss particle ratio compared with the result for the previous HHHS [5]. 
Although the trapped particle ratio increases with increasing </3>, reduction of the 
banana width decreases the loss particle ratio compared with the vacuum case. 

In order to study the radial electric field effect, the electric field potential 
<&(\J/j) = $0(1 - i¡/T/\j/T(a)) is included in the orbit following calculation, where 
2ir\pT is the toroidal flux. It is noted that the loss fraction is reduced significantly for 
$o — ±0.5 kV, which corresponds to a radial electric field of 2.5 kV/m in the 
HHHS in Fig. 2. Therefore, it is expected that the radial electric field will compen
sate the fairly large loss particle ratio for low /5 plasmas. For finite j8 plasmas, the 
particle orbit confinement can be improved without the radial electric field effect. 

In order to study the confinement properties of the HHHS, we use the DKES 
code [10] to evaluate neoclassical transport coefficients. In this case the matrix of 
transport coefficients can be evaluated as functions of two independent parameters, 
the inverse of mean free path at a fixed particle velocity, i>/v, and the radial electric 
field divided by the fixed particle velocity, EFIELD = Er/v, where v is the colli
sion frequency, v is the particle velocity at the given energy and Er is the radial 
electric field. Figure 4 shows D¡ as a function of v^, where D¡ denotes the proton 
diffusivity, which may correspond to the ion thermal transport coefficient, and v^ is 

•I I T'l I I I ! | - i i TTTini' -"r- r riTHTi —v i i TTITT| 

T, = 250eV 

• 11 m » 11 • J i i mini 



IAEA-CN-60/A6/C-P5 351 

the effective collision frequency. In neoclassical transport the electron diffusivity is 
smaller than the ion diffusivity with the square root of mass ratio. Here the equivalent 
tokamak configuration is obtained by keeping the B 1 0 component only in the 
Fourier spectrum of the magnetic field. The rotational transform profile is assumed 
to be the same for the HHHS and the equivalent tokamak. The transport coefficients 
are calculated at the flux surface corresponding to half the radius, and T¡ = 250 eV 
is assumed there. It is noted that the minimum D¡ of the HHHS with B0 = I T 
(curve A in Fig. 4) (~ 1 m2/s) is about twice the plateau value in the equivalent 
tokamak with B0 = 1 T (curve C) in the case of a low electric field. When the 
radial electric field is included with EFIELD « 10~2 V-s/m2 (curve B), D¡ has a 
tendency to decrease with the collision frequency and becomes lower than 1 m2/s 
even in the banana regime. Furthermore, when B0 = 3 T is assumed (curve D), the 
minimum ion diffusivity decreases to 0.2 m2/s. 

5. CONCLUDING REMARKS 

A new helical axis stellarator based on a modulated i — 1 helical coil called 
HHHS has been described. When the coil parameters in Table I and 
7 = Bt0(O)/Bh(/)(O) are varied, different magnetic configurations are obtained, from 
fairly low aspect ratio plasmas with a magnetic hill to large aspect ratio plasmas with 
a magnetic well. This property is useful for studying the role of ideal and resistive 
interchange modes in relation to the /3 limit and anomalous transport [11]. We may 
also study the relation between trapped particle loss and radial electric field by chang
ing magnetic configurations and /3 values. If a Helias-Heliac hybrid type device is 
built, results will be compared with those in the H-l Heliac [12], the TJ-II Heliac 
and W7-X in the future. 
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Abstract 

LOOP VOLTAGE ANOMALY AND RESISTIVITY PROFILE EFFECTS IN THE EXTRAP Tl 
REVERSED-FIELD PINCH. 

The loop voltage scaling with current in the Extrap Tl reversed-field pinch (RFP) is governed 
by a strong increase of the anomalous (non-Spitzer) loop voltage which exceeds the decrease of Spitzer 
voltage with electron temperature. The loop voltage anomaly is discussed in terms of enhanced magneto-
hydrodynamic (MHD) dynamo activity, associated with a narrowing of the mean resistivity profile 
occurring at high current in T l , and potential kinetic losses due to field-aligned, long mean free path 
electron momentum transfer to the wall. Numerical MHD simulations initiated with various resistivity 
profiles show a response in current profiles and magnetic fluctuations closely resembling the experi
mental observations. The results imply that resistivity profile effects may interfere with the intrinsic 
scaling of the magnetic fluctuation level with the Lundquist number in reversed-field pinches. 

1. INTRODUCTION 

The performance of inductively driven reversed-field pinches (RFPs) is at 
present limited by strong anomalous transport which is likely due to the relatively 
high magnetic fluctuation level associated with the selforganisation of the RFP 
configuration (dynamo process). In this context the scaling of the fluctuation 
level with Lundquist number 5 is of crucial importance for the energy 
confinement potential of these machines. In this paper the scaling of loop voltage 
anomaly and magnetic fluctuation level with current, in the Extrap Tl RFP 
(Stockholm) [1], is discussed in terms of coupled magnetohydrodynamic (MHD) 
and kinetic effects, associated with the mean field maintenance mechanism. 
Specifically, the influence of resistivity profile effects on RFP dynamics is 
considered. 
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2. EXPERIMENT, TECHNIQUES AND MODELS 

Extrap Tl is a small high aspect ratio, stainless steel limiter, reversed-field 

pinch (R/a = 0.5 m / 0.057 m = 8.8) which operates with high cross-sectional 

average toroidal current densities, up to <jf> =11.5 MA/m2. At these current 

densities Tl has demonstrated high beta, pe * 15% - 10% (/3<? ~/0"°"V-2) and 

relatively low normalised loop voltages V^/R ~ 0.5 Vm [1]. We discuss here a 

study spanning toroidal plasma currents 1$ = 40 - 100 kA, corresponding to <jf> 

= 4 - 1 0 MA/m2. The filling pressure was 2 mTorr, and the resulting current to 

line density ratio I/N, varied from 6 x 101 4 to 19 x 101 4 Am. The Lundquist 

number 5 varied from 5 x 104 to 3 x io5. For these plasmas the pinch parameter 

was kept at 0 = Be(a)/<B$> ~ 1.66 ± 0.06. Specifically, the spectroscopically 

measured [1] line average effective ion charge Zeg remained nearly constant at Zeff 

~ 2.0 for the plasmas examined. For profile modelling we here use ¡x(r) = 20o /a(l 

- (r/a)a) [2], and p(r) = poB0
2/2^0(l - (r/a)4)2, for the parallel and perpendicular 

part of the mean configuration respectively. The profiles (a, ©o and po) are 

reconstructed by solving VxB = juB + jioBxVp/B2 in a shooting procedure to 

match the global F, 0 and J3Q. Considering the input power balance, we divide the 

total input power P = V^Q into a Spitzer and an anomalous (non-Spitzer) part P = 

Ps + Pa, where Ps = \r¡j2úv. The resistivity profile is calculated consistent with Te(r) 

= 0.97XQX1 - (r/a)4)) + 0.17/c(0), and a uniform Zeff. We subsequently divide the 

loop voltage into V^ = Vs + Va = (Ps + Pa)/^. 

3. LOOP VOLTAGE SCALING 

When increasing plasma current at constant filling pressure in Tl , the line 

average temperature Te (from VUV spectroscopy [1]) increases approximately 

linearly, giving 2.7 eV/kA, as shown in Fig. la). The line average electron density 

ne, included in Fig. la), increases more slowly, and consequently the ratio Te/ne 

gradually increases. In this situation the loop voltage scaling with current is 

governed by a strong enhancement of the anomalous (non-Spitzer) component of 

the loop voltage which exceeds the decrease of Spitzer voltage with Te. This is 

illustrated in Fig. lb) where the separation of VQ into Vs and Va as a function of 

plasma current is shown. Although these results have been obtained using the 

profile assumptions in section 2, changes of the resistivity profile consistent with 

the results in the next section still leave a clear tendency for Va to increase with 

plasma current (note further that any non-collisional contribution to jw implies 

that Va is actually underestimated). 
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FIG. 1. (a) Line average electron temperature Te (•) and line average electron density ne (o) versus 
toroidal plasma current /0; (b) separation of total loop voltage V^ ( • ) into Spitzer loop voltage Vs ( a) 
and anomalous (non-Spitzer) loop voltage Va fxj ; (c) runaway parameter E¿/ER; (d) edge toroidal 
field fluctuation level ÔB^/B in the frequency range 20-200 kHz as a junction of /^. Each symbol 
represents the ensemble average of around 15 consecutive discharges, and the error bars represent the 
la standard deviation of the ensemble averages. 
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Addressing the question of the physics underlying the enhanced loop 
voltage anomaly we first note that since the ratio Te/ne increases with current we 
may, according to the kinetic dynamo theory (KDT) [3], expect kinetic effects to 
become more important in the high current regime. In Fig. lc) we show the 
critical parameter E$/ER as a function of current in Tl. Here E$ is the externally 
applied parallel electric field on axis and ER is the critical electron runaway field 
ER X (Te/ney

l. The loop voltage scaling with current gives rise to a rapid increase 
of E^IER, up to about 1/3 at high /^. This observation suggests that long mean free 
path electrons accelerated in the core carrying momentum along weakly stochastic 
magnetic field lines to the wall may potentially be responsible for a significant 
fraction of the anomalous loop voltage in the high current regime [4]. On the 
other hand selfconsistency (through ambipolarity and Ampere's law) has been 
shown to put constraints on this electron flow [5]. A fast, field-aligned electron 
component, estimated to carry a significant portion of the edge parallel current, 
has been measured on several RFPs [6,7]. 

However, under the conditions discussed in this paper, the Tl experiment 
also exhibits an increase in the edge toroidal magnetic field fluctuation level ÔB/B, 
in the frequency range 20 kHz < / < 200 kHz, with current as evident in Fig. Id). 
This range is dominated by the global MHD dynamo mode activity, (w, n) = (1, 
-14...-20) and (0, 1...5) for low 0 plasmas in Tl [8]. This indicates that the 
enhanced anomaly is, at least partly, related to increased MHD dynamo activity. 

Note here that the potential KDT-like losses may be expected to be linked 
to the MHD behaviour through the magnetic field stochastisation and loop voltage 
enhancement associated with the MHD tearing fluctuations. 

4. RESISTIVITY PROFILE EFFECTS 

It has been suggested [1] that the (unexpected) tendency for the fluctuation 
level to increase with current and temperature in Tl may be associated with a 
change in the mean resistivity profile, due to enhanced central heating at high 
current density in combination with edge cooling associated with recycling 
processes at the boundary, causing enhanced channelling of the current towards 
the pinch axis. Recent measurements on Tl [9] indicate that such a resistivity 
profile change indeed occurs as the plasma current is increased. In Fig. 2a) we 
show the scaling with current of the edge electron temperature and density from 
Langmuir probe measurements, indicating that the edge temperature gradually 
decreases with current. This result in combination with the scaling of the line 
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FIG. 2. (a) Edge electron temperature Te (a) (•) and edge electron density ne(a) (a), from Langmuir 
probe measurements; (b) field reversal ratio F = Bi>(a)/{B^>) (•) and pinch parameter 9 = 
Be (a)/{B<¡> > (a) as a Junction of /0 . 

average temperature, shown in Fig. la), implies that the conductivity profile in Tl 
undergoes a substantial peaking as the plasma current is increased. This is 
accompanied by a gradual reduction in field reversal (at fixed 0) as shown in Fig. 
2b). Since ¡5Q decreases weakly with current [1], this implies the mean jw/B is 
reduced in the edge region. 

In order to study the response in MHD behaviour to resistivity profile 
changes we initiated numerical simulations using the 3D MHD initial value code 
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resistivity profile, the reversal decreases from F = Blj>(a)/{B^y = —0.26 to F = —0.12. (b) Experi
mental spectra: 9 = 1.7, F = -0.25 ( • • • ) and F = -0.18 (—J. 

DEBS [10] with 7)(r) = (l+9(r/a)r)2, varying yin the range 30 to 10 (i.e. 
increasing resistivity in the edge region). In these conducting wall simulations the 
aspect ratio was set to R/a = 2.2, the on-axis Lundquist number was 5 = 104 and 0 
was maintained at about 1.7. The code was run long enough to establish quasi-
stationary conditions, typically around 103 Alfvén times. Changing y from 30 to 
10 we observe a factor of two increase in fluctuation energy 6Br

2, associated with 
the need of a larger fluctuation induced electric field Ey = -<vxb> to drive the 
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parallel current in the more resistive edge region. Even so, the higher edge 

resistivity was not fully compensated by the enhanced MHD dynamo activity. As a 

result, a significant change in the reversal parameter from -0.26 to -0.12 was 

observed in the code runs, resulting from a reduction of the mean j\\ in the edge 

region. We further observe over a factor of two increase in the non-Spitzer loop 

voltage Vat reflecting an increased power dissipation associated with the enhanced 

MHD dynamo power transfer between the poloidal and toroidal magnetic fields. 

These effects closely resemble the experimental observations. A qualitative 

comparison in Fig. 3, of the power distribution in m = 1 helical mode spectra, and 

associated reversal ratios, between the MHD code and the experiment, show a 

remarkable agreement. 

The clear reduction in field reversal, as E^IER and the MHD dynamo activity 

increases with current, suggests that a dominant fraction of the parallel current in 

the edge region of the Tl RFP plasma is indeed driven by a fluctuation induced E/ 

also at relatively high E^IER parameters, up to about 1/3. This observation is 

consistent with recent results from MST, i.e. that ambipolarity suppresses the bulk 

electron stochastic diffusivity [11], and that the observed E/ is sufficient to sustain 

the edge parallel current [12]. It is also interesting to note, however, that the 

reduction in field reversal tends to be more pronounced in the simulations than in 

the experiment, although the response in fluctuation level is comparable. This 

discrepancy may originate in the presence of a non-MHD contribution to j\\ at the 

edge in the experiment, which is consistent the observation in Ref. [1] that fast 

particles appear to govern the power loss in the high TJne regime in Tl . The fast 

particles may nonetheless originate from the MHD fluctuations, i.e. electrons 

accelerated locally in the tearing layers [13]. It should further be noted that there 

may be an additional contribution to E/ at the edge from unstable small scale 

modes (e.g. g-modes), which are not included in the version of the DEBS code 

used for these comparisons. 

5. CONCLUSIONS 

The loop voltage scaling with current in the Extrap Tl RFP is governed by a 

strong enhancement of the anomalous (non-Spitzer) loop voltage originating in 

enhanced MHD dynamo fluctuation activity, evoked by a narrowing of the mean 

resistivity profile occurring in the high current regime in this experiment, 

potentially in combination with increased long mean free path electron 

momentum transfer from the core to the wall. Numerical MHD simulations 
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initiated with various resistivity profiles show a response in current profiles and 

magnetic fluctuations closely resembling the experimental observations. Although 

the variation of the resistivity profile in Tl may be machine specific, or depend on 

operational conditions, the present results nevertheless show that RFP dynamics is 

sensitive to such effects. Consequently, resistivity profile effects (e.g. associated 

with density sustainment techniques or recycling processes) may interfere with the 

intrinsic scaling of magnetic fluctuation level with Lundquist number in reversed-

field pinches. 
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Abstract 

POLOIDAL AND TOROIDAL DIVERTOR EXPERIMENTS ON THE TPE-2M REVERSED FIELD 
PINCH. 

Characteristics of reversed field pinch plasmas with an open divertor have been studied on the 
TPE-2M device with the aim of controlling plasma-wall interaction. Both poloidal and toroidal divertor 
experiments have been first carried out with a close fitting shell. In the poloidal divertor mode, the 
properties of global MHD dynamo activity have been found to be similar to those without a divertor. 
Thermocouple measurements have shown that the heat flux is transported through the separatrix to the 
wall. In the quadra-null toroidal divertor mode, decreases of loop voltage and intensity of impurity lines 
have been observed without deterioration of global MHD dynamo activity. Fast and pulsive m = 0 per
turbations, however, have been enhanced near the reversal surface. 

1. INTRODUCTION 

TPE-2M is a medium sized reversed field pinch (RFP) device (a/R = 
0.187 m/0.73 m, Ip < 200 kA, t < 15 ms) [1] which has the capability to produce 
a divertor configuration for investigating control of plasma-wall interaction in RFP 
plasmas, e.g. in Tokapole II [2] and STE-2 [3]. TPE-2M simultaneously realizes 
small field errors and good shell proximity (shell radius/plasma radius = 1.12), both 
of which are considered to be essential to obtain good RFP plasmas. The bellows type 
SUS liner with a number of Mo limiters inside is surrounded by a 30 mm thick Al 
shell whose penetration time for the vertical field is 150 ms. The plasma is induc
tively coupled with an ohmic circuit by an iron core transformer having 0.7 V-s. 

In the first stage of the divertor RFP programme, studies are focused on forma
tion of the divertor configuration and characteristics of MHD instabilities in an open 
divertor system. In the second stage, particle transport will be investigated in a closed 
divertor system. In this paper, experimental results concerning the poloidal open 
divertor and the quadra-null toroidal open divertor are reported. 
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FIG. 1 (a). Flux contours of PD configuration reconstructed from measured magnetic fields on the 
liner. 
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FIG. 1(b). Toroidal mode spectra of magnetic field fluctuations in PD mode before (t¡ = 2.5 ms) 
and after (t2 — 2.7ms) the flux generation: odd (mostly 1) and even (mostly 0) poloidal modes. 
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2. POLOIDAL DIVERTOR (PD) EXPERIMENT 

An inboard side separatrix configuration is set up by a combination of the diver-
tor hoop coil outside the shell and an inboard side axisymmetric 5 cm width shell gap, 
which was designed on the basis of equilibrium calculations [4]. It was found that 
this finite axisymmetric shell gap does not produce effects on macroscopic discharge 
characteristics. When the PD field is applied in a discharge of several tens of kilo-
amperes, a quasi-stationary stable divertor configuration is realized, as shown in 
Fig. 1(a), which is reconstructed from the magnetic field profile measured on the 
liner surface [5]. The PD RFP configuration is sustained over a few milliseconds, 
which is about ten times longer than the resistive diffusion time (a few hundred 
microseconds) of normal RFP discharges. 

In contrast to the case of tokamaks, in RFPs the onset of PD fields causes major 
changes of magnetic field configuration, since the dominant magnetic field (the poloi-
dal component in RFPs) is significantly reduced near the X point. Therefore, confir
mation of MHD stability in this geometry is a necessary condition of the first priority. 
Fourier analysis of magnetic field fluctuations measured by toroidal arrays of pick-up 
coils revealed that the non-linear coupling of m = 1 and m = 0 modes occurs during 
the flux generation process, similar to the case without a PD field. As shown in 
Fig. 1(b), the fluctuation amplitude is shifted from centrally resonant modes 
(m = 1/n = 6, 7,...) to m = 1/higher n modes and m = 0/n = 1 modes. This 
observation suggests that the MHD dynamo mechanism also works in PD RFPs. 
Local MHD fluctuations near the X point, however, were newly observed in the PD 
mode. When the PD RFP configuration is realized with the separatrix within the 
limiter radius, fluctuations appear, extending only over the shell gap region in the 
poloidal direction, with an up-side asymmetry. Although local /3 degradation may 
occur, the fluctuations decay before the current termination, i.e. they do not grow 
to the disruption. 

In this PD discharge, temperature measurement of the liner surface by a 
thermocouple array shows a strong heat concentration within 3 cm poloidal extension 
around the X point. The amount of the temperature increase could account for the 
input energy (several kilojoules) of the ohmic heating (a few megawatts), suggesting 
that the heat is transported through the separatrix to the liner surface. The spec
troscopic CCD camera observation also shows strong radiation in this region [6]. The 
discharge terminates several milliseconds after the set-up, accompanied by abrupt 
increases in the impurity lines of vessel materials, radiation power and loop voltage. 
The early termination may be attributed to a high impurity influx due to the short con
nection length of magnetic field lines from the separatrix to the wall (1-2 cm). 

A vacuum chamber with a divertor space has been newly installed and experi
ments with a closed divertor configuration are planned to reduce the backflow of 
impurities from the wall. 
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3. TOROIDAL DIVERTOR (TD) EXPERIMENT 

Four sets of TD coils were wound outside on the shell at equal intervals in the 
toroidal direction. Each individual set consists of a two turn main coil and a two turn 
return coil such that the TD coil set generates no net toroidal flux. This scheme 
breaks the toroidal axisymmetry, but the required coil current is an order of magni
tude smaller than in the case of the PD mode. The TD coil current is started 4 ms 
prior to plasma initiation such that the TD field can penetrate inside the shell. 
A stable discharge with the TD field is observed to be sustained over 6 ms. The toroi
dal magnetic field profile at the toroidal location where the TD coil set is installed 
is measured by an inserted probe [7]. Formation of the TD configuration is con
firmed, as shown in Fig. 2(a). The separatrix exists within the limiter radius without 
loss of field reversal. Flux contours estimated from the toroidal profile of the mag
netic field on the liner surface are shown in Fig. 2(b). 

In the TD discharge, the behaviour of the RFP set-up and of global MHD 
dynamo activity is similar to that in normal discharges. However, inserted probe 
measurements have shown that fast and pulsive ( ~ 50 /xs) perturbations of magnetic 
fields are enhanced near rs (the reversal surface). As shown in Fig. 3(a), the radial 
profile of these toroidal field perturbations in the TD discharge shows a significant 
negative peak outside rs and a positive peak inside rs (Fig. 3(b)), which suggests 

(a) (b) 

-20 HH 
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r (mm) 
r limiter 

a limiter 
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FIG. 2. (a) Toroidal field profiles measured by inserted magnetic probes in discharges with (full 
circles) and without (open circles) TD; (b) reconstructed toroidal flux contours from magnetic fields 
measured by external and inserted probes. 
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FIG. 3. (a) Expanded view of toroidal field fluctuations at rla = 0.75 (inside rj and rla = 0.94 (out
side rs) for discharges without (left) and with (right) TD; (b) radial structure of the fluctuating compo
nent of the toroidal field for discharges without (open circles, t = 2.98 ms) and with (closed circles, 
t = 3.30 ms) TD. 
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deterioration of m = 0 mode stability due to the TD fields. The m = 0 island width 
is estimated to increase from 2 cm in a normal discharge to 3 cm in the TD discharge, 
assuming the single helicity perturbation. Note that the magnetic diffusion time of 
this local toroidal field outside rs is an order of magnitude shorter than the diffusion 
time of the zero order field profile. This suggests that some mechanism is necessary 
to sustain the field reversal in this region, which may be related to the observed fluc
tuations. The existence of a pitch minimum may also cause a double tearing mode [8]. 

After the set-up of the TD RFP configuration, Ip increases from 40 to 60 kA, 
compared with the constant current of 40 kA without the TD, for the same charging 
voltage. The plasma resistance (Rp) at 4.5 ms is 0.7 mQ, which is about half that of 
normal discharges (Fig. 4(a)). A decrease of impurity lines such as O II, C II and 
Mo I (limiter material) was also observed (Fig. 4(b)) during 2-5 ms. In this period, 
the separatrix is located inside the limiter radius (Fig. 2(a)), i.e. the plasma is 
detached from the limiters around this toroidal location and the impurity influx is con
sidered to be decreased. The connection length from the X point to the wall is calcu
lated to be about 1-2 m, which is two orders longer than that of the open PD RFP 
configuration. The decrease of Rp may be attributed to the combined effects of 



370 HATTORI et al. 

impurity reduction and temperature increase. Assuming classical resistivity, constant 
poloidal j3 and constant I/N, the decrease of Rp can be explained by a 50% increase 
of Te and a 20% decrease of Zeff. The observed decrease of magnetic fluctuations 
may suggest the reduction of helicity leakage, hence also the decrease of Rp. 
However, quantitative determination requires further detailed measurements. 

The TD discharge is sustained over several milliseconds, which is much longer 
than the magnetic diffusion time but shorter than the normal discharges. In the termi
nation phase, a strong increase of the Cr I line is observed, but the characteristics 
of global MHD fluctuation are kept unchanged. So far, the reason for early termina
tion has not been identified, but may be attributable to field errors from misalignment 
of TD coils and/or feeders, mismatching of waveforms between TD coil current and 
Ip, which results in loss of the X point, or the enhanced recycling of impurities from 
the wall. 

4. SUMMARY 

Both poloidal and toroidal open divertor RFP configurations have been realized 
and sustained longer than the magnetic diffusion time. Global MHD dynamo charac
teristics are observed to be unchanged, but magnetic fluctuations localized near the 
X point are found in both cases. Heat transport through the X point (PD) and 
decreases of loop voltage and visible light emission of impurities (TD) are also 
observed. These experimental observations suggest that plasma-wall interaction may 
be controlled by a closed divertor configuration in RFPs, as in other magnetic con
finement systems. 
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Abstract 

MAGNETIC FLUCTUATION INDUCED TRANSPORT AND EDGE DYNAMO MEASURE
MENTS IN THE MST REVERSED-FIELD PINCH. 

Probe measurements in MST indicate that RFP particle and energy loss is governed by magnetic 
fluctuations inside r/a = 0.8, with energy carried out convectively by superthermal electrons. The 
radial loss rate is lower than the Rechester-Rosenbluth level, presumably because of the establishment 
of a restraining ambipolar potential. Several aspects of these measurements contradict the kinetic 
dynamo theory, while the MHD dynamo EMF is measured to be large enough to drive the edge current 
carried by these superthermal electrons. 

1. I N T R O D U C T I O N 

The large magnetic fluctuation levels in the RFP have long been thought to be 
responsible for the reduced confinement time as compared to tokamaks of simi
lar size and current. However, as in the tokamak, electrostatic fluctuations have 
been found to govern particle confinement in the extreme edge of the RFP [1,2]. 
We have conducted probe measurements of the fluctuation induced transport 
of particles [3] and energy [4] further into the plasma (r/a > 0.75) of the MST 
reversed-field pinch [5], as well as local measurements of the MHD dynamo [6] in 
the edge. These measurements indicate that inside r/a ~ 0.85, magnetic fluctu
ation induced loss of superthermal electrons governs both particle transport and 
heat loss via convection while electrostatic fluctuations become less important. 
The electron radial loss rate is reduced to that of the ions, presumably by an 
ambipolar electric field. The MHD dynamo EMF has been measured to have 
the required value to drive the local current in the edge. 
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2. PARTICLE TRANSPORT 

Particle transport measurements were made with an electrostatic electron energy 
analyzer (EEA), which measures the current je of edge electrons with energy 
E > Tea — 50 eV, which carry most of the parallel current, in combination with 
magnetic pickup coils. The radial particle flux due to magnetic fluctuations Tr oc 
(]ebr), is given in the frequency domain by the associated coherence spectrum 
(Fig. 1) and relative phase. The rms amplitude of je/je is close to 100% while 
br ~ 2%. The coherence 7 < 60% and the phase varies from zero to 7r/2 in the 
0-250 kHz range. While j e is too small at the extreme edge to account for the 
transport, where electrostatic fluctuation-induced transport dominates [1, 2] it 
becomes large enough inside r/a = 0.85 to account for all of the radial particle 
loss (Fig. 2), with the main contribution from fluctuations in the tearing mode 
frequency range below 20 kHz, where the coherence is largest and the relative 
phase is near zero. 

Using the measured superthermal electron density gradient, we estimate 
the associated diffusion coefficient Dmag ^ 500 m2/s, a factor of four smaller 
than the estimated Rechester-Rosenbluth value [7] given by DRR = (b^.)v^Lac, 
where Lac ~ 1 m is the parallel autocorrelation length for magnetic fluctuations, 
dominated by m = 1 tearing modes [8]. In order to reduce the radial flux by 
a factor of four, a radial electric field of around 500 V/m is required [9]. This 
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FIG. 1. Cross-coherence spectra for < jebr> and <Q|br> measured with the EEA, pyrobolometer and 
local magnetic pickup coils at r/a = 0.8. 
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field strength gives an E x B drift which, combined with the estimated ion 
diamagnetic drift of similar magnitude, agrees qualitatively with the measured 
toroidal rotation speed (106 cm/s) of CV impurity ions. Bulk electron transport 
is suppressed by the ambipolar field. 

By varying the bias on the EEA repeller electrode, we can investigate the 
energy dependence of the electron current and radial flux, as shown in Fig. 3. 
The fact that higher energy electrons make a larger relative contribution to radial 
flux is consistent with the picture of magnetic fluctuation induced transport. 

3. ENERGY TRANSPORT 

The magnetic fluctuation induced energy flux Qr was measured with a py-
robolometer probe, which measures the parallel heat flux qn, dominated by 
superthermal electrons, in combination with magnetic pickup coils, to provide 
Qr = {q\\br)- The rms amplitude of <Z||/<7|| — 60-90%, while q^ ~ 2000 Wcm - 3 at 
r/a = 0.9 in 120 kA discharges. This is consistent with the EEA measurement 
if 

je ($„ , ^ , mv2
d 

e «ii^fl^ii + r i + V l . (i) 

where v¿ ~ 2 x 108 m/s is the measured drift speed, Tj| ~ 100 eV and Tj. ~ 20 
eV. 

As shown in Fig. 2, the radial heat flux Qr increases inside r/a = 0.85 similar 
to r r . As in the case of the particle transport measurements, there is strong 
coherence (7 ~ 45%) between çy and br around the 10 kHz peak of the m = 1 
tearing fluctuations, driving most of the radial flux. Fig. 1 summarizes the 
EEA and pyrobolometer cross-coherence measurements. A comparison of the 
radial particle and energy fluxes along with the electron distribution measured 
with the EEA indicates that Qr is dominated by convective loss of superthermal 
electrons. 

4. MHD DYNAMO 

The RFP dynamo, which drives the poloidal current in the outer portion of 
the discharge, has been described with two leading models, the MHD dynamo, 
in which a fluctuation-induced EMF (V x B)|| sustains the current, and the 
kinetic dynamo (KDT) [10], in which superthermal core electrons carry parallel 
momentum and therefore field-aligned current as they transport radially. While 
measurements in MST indicate that the bulk of the edge current is carried by 
superthermal electrons, they may be driven locally by an MHD dynamo EMF 
rather than arising from the KDT mechanism. 

Measurements of the MHD dynamo term [6] (Vj_ x B_L)|| have been made in 
the edge with triple Langmuir probes to measure Ex, from which Vj_ = Ëj_/B 
is computed, along with magnetic pickup coils and a small Rogowski coil which 
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FIG. 4. Comparison ofMHD dynamo electric field <Ë±bx> with (a) rçjj and (b) Tjjj — E, during one 
sawtooth crash. Data were combined from 150 sawtooth crashes in 30 discharges. 

measures the local current density. These measurements indicate that the MHD 
dynamo is sufficient to drive the edge current both between and during sawtooth 
crashes (Fig. 4). A burst of dynamo EMF is observed during the sawtooth crash, 
followed by an increase in the local parallel current and an associated induced 
2?„. 

5. CONCLUSIONS 

Several aspects of our measurements conflict with the Kinetic Dynamo Theory 
(KDT): (1) Tj_ ~ 20 eV is well below the central electron temperature Teo ~ 120 
eV; (2) the superthermal electron density is independent of the runaway param
eter E/Ec; (3) the measured transport rate is such that an electron experiences 
many collisions in transiting from the core to edge; and (4) the MHD dynamo 
term has been measured to be sufficient to drive the local edge current. We 
conclude that the edge superthermal electrons are driven locally by the MHD 
dynamo EMF. 

Probe measurements in MST indicate that RFP particle and energy loss is 
governed by magnetic fluctuations inside r/a = 0.8, with energy carried out 
convectively by superthermal electrons. The radial loss rate is lower than the 
Rechester-Rosenbluth level, due to the establishment of a restraining ambipolar 
potential. 

This work was supported by the US Department of Energy. 

IAEA-CN-60/A6/C-P8 375 

d=5cm (r/a=0.90) 



376 HOKIN et al. 

REFERENCES 

[1] JI, H., TOYAMA, H., MIYAMOTO, K., SHINOHARA, S., FUJISAWA, A., Phys. Rev. Lett. 
67 (1991) 62. 

[2] REMPEL, T.D., et al., Phys. Rev. Lett. 67 (1991) 1438. 
[3] STONEKING, M., FIKSEL, G., HOKIN, S., JI, H., PRAGER, S., Phys. Rev. Lett. 73 (1994) 

549. 
[4] FIKSEL, G., PRAGER, S., SHEN, W., STONEKING, M., Phys. Rev. Lett. 72 (1994) 1028. 
[5] HOKIN, S.A., et al., in Controlled Fusion and Plasma Physics (Proc. 20th Eur. Conf. Lisbon, 

1993), Vol. 17C, Part II, European Physical Society, Geneva (1993) 475. 
[6] JI, H., ALMAGRI, A.F., PRAGER, S.C., SARFF, J.S., Phys. Rev. Lett. 73 (1994) 668. 
[7] RECHESTER, A.B., ROSENBLUTH, M.N., Phys. Rev. Lett. 40 (1978) 38. 
[8] ASSADI, S., PRAGER, S.C., SIDIKMAN, K.L., Phys. Rev. Lett. 69 (1992) 281. 
[9] HARVEY, R.W., McCOY, M.G., HSU, J.Y., MIRIN, A.A., Phys. Rev. Lett. 47 (1981) 102. 

[10] JACOBSON, A.R., MOSES, R.W., Jr., Phys. Rev., A 29 (1984) 3335. 



IAEA-CN-60/A6/C-P9 

REVERSED FIELD PINCH AND ULTRA-LOW 
q DISCHARGES IN THE SWIP-RFP DEVICE 

Peng ZHANG, Shuiquan FANG, Jieping LI, Cuiwen LUO, Qiang LI, 
Ping YI, Jun XUE, Junlin LUO, Wenyu HONG, Zhanhe WANG, Deming XU, 
Donghai YAN, Chenghe CUI, Hui CHEN, Jianyong CAO, Jie LU, 
Quanming WANG, Yunze ZHONG, Yudong PAN, Yongge LI, 
Nianman ZHANG 
Southwestern Institute of Physics (SWIP), 
Chengdu, Sichuan, 
China 

Abstract 

REVERSED FIELD PINCH AND ULTRA-LOW q DISCHARGES IN THE SWIP-RFP DEVICE. 
Recent experimental results of reversed field pinch (RFP) and ultra-low safety factor q (ULQ) 

configurations have been achieved with preionization, air core transformer power crowbar, vacuum 
chamber discharge cleaning, carbonization and titanium gettering. The plasma properties were 
improved. A plasma current flat-top appeared, and the plasma current value was increased. The 
impurities were controlled effectively, and the plasma temperature was increased by carefully control
ling the wall conditions. A stable confinement RFP configuration was obtained. Stable and relaxation 
ULQ discharges have been aachieved in different q value operations. An increase in the toroidal flux 
was generated by a dynamo effect, with the plasma current rising for ULQ discharges. 

1. INTRODUCTION 

This paper describes recent results of reversed field pinch (RFP) experiments 
and ultra-low safety factor q (ULQ) discharges in the WIP-RFP device [1]. The 
experiments were carried out in the SWIP-RFP device which has a stainless steel 
liner (R/a = 0.48/0.1 m) with molybdenum limiters. Its thickness is 0.4 mm in the 
bellows sections and 1 mm in the straight sections. The stainless steel bellows liner 
has eight toroidal sectors with intervening port sections for pumping and diagnostic 
access. 

The penetration time of the liner for both the toroidal and poloidal directions 
is approximately 80 pis and 50 ju,s, respectively. The vacuum chamber is surrounded 
by a square shell made of aluminium alloy; the minimal thickness is 10 mm, with 
two poloidal and two toroidal gaps. 

The new experiments were carried out with the installation of a new power 
crowbar bank and a preionization bank. The duration of the discharge pulse has been 
increased. 

Experimental results for the increased sustainment time of the RFP configura
tion have been obtained and experimental studies have been carried out in a ULQ 
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configuration with operations characterized by different q values. RFP and ULQ 
experimental development has been achieved in the SWIP-RFP device with vacuum 
chamber discharge cleaning, carbonization and titanium gettering. 

ULQ experiments with edge safety factors qa > 0.2 have been studied [2-4]. 
A ULQ plasma with qa < 0.1 has been observed on the SWIP-RFP device [5]. 

2. TITANIUM GETTERING AND WALL CARBONIZATION 

During the discharges a titanium coating system was used to prepare a clean 
surface of the interior vacuum chamber, and a wall carbonization system was used 
to restrain the recycling between the impurities and the wall. The impurity radiations 
were reduced in the plasma, and plasma quality was improved. 

During titanium coating, the typical parameters of the discharge were as 
follows: plasma current, Ip: —50-60 kA, lifetime of the plasma: ~400-500 ¿is. 
The area of sputtering and evaporation of the titanium wire was 1.5 X 10~3 m2; 
about 30% of the interior surface of the vacuum chamber was coated with titanium. 

With a quadruple mass spectrometer (QMS), the spectra of impurity gases were 
measured before and after titanium gettering. After titanium coating, H20, CH4 and 
CO were reduced by a factor of 3-5, and the spectral intensities of the impurities 
Oil and CrI were reduced by factors of 47% and 40%, respectively. The plasma 
current reached 50-80 kA and was higher than that before titanium gettering, which 
was about 40 kA. The lifetime of the plasma was extended from about 400 ¿is to 
500-700 ¿is. A plasma current flat-top appeared. 

Wall carbonization was performed by using the device discharges. During wall 
carbonization, total pressure P = 1 Pa; CH4 : H2 = 1:3; CH4 amounted to —25%; 
the power of each discharge was ~ 15 MW; wall carbonization lasted ~ 10 ms; 
H2, CH4 and CO were reduced by factors of 2.5-5; Oil and CrI were reduced 
by about 36% and 45%, respectively; and the maximum plasma density was 
- 1 , 2 X 1020 m"3 in the plasma current plateau. 

3. RFP EXPERIMENTS AND ULTRA-LOW q DISCHARGES 

With the improvements mentioned above, new experimental results for an 
increased sustainment time of RFP configurations were obtained. The plasma lifetime 
increased from 300 ¿is to 600-700 ¿is, and the plasma current, Ip, in steady state 
rose from 30 kA to 50-70 kA. A typical RFP configuration discharge is shown in 
Fig. 1, where we see the time evolutions of Ip, the average toroidal field (B^), the 
edge toroidal field, B^w, the loop voltage V^, dlp/dt, the ion saturation current, Is, 
and the horizontal displacement of the plasma column, A. The waveforms of the RFP 
discharges after discharge cleaning, titanium gettering or cabonization are generally 
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FIG. 1. Waveforms of various quantities in the RFP discharge. 
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FIG. 2. Temporal and radial distributions of Be and B+for RFP configuration. 
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FIG. 3. Time evolution of conductivity temperature, Tea, and plasma resistance, Ra. 
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FIG. 4. Waveforms qflp, V^, dlp/dt, Is and qa. (a) ULQ configuration qa — 0.2-0.1 within confine
ment time; (b) ULQ configuration with relaxation, qa ~ 0.2. 
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FIG. 5. Time evolution of different radial q, qa ~ 0.05 at 500 us. qa (r, = 0.09 m), q2 (r2 = 0.065 m), 
q3(r3 = 0.038 m), q4(r4 = 0.012 m). 

similar to those of Fig. 1. Experiments have been carried out with Ip lower than 
70 kA. The duration of Ip is 600-700 ¿is, in the RFP configuration, at present. 

The internal distributions of the poloidal and toroidal magnetic fields are mea
sured in detail by using insertable magnetic probes. Figure 2 shows the radial and 
time distributions of the poloidal and toroidal fields for the RFP configuration. The 
safety factor q0 close to the axis is lowered to about 0.1. Figure 3 shows the time 
evolutions of conductivity temperature, Te<T, and plasma resistance RQ. 

The plasma in the regime 0 < q < 1 is called ultra-low q plasma (ULQ). ULQ 
discharges in the SWIP-RFP device are obtained by filling in hydrogen at a pressure 
of 0.3 to 1.3 Pa, by an average toroidal field in the range of 0.084-0.167 T and by 
a loop voltage of up to 250-350 V. A plasma current of 50-80 kA was obtained. 

Stable ULQ configurations have been achieved by discharge cleaning, carboni
zation and titanium gettering. The experimental results indicate that the plasma 
properties are improved. The pulse duration of the ULQ discharge and the plasma 
current have increased. ULQ discharges can be sustained over 700 fis. The ULQ 
plasma edge safety factor qa is about 0.05, 0.1, 0.2, 0.3, etc. 
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Figure 4(a) shows a typical discharge obtained with an average initial toroidal 
field of —0.139 T. During the plateau period in qa, the loop voltage continues to 
decrease from 300 V to 175 V. Ip is equal to 62 kA. The ion saturation current, Is, 
of the Langmuir probe increases during the sustainment time of Ip, the sudden 
increase of Is results from gas puffing of titanium; i.e. the gas is supplemented and 
the density is effectively increased. RFP and ULQ experiments show that the density 
normally increases from 1 to 1.3 x 1020 cm"3 in one discharge and the time during 
which a higher density is sustained is about 150-250 ps. V0 is equal to 300 V. 
There is no disturbance or relaxation on the waveforms of Ip, V^ and dlp/dt. The 
edge safety factor, qa, decreases from about 0.2 to about 0.1 within the ULQ con
finement time. The ULQ configuration is set up without toroidal field control. The 
equilibrium generally seems to be sustained as long as the toroidal loop voltage is 
sustained. 

Figure 4(b) shows a ULQ discharge with relaxation. The spikes of disturbances 
are detected on the waveforms of Ip, V0 and dlp/dt, where qa is about 0.15 and Ip is 
82 kA. The MHD activities in the setting-up and sustainment phases are observed. 

Figure 5 shows the time evolution of the radial distribution of q with toroidal 
field control. During the sustainment phase, the absolute value of qa is less than 0.1. 
When the value of the initial toroidal field is chosen, the plasma current begins to 
rise, then the toroidal magnetic field is decreased rapidly by circuit control during 
the discharge. 

r~ 

'r*s-~**y'Àk*+4{ 
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Figure 6 shows the enhancement of the toroidal flux, <j> = <B¿>7rb2 (b is the 
radius of the vacuum chamber), as Ip rises, but the toroidal magnetic field outside 
the liner does not increase. The generated non-uniformity of the toroidal flux is 
observed. The toroidal flux enhancement is larger on the inboard than that on the out
board side at the equatorial plane. The average toroidal field increases from 0.111 
to 0.139 T. This increase is due to a dynamo effect within the plasma not caused by 
the toroidal field outside the liner, B^e. The toroidal field near axis, B^, increases 
from 0.115 to 0.177 T within 360 /is. This enhancement is not due to a rearrangement 
of the initial field. A slow increase of the toroidal flux is generated by the dynamo 
effect [6] when the plasma current rises. The dynamo effect converts the poloidal to 
toroidal flux. 

4. PLASMA PARAMETER MEASUREMENTS 

The plasma parameters and discharge features have been measured and studied 
by electromagnetic measurements, 4 mm microwave, a spectrometer and multi-

FIG. 7. Line radiation intensities of Ha, OH, CM and Cri. (a) RFP configuration: Ip, 5, 
(b) ULQ configuration: Ip, B^. 
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channel fiber systems. The conductivity temperature, Tea, is 30-40 eV. The elec
tron temperature, Te, and the electron density, r^, as measured by electrostatic 
probes, are 23-45 eV and (0.5-1.3) X 1020 m-3, respectively. From CIII Doppler 
broadening, the averaged ion temperature, T¡, is 20-30 eV. Te is obtained from the 
intensity ratio of adjacent ionized line radiations in the same element, I0vi/Iov> 
Te = 16-23 eV. ne = (0.8-4) X 1020 m-3 is obtained from Stark broadening of Hfi. 
Within the maximum density which 4 mm microwave measurement can determine, 
it is inferred that rig is over 5 X 1019 m~3 for both RFP and ULQ discharges. The 
line radiation intensities of Ha , CIV, CIII, OV, OU, Cri, Mol and the spectra 
were measured. As P0(H2) = 0.8-1.3 Pa and Ip = 40-80 kA, the impurity analyses 
of the data obtained from the E-498 spectrometer show that light impurities such as 
C, O and N are slightly higher, but heavy impurities such as Fe, Cr, Mo and Cu are 
low. The following impurity concentrations are obtained: typically, carbon about 
3-5%, oxygen - 2 - 4 % , nitrogen - 0 . 5 - 1 % and other light impurities <0.5%. The 
heavy impurities < 0.1 %, normally. Oxygen and chromium are reduced by 40% and 
30%, respectively, in the titanium gettering discharges. Oxygen is reduced by 
- 3 0 % , chromium is lowered to half of its value, and the plasma lifetime becomes 
longer after carbonization. As an example, in Fig. 7(a), we present signals of CrI 
(4254 Á), Oil (4415 À), CIII (4647 Á), H„, Ip and B ^ . 

In RFP configuration discharges, the intensities of the line radiations of Ha , 
OII, C III and CrI decrease with rising plasma current. On the other hand, in ULQ 
discharges, these impurity radiations do not decrease, as is shown in Fig. 7(b). 

5. SUMMARY 

Recent results in RFP and ULQ experimental development have been achieved 
with preionization, air core transformer power crowbar, vacuum chamber discharge 
cleaning, carbonization and titanium gettering. Titanium gettering and wall carboni
zation restrain impurity recycling from the wall. The impurity radiation has been 
reduced. The plasma properties are improved, and the confinement time of the 
configuration is extended, a plasma current flat-top period appears, and the plasma 
current amplitude is increased. The plasma temperature is increased by careful 
control of the wall conditions. 

A stable RFP configuration has been obtained in recent experiments in the 
SWIP-RFP device. Stable and relaxation ULQ configurations have been achieved 
with a plasma edge safety factor, qa, of -0 .05 , 0.1, 0.2, 0.3, etc. Especially, a 
series of experimental data with qa < 0.1 have been obtained. A plasma current 
with and without step-wise decay is observed clearly. 

The ULQ plasma is grossly stable while the toroidal flux increases gradually 
with increasing plasma current. 
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The experimental results indicate that the sustainment time of the ULQ configu
ration is longer than that of the RFP configuration, for all cases. The ULQ plasma 
current is higher than that of RFP. 
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Abstract 
FIRST RESULTS ON THE LARGE DENSE Z-PINCH AT IMPERIAL COLLEGE. STABILITY 
THEORY. 

The first results on carbon fibre Z-pinches using the new large pulsed power generator at Imperial 
College, operating at 60% of full voltage, are reported. Concurrent theoretical studies of the effect of 
large ion Larmor radius effects and sheared axial MHD flow on stability are presented. 

1. INTRODUCTION 

The MAGPIE (Mega-ampere generator for plasma implosion 
experiments) generator, a schematic diagram of which is shown in fig. 1, was 
completed in April 1993. For the past year it has been tested and then operated at 
60% of full voltage into various fibre loads at currents of up to 800kA, which 
we will report here. Recently the generator has been upgraded to operate at 80% 
of full voltage. The nominal maximum voltage is 2.4MV and with a line 
impedance of 1.250 it can deliver currents in excess of 1.5MA into high 
impedance Z-pinch loads with a rise time of 200ns. The main objective is to 
study the Z-pinch, principally in hydrogen, at currents exceeding the Pease-
Braginskii I1'2! critical current in order to try to achieve the phenomenon of 
radiative collapse I3<41 Deuterium fibre experiments will also be undertaken to 
explore the Z-pinch as a potential compact controlled fusion plasma. 

Under these conditions we have shown t5l that the ion Larmor radius 
will be a significant fraction of the pinch radius. We have recently completed the 
linear stability theory using the Vlasov fluid model for both m = 0 t6' and m = 1, 
and will present the results here. The inclusion of sheared axial flow in a MHD 
model also shows a reduction of growth rate, which might in part explain the 
marked stability to m = 0 found in 2-D resistive MHD simulations of such 
diverse Z-pinches as galactic jets and ablating laser-produced plasmas l?l. 

1 Alfvén Laboratory, Royal Institute of Technology, Stockholm, Sweden. 
2 Heinrich-Heine-Universitát, Dusseldorf, Germany. 
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FIG. 1. The MAGPIE generator. (I) Marx generator (X 4); (2) pulse forming line (5 ti) (X 4); 
(3) trigatron switch (X 4); (4) transfer line (1.25 ti); (5) diode stack, MTTL and Z-pinch load; 
(6) X-ray shielding; (7) data acquisition screened room. 

2. GENERATOR PERFORMANCE 

The generator consists of 4 Marx generators, each coupled to a 50. water 
filled pulse forming line and trigatron switch which discharge into a common 
1.25a water-filled transfer line which is terminated by a vacuum section, 
illustrated in fig.2. This section comprises a diode stack, consisting of five 45° 
perspex insulators interspaced with four stainless steel grading rings. The design 
inhibits flashover due to the E/B drift preventing electrons from tracking along 
the surface of the insulator. A magnetically insulated transmission line (MITL) 
then provides a low inductance path for the power to the Z-pinch load which is 
situated in such a position that no direct UV plasma emission falls on the diode 
stack. Current probes exist at locations A, B and C in fig.2. The MITL relies on 
the electron flow across the narrow gap being limited by the pressure of the self 
magnetic field which turns the electrons back as in a magnetron. 
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The generator behaves very well and in agreement with simulations from 
a circuit code. The switch jitter from the four lines is about 12ns on average, 
within design targets. With a short circuit load the MITL crowbars after current 
reversal at about 800ns from the start of the pulse, while with a plasma load 
there is a crowbar at peak current at about 200ns. 

3. PRELIMINARY EXPERIMENTAL RESULTS 
We report here on mainly carbon fibre loads at currents that rise to 

800kA in 200ns. Usually the fibres were 3cm long and 33um in diameter. 
Optical radial streak photographs (with the slit aligned perpendicular to the pinch 
axis) show continuous expansion of the low density corona at a mean velocity of 
2 x 104m/s. One dimensional MHD simulations can give a similar expansion if 
an anomalous resistivity is introduced based on the triggering of the lower 
hybrid drift microinstability and the resulting saturated turbulence. Indeed at 
very low line density this anomalous resistivity can penetrate into the dense Z-
pinch core, thus preventing significant pinching or radiative collapse. However, 
experimentally there is initially much axial structure, as illustrated in fig.3, which 
is an optical streak of the first 100ns with the slit aligned parallel to the pinch 
axis. After a period of diffuse emission for 10ns after current initiation, a 
number of localised bright regions are seen to develop. These appear to 
bifurcate, but the axial velocity of the bright points is too large to be sonic flow 
(6keV); instead our present interpretation is that the bifurcation corresponds to 
axially propagating shocks, which usually terminate on coalescing with other 
shocks. At peak current only a small fraction of the discharge is emitting brightly 
in the optical regime. Figure 4 is a series of Ins gated optical pinhole images 
taken on different discharges. The bright spots in the first image can be 
correlated with the streak in fig.3 which is taken from the same shot. The final 
image is taken after the occurrence of an electron beam (see later) and shows 
some emission from the anode. At these later times the optical images are 
consistent with the presence of a developed m = 0 MHD instability. 

FIG. 3. Optical streak photograph: axially aligned 33 \im carbon, 800 kA, 100 ns shown. 
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FIG. 4. A series of 1 ns gated optical pinhole images taken on different discharges. 
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FIG. 5. Four frame X-ray pinhole camera image. 

Gated X-ray images, pin diode measurements and time integrated 
pinhole photographs of the X-ray emission have been recorded. Fig.5 shows 
results from a four frame, gated (2ns) micro-channel plate in which three 
differently filtered pinhole images were projected onto each of the four sectors. 
The bright images in the beryllium filtered channel can be correlated with the 
axially mobile regions in fig.3. 

A time integrated pinhole photograph taken through a filter of 15um 
beryllium and another simultaneously with an additional 2um Al filter are shown 
in figures 6(a) and (b). These images can be subtracted computationally to give 
an artificial image, fig.6(c), created by photons in the range 5 - 8Á (1.5 - 4keV). 
Bright points can be due to high temperature or high density. The density 
dependence can be eliminated by dividing fig.6(c) by fig.6(a) to give fig.6(d) 
which is an indication of the temperature distribution. Clearly the bright spots in 
fig.6(c) are due to high density while the off axis material in fig.6(d) is as hot as 
the bright spots. 
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FIG. 6. Time integrated pinhole images of pinch X-ray emission 25 mm long, (a) 15 fim Be filter; 
(b) 2 ¡xm Al + 10 ixm Be filter; (c) computed difference image; (d) computed temperature map. 
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In attempting to measure the electron temperature by differential filtering 
of similar images with other filters or from an array of five PIN diodes 
measuring the time-dependent soft X-ray emission from the same 1cm length of 
plasma, contradictory results were obtained for both methods, suggesting that 
there is a non-Maxwellian electron distribution. This could be driven by the high 
drift parameter in our experiment. Simple calculations based on the Fokker-
Planck equation show that the number of electrons with velocities at about 2.8 
times the thermal speed (ie. 8 times the thermal energy) are approximately 
doubled. This would be consistent with a "thermal" temperature of 2 - 300eV 
and increased emissions at 2-4keV. 

Electron beam formation is inferred from a hard X-ray burst from the 
anode. Cross-filtering techniques indicate an energy of 300 - 500keV. This 
occurs between 100 and 200ns from the start of the current pulse. When CD2 
fibres are employed, the hard X-ray burst is accompanied usually by a neutron 
burst of typically 109 neutrons which are clearly non-thermal in origin. The 
earlier occurrence of the electron beam when the fibre is shortened from 3 to 
2cm is consistent with a model of end losses based on singular and guiding 
centre motion 151, in which the rate of loss of line density N is given by 

dN _ 21 1 
dt ZeL 1 + ZTJTi 

I being the current and L the pinch length. This hypothesis has yet to be verified 
experimentally, and indeed there is some evidence that points instead to a sudden 
transition of the pinch to a helical state with the generation of an axial component 
of magnetic field. 

4. LARGE LARMOR RADIUS STABILITY THEORY 

The DZP experiment is designed to operate in the collisionless, large ion 
Larmor radius regime. We have studied Z-pinch linear stability in this regime 
using the Vlasov fluid model, in which the ions are treated kinetically. Two 
alternative approaches have been developed W : (i) an initial value code 
(FIGARO), and (ii) a variational method. 

In the collisionless regime the behaviour depends on e, the ratio of the 
average ion Larmor radius to the pinch radius. Since eccN-1/2 it is easy to adjust 
its value experimentally. For instance, for pinches formed from solid hydrogen 
fibres e « 2.0/rf, where rf is the fibre radius in microns. 

Fixed boundary m = 0 modes t6J have been studied using both methods. 
We find a strong equilibrium dependence. This is illustrated in fig. 7, which 
shows the ka = 10 growth rate (normalized to the e = 0 value) against e for two 
different equilibria. These are (i) parabolic (ie. uniform current density), and (ii) 
Bennett (ie. uniform electron velocity). For the parabolic equilibrium the growth 
rate falls to a minimum of e « 0.2, at which point the growth rate is reduced by a 
factor of about three. Beyond this it increases with e. The Bennett equilibrium, 
on the other hand, displays an increase of growth rate with e up to e » 0.15, 
then the growth rate falls slightly between e « 0.15 and e » 0.3, after which it 
increases with e again. 
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FIG. 7. Growth rate (normalised to the CGL value) versus e for the m = 0 internal mode of both 
Bennett and parabolic (uniform current density) profiles for ka — 10. 

It has been shown W that the zero Larmor radius form of the Vlasov 
fluid equations for the m = 0 mode in the Z-pinch is identical to the Chew-
Goldberger-Low (CGL) model I10l This is not the case for other m numbers or 
more complicated magnetic field geometries. The CGL growth rate is always 
lower than the MHD value, but in many cases the difference is very small. 

Free boundary m = 0 modes have been studied using the variational 
code. The qualitative behaviour is unchanged: the growth rate still attains its 
minimum value at e » 0.2 for the parabolic equilibrium. However, the maximum 
reduction (by a factor of approximately five) is larger than in the fixed boundary 
case. 
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The work has been extended to the m = 1 instability. Preliminary results 
for fixed boundary modes have been obtained with both codes. The same two 
equilibria have been considered. In this case there appears to be less equilibria 
dependence. Both display a reduction in growth with e up to e « 0.2, beyond 
which the growth rate increases. The absence of kinetic destabilization at small 
e, as seen above in the Bennett case for m = 0, is probably associated with the 
inapplicability of CGL to the m = 1 mode. 

5. EFFECT OF EQUILIBRIUM FLOWS ON LINEAR STABILITY 

The effect of equilibrium centre-of-mass flows on the linear stability of 
Z-pinch equilibria has also been studied. This has at present been restricted to 
the inclusion of flows in ideal MHD theory ie. not the collisionless regime in 
which modern DZP experiments are expected to operate. Nevertheless ideal 
MHD should be adequate to give an understanding of the importance of flows in 
the small Larmor radius limit. 

Two classes of flows have been considered: (i) axial flow (uz), and (ii) 
rotation (UQ). For axial flow it is straightforward to show that the addition of 
such flows does not affect the equilibrium profiles and that the flow must be 
sheared in order to affect the growth rate of instabilities. This last point is 
because otherwise a simple transformation to the plasma rest frame is possible in 
which there is no centre-of-mass motion remaining. For a flow pattern of the 
form uz = u*(l-r2) and a uniform current density and temperature as u* is 
increased the ideal MHD growth rates drop slowly. In the range 0<u*<4Cs (Cs 
is the sound speed) the growth rates drop continuously with a maximum 
reduction of a factor of about 2. However, above u*~4Cs a Kelvin-Helmholtz 
instability takes over as the fastest growing mode and all of the stability benefits 
of sheared axial flow are lost. This general property has been observed for other 
equilibrium profiles and flow profiles and it is true for both m = 0 and m = 1 
modes. The conclusion is therefore that sheared axial flows do improve the 
linear stability of Z-pinch equilibria but that high flow speeds are needed (~ 
Mach 4) and that even for such high speeds the reduction in growth rate is only 
by about 50%. 

Rotation does change the equilibrium profiles. For rigid rotation it has 
been found that as the rotation speed ue = ÛQT is increased the density profile of 
the uniform current equilibrium becomes flatter. There is an upper limit to this 
flattening of the profile since there are no equilibria for O0 > 2-JÏ vth/a, where a 
is the pinch radius and vtb is the thermal speed defined by the Bennett 
temperature. The effect of all rotation speeds is to increase the ideal MHD 
growth rates compared to the stationary case. This effect is less significant for 
sheared rotation although it is still more unstable than the equivalent stationary 
equilibrium. 

6. TWO-DIMENSIONAL MHD JETS 

A two-dimensional resistive MHD code has been developed and 
employed to model two extreme situations in which a Z-pinch is combined with 
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strong axial plasma flow (a) in a laser-produced plasma where the magnetic field 
is generated by crossed density and temperature gradients and (b) in an 
astrophysical plasma where differential rotation associated with an accretion disk 
can generate the magnetic field which may then be responsible for jet formation 
on stellar and galactic scales 171. In both cases it was found that the plasma flow 
had a non-linear stabilising effect as far as m = 0 is concerned, though if the 
current is forced to flow in a skin the typical MHD mode occurs. 
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Abstract 

RECENT RESULTS OF TANDEM MIRROR EXPERIMENTS IN GAMMA 10 AND HIEI. 
Confinement of ICRH plasmas in the GAMMA 10 and HIEI tandem mirrors has been investi

gated. In GAMMA 10, ions are heated to several keV, and hot ion modes, T¡/Te > (m¡/me)
1/3, are 

produced. The ion pressure in the central cell increases approximately linearly both with the power 
radiated from the antennas and with the magnetic field. A record ion temperature of about 10 keV is 
obtained at the maximum magnetic field ( — 0.57 T). A mixture of deuterium and hydrogen plasmas is 
formed, and thermonuclear fusion neutrons are detected for the first time in a tandem mirror. In typical 
GAMMA 10 tandem mirror operations, strong radial electric fields are naturally produced, and density 
fluctuations are well suppressed. Confinement of the core plasma is consistent with the classical 
processes of axial potential confinement. In HIEI, ICRF waves are used for axial potential formation 
as well as for plasma production, heating and MHD stability. When one of the limiters is positively 
biased, H mode-like behaviour appears in the plasma, resulting in an improvement of the radial 
confinement by a factor of 2.5. With a combination of limiter biasing and axial potential formation by 
the resonant RF, a central cell beta higher than 10% has been achieved at a plasma density of 
- 1 . 0 x 10'3 cm"3. 

1 Present address: Department of Electrical Engineering, Tohoku University, Sendai, Miyagi, 
Japan. 
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1. HOT ION MODE IN THE GAMMA 10 TANDEM MIRROR 

Hot ions of several keV are created by ICRH in the central cell of the 
GAMMA 10 tandem mirror. The anchor cells (minimum B regions with baseball 
coils) are attached to the central cell ends. Ions in the anchor cells are also heated 
by another ICRF in order to provide MHD stability [1]. The plug regions are 
thermally isolated from these main plasma cells by the barrier regions. A positive 
ion confining potential (plug potential) and a negative barrier potential are 
formed by applying ECRH. The plasma density, and the ion and electron 
temperatures increase when the potentials are formed. Ion and electron 
temperatures of up to about 10 keV and 130 eV, respectively, are achieved with a 
plasma density of about 2 x 10^ cm~3. A diamagnetic flux mainly due to ion 
pressure increases almost linearly with the ICRF power radiated from the 
antennas. When the magnetic field strength of the central cell region is varied 
from 0.30 to 0.57 T, the diamagnetic flux is about the same for a given radiated 
ICRF power as is shown in Fig.l. This indicates that the ion pressure is nearly 
proportional to the magnetic field strength. Accordingly, the highest ion 
temperature of about 10 keV is obtained at the maximum magnetic field of 
0.57 T. The dependence on the magnetic field is approximately consistent with 
the steady state conditions for both energy and particle balances involving 
classical processes only. 

When the ICRF power at the generator is further increased, the power 
radiated from the antennas tends to saturate. Microwave reflectometry is used to 
investigate applied ICRF waves in a plasma. By scanning the microwave 
frequencies, radial distributions of the ICRF waves are obtained. It is found that, at 
low ICRF power, enough ICRF waves are detected in the core region. On the other 
hand, at high power, the waves tend to be located mainly in the peripheral region. 
Accordingly, the radial temperature profiles for both ions and electrons are 
broadened. Eventually, the radiated power ceases to increase beyond 70 kW in 
either magnetic field. One possible reason for the change in the wave distribution 
is plasma diamagnetism. Although the magnetic field changes only by a few per 
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FIG. 1. (a) Diamagnetic flux versus ICRF power radiated from the antennas for various central cell 
magnetic fields; (b) radial profiles of density, electron and ion temperatures at 0.57 T. 
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FIG. 2. (a) Plasma density for a typical deuterium and hydrogen mixture; (b) diamagnetic flux for a 
typical deuterium and hydrogen mixture; (c) neutron count rate as a function of discharge time; 
(d) neutron count rate R versus diamagnetic flux Wdia. 

cent because of the diamagnetism, the parallel wavelength varies significantly near 
the ion cyclotron resonance condition. Therefore, wave propagation in the 
radially non-uniform magnetic field due to the diamagnetism needs to be 
examined. 

A mixture of deuterium and hydrogen plasmas is formed. The central cell 
ICRF is changed to 4.5 MHz at 0.57 T, which is resonant for deuterium, but not 
for hydrogen. The anchor cell ICRF (9.9 MHz at 0.6 T) remains unchanged so 
that hydrogen is heated in the anchor cell for MHD stability. Figure 2 shows 
characteristics of the discharge near the midplane. During the discharge, the 
neutron count rate decreases gradually. This is to be expected because the 
deuterium to hydrogen density ratio changes during the discharge. The neutron 
count rate R is approximately proportional to the diamagnetic flux Wdia2,3 as is 
shown in Fig. 2(d). Since the diamagnetic flux is almost proportional to the ion 
temperature for the hot ion mode, the counting rate and its dependence are, 
within the uncertainty of the mixture ratio, consistent with the expected 
thermonuclear fusion reaction rate. 

In a hot ion mode regime, Tj / T e > ( mi / me )!/3f the ion-ion collision 
time is longer than the ion-electron collision time. Ions and electrons are tightly 
coupled, and central cell ions with several keV lose most of their energy to 
electrons with Te ~ 100 eV before leaving the central cell. Therefore, ions leaving 
the central cell have much lower energies than those confined in the central cell, 
and both ions and electrons are confined by the plug and barrier potentials with 
relatively low values. The discharge duration for GAMMA 10 plasmas is about 
100 ms. Confining potentials are sustained for 55 ms, and a nearly steady state 
condition is established. Details of energy and particle confinement are examined 
for the case of 0.41 T. (Note that our gold beam probe system for central cell 
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potential measurement works only in this field range.) Energy confinement times 
of ~8 ms and -2 ms for ions and electrons, respectively, are obtained from energy 
balances in the core region. These measured confinement times are consistently 
explained by the classical processes of axial potential confinement, indicating that 
radial is better than axial confinement. 

One of the reasons why good radial confinement is obtained in the 
GAMMA 10 tandem mirror is that fluctuations due to drift waves are suppressed 
by radial electric fields [2], similar to the tokamak H mode. The radial electric 
fields are naturally created when the plug and barrier potentials for axial 
confinement are formed. In order to examine the effects, the radial electric fields 
are varied by biasing the end plate, and the mechanism is confirmed. In this 
study, reflectometry and microwave forward scattering measurement are used to 
identify the fluctuation modes and their amplitudes. A rotational mode is also 
found, whose amplitude increases with the electric field strength. Fortunately, the 
drift modes are located near the edge, and the rotational modes occur in the 
middle. Thus, an electric potential with a flat distribution in the middle and a 
sharp drop near the edge is optimal. The GAMMA 10 tandem mirror plasma 
tends to find such a distribution by itself. 

2. HIGH BETA PLASMA WITH HIGH RADIAL CONFINEMENT IN THE 
HIEI TANDEM MIRROR 

The HIEI device is a three cell axisymmetric tandem mirror. ICRF waves 
are used for plasma production, stabilization, heating and potential formation 
[1, 3]. A helicon/fast wave at CÛ/2TC = 8 MHz is excited for He plasma production 
and MHD stabilization. One of the central cell limiters (a = 14 cm radius) is 
biased by a dc power supply while the other three are floating. Figure 3(a) shows 
a typical time evolution of line density nl and neutral line emission (Hel) with the 
limiter bias voltage Vbias ~ +130 V. After the onset of the biasing at t = 10 ms, nl 
rises up to approximately 1.3 times of the initial value, and the intensity of Hel 
(587.6 nm) emission clearly drops for 4 ms from the onset of the biasing. The 
diamagnetic flux, Wdia. increases by a factor of 1.4 after the biasing. An e folding 
length of the radial density gradient in the periphery changes from -1.5 cm with 
no biasing to -0.4 cm with the biasing. Limiter biasing triggers H mode like 
behaviour, resulting in the improvement of radial confinement by a factor of 2.5 
[4], Figure 3(b) shows the dependence of the limiter current, Ibias» and the density 
fluctuation level at the edge, fl/<n>, on Vbias - Vfl, where Vfl is the floating 
potential of the limiter. The value Ibias shows a transition to a lower level at 
-115 V, and fl/<n> decreases significantly with the hysteresis characteristics for 
70 V < Vbias - Vfl < 130 V. In the case of biasing, the plasma rotation velocity in 
the direction of the electron diamagnetic drift for r/a > 0.90 becomes higher (cue 
= ve/r - 25 x 103 s"1) than that with no biasing (©e - 10 x 103 s"1). As a 
consequence, a large rotational shear is present with the limiter biasing in the 
region of r/a > 0.78. The reduction of fluctuations at the edge is thus attributed to 
this rotational shear. 

We launch the second ICRF wave (called resonant RF) at co/27c = 1.5 MHz 
in the central cell plasma with two ion species (He + H). The resonant RF 
propagates from the low field side to the ion-ion hybrid resonance (Qa) layer 
located near the throat. Mode conversion from the fast wave into the shear Alfvên 
wave takes place, leading to minority H ion heating. The wave partly propagates 
into the plug cell and again encounters another Çla layer, in this case from the 
high field side. The mode converted wave interacts with plug electrons, which 
creates a confining potential through enhancement of velocity space diffusion. 
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ñ/(n) on Vbias - Vfl, where Vfl is the floating potential of the limiter. Closed circles 
denote the stepwise bias; open and closed triangles denote gradual up and down biasing, 
respectively. 

(c) Temporal evolution of Wdia when the limiter biasing is applied at t = 6.7 ms and the 
resonant RF at t = 9.5 ms. 

(d) fi±cc as a function ofWdiafor various combinations of biasing and resonant RF. 

Typical parameters for the central cell plasma axially confined by the resonant 
RF are as follows: Density - 3.5 x 1012 cm-3, minority ion temperature TÍH 
= 70-110 eV, and axial confinement time xn ~ 4 ms in the core. Figure 3(c) 
shows the temporal evolution of W&a when a limiter biasing of +100 V is applied 
at t = 6.7 ms and the resonant RF is at t = 9.5 ms. We see a large increase of Wdia 
after t ~ 10 ms. The radial density gradient scale length decreases by a factor of 
four with the biasing, indicating high radial confinement. In Fig. 3(d) the value of 
central cell beta, j3j_çc, calculated from density n, electron temperature Te at r = 0 
and the averaged ion temperature Ti measured by a time of flight analyser is 
plotted versus Wdia for various combinations of biasing voltage and resonant RF. 
Without biasing, pj_cc increases almost linearly with Wdia, while with biasing, it 
increases more rapidly up to a value higher than 10%, producing a significantly 
peaked pressure profile. We have achieved axially confined high beta plasma 
production with n ~ 1.0 x 1013 cm-3 by high radial confinement. 
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3. SUMMARY 

In summary, ICRF is effectively applied in tandem mirrors. Ion 
temperatures of up to about 10 keV are achieved and thermonuclear fusion 
neutrons are observed in GAMMA 10. Plasma beta values higher than 10 % are 
obtained in HIEI. Plasma fluctuations are suppressed by radial electric fields, 
resulting in an improvement of radial confinement in both devices. 
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DISCUSSION 

D.D. RYUTOV: Which process determines the electron energy confinement 
time of 1-2 ms in the hot ion mode? 

T. TAMAÑO: Classical processes for axial potential confinement determine the 
present electron energy confinement. Therefore, if we manage to increase the plug
ging potential, the electron temperature should increase further. Accordingly, the ion 
temperature should increase too. 

S.I. ITOH: The established radial electric field is (or could be) different from 
the externally imposed electric field. The radial electric field inside the plasma should 
be consistent with the plasma parameters. Do you have experimental data on the 
dependence of the established electric field on plasma parameters? 

T. TAMAÑO: In normal tandem mirror operation, the plugging potential forms 
natural electric fields. In the end plate bias experiment, the shape of electric fields 
can be varied by applying different voltages on the segmented plates. We are working 
on optical flow measurements, which we hope will enable us to discuss details in the 
near future. 
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Abstract 

COMPARISON OF DIFFERENT RFX OPERATION MODES. 
The results obtained in operating the RFX reversed field pinch experiment up to a plasma current 

of 0.8 MA are reported. Different reversed field pinch setting-up methods are discussed. The effect on 
energy confinement of control of the plasma column equilibrium, of the field errors at the gaps and of 
the impurities by means of boronization is described. In the best conditions, a constant &e (> 10%) has 
been observed in the current range so far explored. 

1. INTRODUCTION 

RFX [1], a large reversed field pinch (RFP) experiment (R = 2 m, a = 
0.457 m, Î ,max = 2 MA), has been operated during the first two years at plasma 
current in the range L, = 0.5-0.8 MA. In particular, the confinement properties at 
0.5 MA have been analysed and optimized, and recently studies at higher current 
have been undertaken. Previous results have been reported in Refs [2-7]. 

Sumner Associates, work sponsored by US Department of Energy contract 74005-ENG-36 for 
Los Alamos National Laboratory, Los Alamos, New Mexico, USA. 
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This paper first deals with different RFP setting-up methods that were examined 
with the aim of reducing plasma-wall interaction during the initial phase and of 
optimizing volt-second consumption. Then a discussion of the RFX performance at 
0.5 MA is given, with emphasis on the importance of controlling field errors and 
plasma shift and on the effects of impurity reduction by boronization. Finally, recent 
results with plasma currents of up to 0.8 MA are reported. 

2. RFP SETTING-UP STUDIES 

In an RFP the magnetic configuration can be essentially described in terms of 
three parameters: the toroidal plasma current I¿, the toroidal magnetic flux within 
the discharge vessel (or the equivalent mean value of the toroidal magnetic field 
(B^)) and the toroidal field at the vessel surface, B^n . In addition, the centring of 
the plasma with respect to the vessel is provided by a vertical field Bv. 

# 3005 SELF-REVERSAL 

60 
TIME [ms] 

FIG. 1. Typical waveforms of plasma current, average toroidal field <50> and toroidal field at the 
wall B^wal, for the two RFP setting-up modes SR and AR. 
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FIG. 2. Plasma current versus initial (B^fO)} obtained for various values of poloidal flux consump
tion. The higher B^(0) the higher the plasma current reached for a given flux consumption. 

The RFP configuration can be obtained through different setting-up methods 
[8]. In RFX two setting-up methods have mainly been investigated: 

(a) Self-reversal (SR): The toroidal field coils are controlled to act as a flux con-
server, after having produced a small initial toroidal field «1^(0) > « 8-12 mT). 

The rising plasma current generates, by the 'dynamo' process, an additional 
toroidal field (Fig. 1), at the cost of increased plasma perturbations, loop voltage V¿ 
and poloidal flux consumption (Fig. 2). 

The current in the toroidal coils spontaneously reverses to conserve the total 
toroidal flux. The advantage of SR is the low current in the toroidal coils throughout 
the pulse. In the pulse shown in Fig. 1 the very short flat-top is due to limited voltage 
in the power supplies. 
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(b) Aided reversal (AR): The initial toroidal flux can be comparable to or larger 
than the final value. During the plasma current rise, the reduction of B0 outside the 
plasma is 'aided' by controlling the current in the toroidal field coils with the help 
of a capacitor bank producing an L-C oscillation. The volt-seconds required for the 
poloidal circuit are reduced because of the low dynamo activity. 

(B^O)) has been varied between 80 and 450 mT. The reversal time-scale and 
loop voltage decay time have also been varied. 

Figure 2 shows the toroidal current achieved for a given volt-second consump
tion. The volt-second requirement is lower when <B0(O)> is larger and the initial 
plasma inductance lower [9]. This corresponds also to lower MHD activity. 

The RFX plasma performance during the flat-top period seems to be unaffected 
by the setting-up mode. 

In RFX the long penetration time of the shell (450 ms) does not allow control 
of the time evolution of the vertical field, which therefore remains fixed at the initial 
value. This implies constraints to the parameter range in which a gas breakdown is 
allowed, since BJB$ cannot exceed a limit that depends on gas pressure and electric 
field. Since a well centred plasma column can be obtained in the AR mode and not 
in the SR mode, the AR mode has mainly been applied. 

3. PERFORMANCE AT 0.5 MA 

An extensive confinement optimization has been performed at 0.5 MA. It was 
found that the quality of the magnetic configuration strongly influences confinement. 

As in other RFP experiments [10-12], in RFX the toroidal magnetic field 
exhibits large disturbances which lock to the wall after the beginning of the RFP 
phase and remain at the same location with the same shape for tens of milliseconds. 
Locking at the vertical gaps is more frequent when large field errors are present, 
because of a lack of compensation by the field shaping coils. 

Loop voltage depends on the stray field at the gaps [5]. At present stray field 
control is performed by supplying preprogrammed waveforms to the field shaping 
winding amplifiers; the accuracy is therefore rather poor and strongly depends on 
pulse to pulse variations in the plasma parameters. 

The Fourier spectrum of the locked disturbances is dominated by m = 1, 
n = 7-15 modes, resonant inside the reversal surface, with prevalence of the n = 8 
mode. The effect of the disturbance is estimated to account for a direct loss to the 
wall of at least 10% of the dissipated power [6]. 

The best results in terms of loop voltage are obtained when the plasma horizon
tal shift is < 1 cm. For larger shifts, the loop voltage increases by approximately 
10 V per centimetre [5]. This effect is not fully justified by the reduction in plasma 
cross-section. In fact, it is found that the locked perturbation amplitude depends 
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FIG. 3. TE and /39 flat-top values versus density for a set of 0.5 MA discharges before and after 
boronization. 

on the column shift, suggesting a relationship between the amplitude of the MHD 
modes and the plasma-shell distance. 

The power lost by radiation is typically 15 to 20% and the power lost by charge 
exchange is less than 5% [6]. The electron and ion temperatures are comparable, 
ranging from 200 to 300 eV, depending on the density [7]. The energy confinement 
time and the poloidal ¡3 are found to increase with density, the maximum values for 
a well centred discharge with reduced field errors being TE « 1.2 ms and 
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j3e « 11% (Fig. 3). Operation at high density is prevented by the increase of the 
radiation losses (radiation barrier) at values of I/N « 1.5 X 10~14 A-m, where N 
is the line density, with a consequent plasma cooling. 

4. BORONIZATION 

To reduce the carbon and oxygen content in the plasma, the first wall of RFX 
has been boronized [13]. An amorphous boron containing hydrogenated carbon layer 
(a-C/B:H) was deposited by glow discharge in a mixture of trimethylboron B(CH3)3 

(12.5%) and He (87.5%) at room temperature. The surface analysis of the boronized 
samples revealed that the layer was — 60 nm thick with a ratio B/C « 0.4 at approxi
mately 90° from the two anodes. 
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A general improvement of the plasma performance has been observed. The 
most evident effect has been a strong reduction of the oxygen and carbon influxes, 
resulting in a decrease of the impurity concentration of at least a factor of 4 for oxy
gen and about 2 for carbon (Fig. 4). The plasma effective charge Zeff has decreased 
from ~ 2 to —1.5. The total radiated power has been reduced by a factor of 2. The 
ion and electron temperatures have not substantially changed. A reduction in the loop 
voltage of up to 15% has been measured for I/N below 3 X 10~14 A-m, and cor
respondingly the energy confinement time has improved. 

The most important effect of the boronization has been to extend the density 
range of operation to higher values, where higher poloidal ¡3 (¡3e ~ \37c) and 
energy confinement (rE « 1 . 4 ms) are achieved (Fig. 3), in agreement with the 
scaling with density previously found [3]. 

5. OPERATION AT HIGHER CURRENT 

The plasma current has recently been raised to 0.8 MA in order to obtain 
preliminary information on scaling with plasma current of heating and confinement 
in a region not yet explored.. 

In shots with good centring of the plasma column but still without an adequate 
compensation of the error at the gaps, the same behaviour of fie versus I/N previ
ously observed at 0.5 MA has been found (Fig. 5), in agreement with the expected 
linear scaling of temperature with current for fixed I/N [14]. Further optimization in 
order to reduce Vloop is in progress to test the experimental scaling of TE with 
current. 
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FIG. 5. ¡3e versus I/N for discharges with current between 0.5 and 0.8 MA. 
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Nevertheless, the observed constant (¡}6 scaling with current shows that the 
values obtained at 0.5 MA, even in the presence of locked modes, are consistent with 
the RFX predicted values at 2 MA [4]. 

6. CONCLUSIONS 

The most efficient setting-up modes in terms of volt-second consumption and 
reduced plasma-wall interaction is AR. With this kind of operation, the confinement 
performance at I0 = 0.5 MA has been improved by better centring of the plasma 
column and by reducing field errors. After the boronization of the first wall a further 
improvement of j80 and TE up to 13% and 1.4 ms has been obtained, although mode 
locking is still affecting the discharges. 

Further improvement is expected from the application of a feedback system for 
control of field errors at the gaps and by systematic boronization and conditioning 
of the first wall. 

Preliminary operation at higher current (1^ « 0.8 MA) confirms the possibil
ity of achieving high j3e (> 10%). At present the optimization of this operation is in 
progress in order to raise the current to 1 MA. 
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DISCUSSION 

T. TAMAÑO: Before boronization, radiation was the dominant loss. After 
boronization, do you have any evidence that radiation is no longer a dominant loss 
mechanism? 

A. BUFF A: In standard conditions, radiation is not the dominant loss. The 
effect of boronization has been to displace the radiation barrier so that higher density 
operation has been achieved. 

D. ROBINSON: Can you tell us what impact the improved magnetic configura
tion and boronization have on the ion temperature and the ion/electron temperature 
ratio in RFX? 

A. BUFF A: The electron temperature, measured by SiLi detectors and 
Thomson scattering, and the ion temperature, measured by a neutral particle analyser 
and spectroscopy, are comparable and no significant change has been observed after 
magnetic improvements and boronization. 
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Abstract 

FLUCTUATIONS AND CONFINEMENT IN THE TPE-1RM20 REVERSED FIELD PINCH. 
Electrostatic and magnetic fluctuations and relevant transport are intensively investigated in the 

edge plasma region of TPE-1RM20. Low frequency (f < 100 kHz) electrostatic fluctuations with low 
poloidal and toroidal mode numbers play a significant role in particle transport. They show stronger 
coherence with the m = 0 mode than with the m = 1 tearing mode type magnetic fluctuations. This 
fact suggests that particle transport is governed by edge localized electromagnetic turbulence. Very 
strong soft X ray emission and an improvement of the confinement properties have been observed in 
the high pinch parameter region ( — 1.8-2.0), in accordance with a reduction of the amplitude of the 
internally resonant m = 1 modes. 

1. INTRODUCTION 

Recently, some work has been done on fluctuations and associated transport in 
the edge region of reversed field pinch (RFP) plasmas [1, 2]. It has been reported 
that low frequency electrostatic fluctuations with small poloidal mode numbers 
m ~ 0, 1,2 and a wide range of toroidal mode numbers n = —100-100 dominate 
particle, but not energy transport. However, the type of instability driving these 
electrostatic fluctuations remains to be understood. 

In TPE-1RM20 (medium size~d RFP, R/a = 0.75/0.192 m, with close fitting 
shell [3]), the electrostatic and magnetic fluctuations are intensively investigated in 
the edge plasma region. The results show features [4] similar to these of Refs [1,2], 
with new facts having become known on mode resolved correlation between electro
static and magnetic fluctuations. 

An increase in the soft X ray signal (SX) was often observed in RFPs as the 
pinch parameter (9, the value of the poloidal magnetic field divided by the averaged 
toroidal magnetic field at the plasma surface) was increased. Further increase was, 
however, prevented by the occurrence of a large SX crash, strong plasma-wall inter
action and a resulting degradation of the plasma. After intensive discharge cleaning 

1 Permanent address: Royal Institute of Technology, Stockholm, Sweden. 
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on TPE-1RM20, several discharges without large SX crash are obtained in the high 
9 region (1.8-2.1). The magnitude of the peak SX intensity increases nearly 30 times 
over the value for ordinary 0 (1.5-1.6). An improvement of the confinement proper
ties is observed in terms of electron density, electron temperature, poloidal beta and 
energy confinement time. 

FLUCTUATION SPECTRA AND ASSOCIATED PARTICLE LOSS 
IN LOW CURRENT DISCHARGES 

Local electron density, electron temperature, plasma potential and magnetic 
field are measured in the edge region (r/a > 0.9) in low plasma current (Ip ~ 
40-50 kA) discharges by insertable triple Langmuir probes and pick-up coils [4]. 
Typical discharge parameters are: G - 1.6/F ~ —0.1, Rplp = 20-35 V, Pohm = 
1.2-1.5 MW, Prad/Pohm = 40-60%, <ne> = (0.7-1.3) X 1019 m"3, T„ 
70-150 eV, TP = 0.3-0.4 ms and TE = 0.15-0.2 ms. 

Le0 

.-1 
0 

10' 

•210 H 
Q_ 

1 Ó 4 -

10 
.-5 

FIG. 1. Toroidal mode number, n, spectra of the fluctuations of ion saturation current, bls, floating 

potential, ôVj, and toroidal magnetic field, ÔB, in the edge plasma region of low plasma current 

discharges (I = 40-50 kA). 
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FIG. 2. Poloidal mode number, m, spectra of the fluctuations of toroidal magnetic field, ÔB (upper), 

and ion saturation current, 5IS (lower), in different frequency ranges for low plasma current discharges 

(Ip = 40-50 kA). 

Edge electron density and temperature are (3-5) X 1018 m"3 and 10-20 eV, 
respectively. The relative fluctuation amplitudes of the density and plasma potential 
are ôn^iie) = 0.3-0.5 and e<5Vs/<kTe> = 1-2, the large difference in which may 
indicate a non-Boltzmann behaviour of the fluctuations. 

The n spectra of the fluctuations of ion sturation current, ôls, floating potential, 
<5Vf, and toroidal magnetic field, ÔB, are shown in Fig. 1. They show a similar 
dependence on n. The m spectra of ÔB and ÔIS in different frequency ranges are 
shown in Fig. 2. It is found that ÔB is dominated by m = 0 and low n modes in the 
f = 10-50 kHz range, by m = 1 and n ~ 15 modes in the f = 50-100 kHz range 
and by m = 2 and n ~ 30 modes in the f = 100-300 kHz range, while ôls is in all 
frequency ranges dominated by m = 0 modes with toroidal mode numbers similar 
to those of ÔB. The coherence between Sls and ÔB is relatively high, —0.5 in the 
low frequency region. 
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The particle flux driven by the electrostatic fluctuations is estimated by 
using the formula given in Ref. [5]. The estimated value ( — 2 X 1021 m"2-s_1 at 
r/a > 0.9) is 50-100% of the value obtained from an absolute measurement of the 
Da emission profile. The frequency dependence of the particle flux shows that it is 
mainly driven by low frequency (f < 100 kHz) fluctuations. The m ~ 0, n < —10 
modes in the low frequency range (f = 10-50 kHz) largely contribute to the particle 
flux. 

3. COHERENCE FOR INDIVIDUAL POLOIDAL MODE 

Mode resolved (m = 0, 1) correlation analysis is conducted in the scrape-off 
layer, 2 mm behind the limiter surface, by a poloidal array of four Langmuir probes 
and pick-up coils (top/bottom/up/down) in high current RFP discharges (Ip = 
160-165 kA, tie = (1.3-1.6) X 1019 m"3, Te0 = 600-800 eV, 9/F = 1.55/-0.1, 
TE = 0.3-0.5 ms). The power spectra of ÔIS and ÔB are shown in Fig. 3. Two peaks 
are observed at f — 20 kHz and f ~ 70 kHz in the ÔB spectrum. The peak at 
f ~ 70 kHz in the ÔB spectrum. The peak at f — 70 kHz corresponds to m = 1 
modes, which are rotating tearing modes resonant near the plasma centre [6], and the 
peak at f ~ 20 khz corresponds to m = 0 modes. On the other hand, only one peak 
at f ~ 20 kHz is observed in ôls, which corresponds to the m = 0 modes. 

The m = 0 fluctuations of ÔIS exhibit high coherence ( — 0.9) with the m = 0 
component of ÔB at f — 20 kHz, but low coherence ( — 0.2) with the m = 1 compo
nent of <5B in the analysed frequency range, f = 10-100 kHz. In combination with 
other probes and pick-up coil data, it is found that this 20 kHz peak has an m = 0 
and n — 8 mode structure, which is consistent with a pressure driven resistive 
g mode resonant at the reversal surface as predicted by the MHD stability code. 

These observations suggest that the fluctuations in the ion saturation current, 
which is considered to correspond mainly to particle loss from the edge plasma, are 
largely driven by m = 0 and low n magnetic fluctuations, possibly caused by resistive 
g modes. 

4. IMPROVEMENT OF CONFINEMENT IN HIGH 0 DISCHARGES 

Recent experiments show an increase in the SX emission with 9 . SX starts to 
increase at a rather late time in the discharge, from about t = 6 ms during the decay 
phase of Ip (Ip peak at —5 ms). The line averaged electron density increases with 0 , 
from 0.85 x 1019 m"3 at 0 - 1.55 to 1.4 X 1019 m"3 at 0 - 2.0, the electron 
temperature from 400 eV to 750 eV, jSp from 0.08 to 0.18 (Fig. 4) and rE from 
0.25 ms to 0.50 ms at t = 7.0 ms with Ip — 130 kA. The ion temperature is almost 
constant, i.e. 400 eV. The bolometer signal shows little increase of the impurity 
content with 0 , and an impurity effect may be excluded. The averaged SX emission 
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FIG. 3. 

current, 

Frequency spectra of the fluctuations of toroidal magnetic field, bB (upper), and ion saturation 

8IS (lower), in the SOL region of high plasma current discharges (L = 160-165 kA). 

increases by a factor of about 10-15 at t = 7 ms. This increase can mostly be 
explained by an increase of electron density and temperature. The hot electrons may 
additionally contribute to the SX emission. <IS> increases but ÔIS stays almost 
constant, and, hence, the relative fluctuation level decreases with 6. The peak power 
of the m = 1 modes at f ~ 70 kHz decreases to one third of the low 0 case, while 
the m = 0 modes increase only slightly. The increase in /3p agrees with that 
predicted by Suydam's necessary condition. 
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FIG. 4. Dependence of poloidal beta, &p, on pinch parameter, 9, at t = 7 ms of Ip = 130 kA 

discharges. Parabolic profiles for electron density, electron and ion temperatures are assumed. 

A modest increase in j3p with 0 was also observed in TPE-1RM15 [7]. 
However, the increase of the confinement properties has become much more conspi
cuous in TPE-1RM20, especially, at late times in the discharges and in the higher 
current region (Ip > 160 kA). Experimentally, this improvement may be due to a 
lower thermal wall load and the well cleaned wall in TPE-1RM20, the suppression 
of large SX crashes because of the stabilizing effect of the close fitting shell, and the 
operation, in the decay phase, of the toroidal flux which can cause mild dynamo 
activities. 

When O increases, the number of modes resonant near the centre decreases and 
the overlapping of the island, and, hence, the stochasticity of the magnetic field line 
are expected to be small, which results in an improved electron confinement in the 
central region. 

5. DISCUSSION AND SUMMARY 

Similar behaviour of electrostatic and magnetic fluctuations in low and high Ip 

discharges indicates that the particle transport mechanism is essentially the same in 
the two cases. The coherence between electrostatic and electromagnetic fluctuations 
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becomes clearer by comparing the individual poloidal mode components. These 
results suggest that low frequency electromagnetic turbulence with low m and n 
(m ~ 0, n < —10) mode numbers plays an important role in driving electrostatic 
fluctuations in the edge region. The origin of the turbulence is, possibly, the resistive 
g mode driven by the pressure gradient near the reversal surface. This interpretation 
may be consistent with the density fluctuation profile measured in RFX [8]. 

The RFP discharges in the high 9 region show an overall improvement of the 
confinement properties, which may be due to the lower magnetic stochasticity in the 
core region and the stabilization of pressure driven modes by large magnetic shear. 

These observations may suggest that, in RFPs, the transport is mainly governed 
by the stochasticity of the magnetic field caused by the tearing instability (dynamo 
activity, An-Diamond type [9]) in the core region and by resistive g instability 
(Connor-Taylor type [10]) in the edge region. The resultant global confinement is 
determined by a combination of these effects. 
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DISCUSSION 

L.M. KOVRIZHNYKH: What kinds of fluctuation are responsible for 
anomalous transport in the edge plasma? 
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Y. HIRANO: Electrostatic fluctuation is responsible. Particle flux estimated 
using <ônôVr> and <5Vr = <5E-Bp/B is consistent with the value obtained from D„ 
profile measurement. 

V. ANTONI: Have you measured any change in radiation losses with theta? 
Y. HIRANO: Prad itself does increase with theta, but the density normalized 

value, Prad/ne, is almost constant or decreases slightly with theta. 
S.A. HOKIN: Do you have measurements of the resistance anomaly as a 

function of theta which support the claim that the dynamo works more efficiently in 
the high theta improved confinement regime? 

Y. HIRANO: Resistance stays almost constant as theta increases. Taking into 
account the increase of Teo, the anomaly factor increases with theta, but we also 
have to consider the variation in the helical form factor. The analysis which includes 
the variation in the helical factor is currently being done. Therefore, it is not clear 
at present whether the dynamo effect is more effective in the high theta region. 



IAEA-CN-60/C-4 

COMPACT TOROID MERGING EXPERIMENT 
TO STUDY THREE DIMENSIONAL EFFECTS 
OF MAGNETIC RECONNECTION 
IN CURRENT CARRYING TOROIDAL PLASMAS 

M. KATSURAI, Y. ONO, T. ITAGAKI, A. MORITA, T. AKAO 
Department of Electrical Engineering, 
University of Tokyo, 
Tokyo, Japan 

M. YAM AD A 
Plasma Physics Laboratory, 
Princeton University, 
Princeton, New Jersey, 
United States of America 

Abstract 

COMPACT TOROID MERGING EXPERIMENT TO STUDY THREE DIMENSIONAL EFFECTS 
OF MAGNETIC RECONNECTION IN CURRENT CARRYING TOROIDAL PLASMAS. 

At the University of Tokyo the TS-3 machine, with a z-0 pinch type spheromak formation 
scheme, has been used to produce a pair of free boundary compact toroids with a minor radius of about 
15 cm. Their toroidal plasma currents of about 30 kA are induced in the same direction to permit the 
plasmas to merge through forced (driven) magnetic reconnection. Their toroidal magnetic fields, which 
are produced by the poloidal plasma currents, are made either parallel or antiparallel, permitting the 
investigation of the 3-D effects of the magnetic reconnection. A central cylindrical conductor with a cur
rent of - 2 0 kA (RFP region) to 120 kA (tokamak region) is used to apply an external toroidal field 
to these merging toroids. The variation of both poloidal plasma currents and external toroidal field cur
rents permits the change in magnetic configuration of the merging plasmas, enabling the reconnection 
angle to vary continuously from about 20° (tokamak merging) through 90° (cohelicity spheromak merg
ing) to 180° (counterhelicity spheromak merging). It is found that both merging speed and ion heating 
increase with increasing reconnection angle. This result suggests the possibility of systematically inter
preting the different nature of plasma behaviour in different current carrying toroidal plasmas in terms 
of the different 3-D effects of magnetic reconnection. 

1. INTRODUCTION 

Magnetic reconnection usually assists in the production and sustainment of 
various kinds of current carrying toroidal plasma. Examples are the disruptions of 
magnetic surfaces in tokamak plasmas, the magnetic relaxation towards the force free 
Taylor state in RFP and spheromak plasmas, and the FRC production in biased 
6 pinch plasmas. Basically the magnetic reconnection is strongly influenced not only 
by the driving force but also by the angle 6 of reconnecting magnetic field lines [1]. 

423 
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0 is relatively small in tokamak disruptions, large in spheromak and RFP magnetic 
relaxations, and also large (about 180°) in FRC production in biased 0 pinch 
plasmas. It is suggested that when the same external driving force is given, the 
difference in 0 may give rise to the difference in the magnetic reconnection speed and 
in the energy transfer mechanism. We have been using the merging process of 
laboratory plasmas to shed new light on the effect of the 3-D construction of magnetic 
reconnection on the fundamental behaviour of magnetized plasmas. 

2. EXPERIMENTAL SET-UP 

We have been using the TS-3 machine [2-5], whose construction and operation 
are explained in Refs [2-4] and where two spheromak plasmas with toroidal currents 
of the same direction are produced on the same centre axial line and merged together 
through magnetic reconnection. In our experiments, the reconnection is assisted by 
an external magnetic driving force (magnetic pressure) that can be controlled by the 
poloidal currents in a pair of internal poloidal field coils installed near both ends of 
the machine. Supply of the same initial charging voltage to the capacitor of the inter
nal poloidal field coil circuits permits the same driving force on the magnetic recon-
nection. The effects of changing the driving force on the magnetic reconnection have 
been reported in Refs [3, 4]. 

The toroidal magnetic fields in the spheromaks produced in TS-3 can either be 
parallel or antiparallel, depending on the relative direction of the poloidal currents 
given by the z discharges through the electrodes. The parallel and antiparallel toroi
dal fields correspond to the cohelicity merging with 0 « 90° and counterhelicity 
merging with 0 « 180°, respectively [3, 4]. To provide the possibility of con
tinuously changing 0 we use the cylindrical central conductor, which can carry a 
central toroidal field coil current Itfc to generate an external toroidal field Btex. The 
superposition of Btex on the cohelicity and counterhelicity merging toroids permits 0 
to vary from about 20° to 90°, as shown in Fig. 1(a), and from 90° to 180°, as shown 
in Fig. 1(b). Thus, the TS-3 machine possesses the unique feature of enabling 
merging experiments to be carried out where the reconnection angle can be scanned 
continuously from about 20° to 180°. It will be shown experimentally that the appli
cation of Btex leads to compact toroids with the expected magnetic configurations. 

In our experiments, the 2-D magnetic probe array located on the r-z (radial-
axial) plane of the vessel is used to measure the 2-D profiles of both the toroidal mag
netic field Bt and the axial magnetic field Bz. Reasonably good axisymmetric 
behaviour of the plasmas is confirmed. A polychromator is located on the midplane 
horizontally apart from the vessel to measure the radial profile of the H^ line emit
ted from the reconnection region. It enables us to measure the ion temperature T¡ by 
use of the Doppler broadening method. The electron temperature Te is monitored by 
an electrostatic probe inserted axially at r = 14 cm. 
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Reconnection surface 

Merging angle = 180° - a 

(b) 

FIG. 1. Control of reconnection angle through use of merging compact toroids. External toroidal mag
netic field B,ex is superposed on two merging toroids with cohelicity (a) and counterhelicity (b). 

3. EXPERIMENTAL RESULTS 

The application of Btex enables the original spheromaks to change into a con
figuration of the compact toroid type with various safety factors q ranging from those 
of RFPs to those of tokamaks. The configuration depends on the relative amount and 
direction of the external and internal toroidal magnetic fields. Figure 2 demonstrates 
the successful production of a variety of single configurations of the compact toroid 
type in the TS-3 machine, where four different central toroidal field coil currents are 
applied. These correspond to RFP, spheromak, ULQ/VLQ, and tokamak conditions, 
with an aspect ratio A of about 1.05. The subsequent experiments were made with 
a larger central conductor giving an aspect ratio of about 1.5, where the paramagnetic 
effect in tokamak regions is less pronounced than in the case of A = 1.05. 

Figure 3 shows the time evolution of poloidal flux contours of merging 
cohelicity spheromaks and of merging tokamaks. The former shows faster merging 
than the latter. The merging spheromaks and tokamaks have reconnection angles at 
t = 12 /AS of about 90° and 40°, respectively. 

The important question is the dependence of the reconnection rate y o n the 
reconnection angle 0. Figure 4 shows 7 as a function of 6 for 20° < 0 < 180°. 
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FIG. 3. Time evolution of poloidal flux contours of merging spheromaks with cohelicity (a) and of 
merging tokamaks (b). 

6 is estimated from the average pitch angles of the reconnecting field lines before 
merging, y is evaluated from the growth rate of the common flux ratio that is defined 
in Refs [3, 4]. Operation with 0 far less than 90° roughly corresponds to the typical 
reconnection in the merging tokamaks, whereas 0 larger than 90° corresponds to 
reconnection in non-tokamak toroidal plasmas such as spheromaks and RFPs. Opera
tion with 6 = 180° corresponds to the counterhelicity merging that has been used for 
FRC production [5], which clearly indicates that y increases monotonically with 
increasing 6 from the tokamak merging to the counterhelicity spheromak merging. 
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FIG. 4. Dependence of reconnection rate y on reconnection angle B. 

FIG. 5. Dependence of peak ion temperature Ti0 on reconnection angle 6. 
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Another question of interest is whether strong ion heating, typically observed 
both in conventional RFPs and in spheromaks but not in tokamaks, is due to this 3-D 
effect of magnetic reconnection. Figure 5 shows the peak ion temperature Ti0 before 
and after the reconnection. The large increase in Ti0 is observed only when 6 is 
larger than 90°. This is in sharp contrast to other cases with 6 smaller than 60°. The 
dependence of Ti0 increase on 6, specifically 60° < 6 < 120°, is to be measured 
in association with the time evolution of Ti0. The electrostatic probe measurements 
that have been performed indicate only a small increase in electron temperature for 
any 6 value during the reconnection. Experiments with A = 1.05 have also been 
made. They show similar effects to those with A = 1.5 except for tokamak regions 
with 0 less than 90°, where the increase in Ti0 is more enhanced. This is probably 
due to the strongly paramagnetic effect of ultra-low aspect ratio tokamaks. 

4. SUMMARY AND CONCLUSIONS 

The series of experimental results reveal the notable dependence of the recon-
nection angle on the merging speed and particle heating during magnetic reconnec-
tion. A similar influence of the reconnection angle on the reconnection speed has 
been theoretically pointed out by computer simulation [1, 6], where the reconnection 
speed during the merging is faster in RFPs and spheromaks than in tokamaks, sug
gesting that the greater MHD activity in RFPs and spheromaks is due to the fast 
reconnection during magnetic relaxation to the minimum energy force free state. The 
observed effect of strong ion heating with 6 > 90° may correspond to the selective 
ion heating observed in conventional RFPs and spheromaks but not in tokamak 
plasmas. The 3-D effect may be one of the major causes of the different plasma 
behaviour characterizing different current carrying toroidal plasmas. 
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DISCUSSION 

T.N. TODD: In your tokamak merging experiments, what is the ratio of the 
poloidal flux stored in the merged final tokamak to the total poloidal flux of the two 
initial tokamaks? 
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M. KATSURAI: The ratio of the final poloidal flux ¥ f to the total initial poloi-
dal flux, * ! + * 2 = 2 ^ (*] = *2) is roughly 50%, sometimes 55-60%. If the 
poloidal flux is conserved, ^f should theoretically be the larger of ^ j or ^ 2

 m com
pletely axisymmetric conditions. However, some dynamo activity might transform 
the merged toroidal flux, $, + $2 , to poloidal flux ^f, giving ^ f larger than the 
maximum of ^ and ^2-

T.R. JARBOE: How does the merging time compare with the tokamak lifetime? 
M. KATSURAI: The lifetime of the tokamak depends on the q value, and the 

merging time depends on 0 and the initial approach speed of the two toroids. For our 
6 scan experiment, the reconnection time is between 5 and 30 ¿is while the most typi
cal tokamak lifetime is about 100 ¿is. 

T.R. JARBOE: Is helicity conserved in the merging process? 
M. KATSURAI: Our evaluation of helicity conservation is in its preliminary 

phase. We have observed that some magnetic helicity is injected during the sphero-
mak (cohelicity) and tokamak mergings. The helicity conservation law tends to work 
better for the merging spheromaks than for the merging tokamaks. However, in the 
case of counterhelicity spheromak merging with unbalanced toroidal fluxes, $,, <J>2, 
the relaxation after the reconnection tends to annihilate the magnetic helicity when 
|$i|/|<i>2| is small (l^il < I$21) (formation and relaxation to an FRC). 
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Abstract 

FLUCTUATIONS AND TRANSPORT IN THE REVERSED FIELD PINCH: CHARACTERIZA
TION AND REDUCTION. 

Reduction via current profile control of the low frequency, resonant, tearing mode fluctuations 
responsible for the stochastic magnetic field in the core of the RFP has been demonstrated in MST using 
auxiliary inductive current drive. In making this reduction, sawteeth are stabilized, and the energy 
confinement time doubles. To enhance and maintain current profile control and improved confinement, 
non-inductive current drive is required. Analytic and numerical studies indicate that electrostatic and 
RF current drive can stabilize the tearing fluctuations. Experiments to test such methods are in prepar
ation for MST. In a second key area relating to RFP confinement, recent theoretical initiatives have 
found that, in the presence of tearing fluctuations, the growth rates and mode widths of short wavelength 
turbulence increase. If such turbulence governs transport at the edge of the RFP, then reduction of 
tearing modes may improve edge confinement as well. 

431 



432 SARFF et al. 

1. INTRODUCTION 

Magnetic fluctuations and transport have been reduced in the Madison 
Symmetric Torus (MST) reversed field pinch (RFP) by controlling the current 
density profile with auxiliary poloidal inductive current drive. Magnetic-
fluctuation-induced transport has long been considered the dominant loss 
mechanism in the core of the RFP where resonant tearing fluctuations ( m = 1, 
n~2R/a, B/B~l%) overlap to destroy the magnetic surfaces, allowing 
particles and energy to stream out along stochastic magnetic field lines. 
Correlation measurements of large magnetic-fluctuation-induced electron 
energy [1] and particle [2] fluxes in MST support this view. (However, an 
ambipolar constraint on the particle loss limits the convective stochastic 
diffusion velocity to the ion thermal speed [2].) Auxiliary inductive current 
drive flattens the current density profile, suppresses sawteeth, reduces the 
magnetic fluctuation amplitude, and doubles the energy and particle 
confinement times [3]. Since poloidal inductive current drive requires a 
change of the toroidal flux embedding the plasma, steady-state current 
profile control must be accomplished with non-inductive current drivers. 
Proposed techniques include electrostatic current drive from limiters at the 
edge of the plasma [4,5] and RF current drive in the lower-hybrid range of 
frequencies [6,7]. 

The identification of m-\ tearing instabilities leads to predictable 
corrective measures for core transport, but the anomalous transport 
processes in the plasma edge have proved more difficult to understand. The 
same techniques which identified large magnetic-fluctuation-induced 
transport in the core indicate that the fluxes in the edge are small [1,2]. On 
the other hand, the electrostatic fluctuation-induced particle flux is large at 
the edge [8]. Recent theoretical initiatives have found that, in the presence of 
tearing fluctuations, the growth rates and mode widths of short wavelength 
resistive interchange turbulence increase to experimentally relevant levels. If 
this turbulence is responsible for transport in the plasma edge, then tearing 
fluctuation reduction in the core may reduce transport in the edge as well. 

2. POLOIDAL INDUCTIVE CURRENT DRIVE 

Because the auxiliary poloidal electric field EQ is transient, this 
experiment is referred to as pulsed poloidal current drive (PPCD). A small 
capacitor bank drives a fast current pulse in the toroidal field winding to 
induce Ed - VQ / 2m on the plasma surface (Fig. la). The pulse is initiated at 
12 ms, marked by the vertical dashed lines. As intended, the pulse increases 
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FIG. 1. Shot-averaged waveforms of (a) surface voltages, (b) plasma current and (c) average and wall 

toroidal magnetic field during PPCD. 
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FIG. 2. (a) Current profile shape parameter a during a typical PPCD discharge, (b) Surface rms 
poloidal magnetic field fluctuation during the same discharge. 
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the plasma poloidal current ÎQ = 2nR(B0 -B^)/ ¡x0 shown in Fig. lb. (The 
axis magnetic field B0 is estimated using an equilibrium model [9].) To direct 
EQ for profile flattening, the average toroidal field (BQ) and toroidal field at 
the wall Btyw must decrease (Fig. lc). 

PPCD flattens the current density profile, suppresses sawteeth [10], 
and reduces the magnetic fluctuation amplitude. To quantify the shape of the 
current density profile, l<¡>, B^, and (B^) are used to fit parameters «and XQ 
in the equilibrium model VxB = X0{l-ra)B+¡50BxVp/2B2 [11]. Finite 
pressure is included, but the perpendicular current details weakly affect the 
parallel current fit since /30~7%. The time evolution of a is shown in Fig. 2a 
for a typical PPCD discharge. After PPCD is applied, a increases to near the 
value characteristic of the profile following a sawtooth "crash" (two of which 
occur between 8 and 12 ms), and then the profile slowly peaks again. By 
flattening the current density profile, PPCD slows the growth of the m = 1 
tearing fluctuations and suppresses their associated sawteeth. (Small 
sawteeth occur during PPCD, but the precursors are m = 0, and they are less 
deleterious [3].) The spatial rms BQ amplitude measured by 32 sensors on the 
plasma surface is shown in Fig. 2b for the same discharge; the (time) average 
value of the amplitude decreases by 25% during PPCD. 

PPCD doubles the energy confinement by halving the Ohmic input 
power while modestly increasing the stored thermal energy. The solid curves 
in Fig. 3 show shot-averaged waveforms of the electron density, soft x-ray 
flux, Ohmic input power (EQ included), and Ha emission from eleven PPCD 
discharges. The broken curves are averages from eight discharges without 
PPCD but otherwise identically produced except for a small additional gas 
puff at 10 ms to mimic a density increase during PPCD. Thomson scattering 
was unavailable, but analysis of Be foil filtered x-ray fluxes and Si(Li) spectra 
indicates the electron temperature increases from 200 eV to 250 eV during 
PPCD. The charge-exchange ion temperature of 150 eV does not change. 
Assuming parabolic pressure profiles, the energy confinement time at 
i=17 ms doubles from TE=1.0 ms to TE=2.2 ms. The global confinement time in 
particle transport modeling also doubles, indicated by the increased density 
and decreased Ha emission. 

Since the change in toroidal plasma resistance from increased poloidal 
field line twist during PPCD almost balances the change from reduced 
classical resistivity, the input power reduction implies decreased anomalous 
plasma resistance. The multiplier of the 2=1, flat temperature profile 
resistance decreases from 3 to 1.5 during PPCD. Bremmstrahlung radiation 
measurements indicate that Z^decreases during PPCD, but only by 20%. 
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FIG. 3. Shot-averaged waveforms of (a) central-chord line-averaged electron density, (b) soft x-rays, 
(c) Ohmic input power, and (d) Ha emission with (solid) and without (dashed) PPCD. 

In some MST discharges, long periods free of large sawteeth occur 
spontaneously. These discharges, which appear after extensive wall 
conditioning using a solid-target boronization technique [12], share elements 
of confinement improvement seen with PPCD. However, while PPCD 
consistently yields sawtooth stabilization, these spontaneous events are thus 
far limited to lower density, extremely clean plasmas. 
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3. ELECTROSTATIC AND RF POLOIDAL CURRENT DRIVE 

PPCD clearly demonstrates a connection between current profile 
flattening, modest fluctuation suppression, and improved confinement, but it 
is inherently transient, and greater improvement in RFP confinement is 
desired. Electrostatic current drive (dc helicity injection) or RF current drive 
can in principle enhance and maintain an improved state. The original [4] 
nonlinear, resistive, 3D MHD simulations of electrostatic current injection 
into a straight, periodic, cylindrical RFP have been extended to larger 
effective aspect ratio ( R / a = 3) and Lundquist number ( S = 104) with varied 
source geometry [5]. In simulations of the ordinary RFP, the dominant 
toroidal mode number and spectrum width increase with increased aspect 
ratio [13], but a good configuration for tearing stabilization via electrostatic 
current drive can be chosen for any aspect ratio. While deviations from a 
toroidally symmetric source can destabilize resonant modes, source 
asymmetry is tolerable if chosen properly. In particular, toroidally localized, 
poloidally symmetric sources nonlinearly couple to m = 1 modes and are 
ineffective for fluctuation suppression. On the other hand, poloidally 
localized, toroidally segmented sources still reduce the fluctuations by 1-2 
orders of magnitude, restoring good flux surfaces in the core. The increased 

100 i i | i i i I i i i I i i i | i i r 

RF Power 11(b) 
«1MW 

Q I , , , i , , , i , , , i / , , i 

0 .2 .4 .6 .8 1.0 
r/a 

FIG. 4. (a) Trajectory of a 250 MHz, n¡=10 lower-hybrid wave projected onto a poloidal plane, 
(b) Radial profile of RF driven parallel current. 
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impedance effect of segmentation allows for practical implementation, and 
an experimental test is in preparation for MST. A prototype current injector 
generates >70 A/cm2 uni-directional current density with no observed 
increase in impurity concentration. 

RF current drive using the fast wave has been proposed for the RFP [6], 
but the lower hybrid (slow) wave may also be useful for edge current drive 
and fluctuation suppression [7]. Distinguishing features of RF current drive 
in the RFP are large o)pe / coce, large magnetic shear, and a small trapped 
particle fraction. Compared to a tokamak, large 0)pe / (ûœ necessitates a large 
parallel refractive index ti\\ > 8 for wave accessibility. Nonlinear, resistive, 3D 
MHD simulations of "generic" auxiliary current drive using an ad hoc 
electron force show that a Gaussian force profile with FWHM O.la is 
optimally centered ~0.1a inside the reversal surface (typically located at 0.8a) 
for tearing stabilization. For typical MST parameters, a lower-hybrid wave 
launched with r\\\ ~ 10 at about 250 MHz will electron Landau damp 
efficiently in this target zone. To confirm analytic estimates, Brambilla's ray 
tracing code [14] has been modified to handle RFP equilibria. Figure 4a 
shows the ray trajectory in a poloidal plane for n¡\ ~ 10 and 250 MHz traced 
out until the ray energy falls to 0.1% of its initial value. Figure 4b shows the 
driven parallel current density for 1 MW of RF power which is the 
approximate value predicted to stabilize a J 0=400 kA MST discharge. 

4. HIGH FREQUENCY TURBULENCE 

Recent theoretical work establishes that both electrostatic and magnetic 
turbulence in the edge is dependent on the tearing modes. Specifically, 
previous theoretical predictions of electrostatic g-mode turbulence 
fluctuation levels and transport rates that are far too small to account for the 
experimental observations [15] are significantly increased if the unstable 
tearing modes resonant in the core are accounted for in the calculation. This 
assertion is based on linear stability and nonlinear calculations for the g-
mode in a configuration that is populated by a bath of long wavelength, slow 
time varying magnetic fluctuations [16]. The linear eigenmode equation is 
derived using a random phase approximation to describe the effect of the 
background modes. The modified linear theory predicts growth rates and 
radial mode widths that exceed the resistive MHD prediction for sufficiently 
large background magnetic fluctuation levels. For a given level of the 
background mode fluctuation amplitude, the linear growth rate and mode 
width are given by yL=VA[k1Ls{-2(i0f/rB2)tn[m-t/B0]

yi and 
AL = (Ls /fc_L)1/2[8B• r / B0]1/2, where VA is the Alfvén velocity, k± = n/R 
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for toroidal mode number n and major radius R, Ls is the shear length, 
p' = dp/dr is the equilibrium pressure gradient, and 6B is a typical 
amplitude of the tearing mode induced magnetic field fluctuation. The 
nonlinear g-mode theory is developed by renormalizing the g-mode 
convective nonlinearities. This simple nonlinear calculation uncovers a 
turbulent pressure diffusivity given by 

D = [5B • r / B0 ]
3 / 2 VA (Ri | / n)m (-2jU0p' / rB2 )1 / 2 A3/2 

which is basically the mixing length estimate multiplied by a logarithmic 
factor A = (4/7r)ln(l/fc±AL). Using the experimentally measured 
background magnetic fluctuation levels as input, the theory predicts an edge 
electrostatic fluctuation level of e<¡>/T = 0.16 and an edge transport 
coefficient of D = 25 m2 /s , both of which are comparable to the observed 
level. 

Though it is not associated with significant transport, the spectrum of 
high frequency magnetic fluctuations is of considerable interest because its 
power law decay exponent [2], at variance with the canonical spectrum 
prediction of MHD [17], should indicate in what ways MHD is modified in 
the RFP edge. An examination of diamagnetic effects, in conjunction with 
the coupled evolution of density fluctuations and forcing at long 
wavelengths by finite amplitude quasi-coherent tearing modes, indicates that 
a spectral decay index like that measured in MST is possible in the context of 
Alfvénic turbulence [18]. In particular, the nonlinear response time 
associated with a three-field model for 2D magnetic turbulence [19] has both 
Alfvénic and diamagnetic branches in a direct cascade of magnetic energy in 
the presence of large scale magnetic fluctuations that dominate the spectrum. 
If the diamagnetic branch is excited, possibly through matched frequencies 
with the quasi-coherent oscillations of the tearing modes, the fluctuation 
spectrum of the modified Alfvénic state is E = £1/2(csps)

1/2L~1/2fc~3/2 for 
kps < 1 and E = e1/2(cs /ps)

1/2L~1/2fc"5/2 for kps > 1, where e is the rate of 
kinetic energy injected into the turbulence, ps is the ion gyroradius evaluated 
at the electron temperature, cs is the ion sound speed, and Ln is the density 
gradient scale length. This result supports the view that high frequency 
fluctuations are driven by low frequency tearing mode activity, but are also 
sensitive to local gradients in density and pressure. 

5. SUMMARY 

Inductive poloidal current drive flattens the current density profile, 
slows the growth of m = 1 tearing fluctuations, suppresses their associated 
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sawteeth, and doubles the energy and particle confinement times. These 
results strongly encourage the program of fluctuation and transport 
suppression using current profile control in the RFP. Electrostatic or RF 
current drive techniques can in principle enhance and maintain profile 
control. An experiment to test electrostatic current drive is in preparation for 
MST, and an analytic and computational theoretical study has concluded 
that lower-hybrid current drive is well-suited for MST plasmas. 

Theoretical calculations of edge turbulence models for electrostatic and 
magnetic fluctuations and comparison with experimental observations 
indicate that a crucial destabilizing role is played by the long wavelength 
tearing modes resonant in the core. Consequently, suppression of turbulence 
in the core may significantly improve both core and edge confinement. 

This work was supported by grants DE-FG02-85ER53212, DE-FG02-
85ER53198, DE-FG02-89ER53291, and contract DE-AC03-89ER51114 with the 
US Department of Energy. 
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DISCUSSION 

T.N. TODD: In the analysis of your pulsed inductively driven poloidal current 
enhancement experiment, where you found strong reductions in the anomalous 
resistance and ohmic heating power (and corresponding improvement in the energy 
confinement time), were the contributions to the overall current and power from the 
poloidal current circuit taken into account? 

J.S. SARFF: Yes. The input power from both the toroidal and poloidal field 
circuits was included. 

F.C. SCHÜLLER: Regarding the frequency dependence of the magnetic fluctu
ations, do you take plasma rotation induced Doppler shifts into account or is there 
no need for this? 

J.S. SARFF: The quoted frequencies for the data are in the lab frame. In order 
to compare with Kraichnan's results, we assume a linear dispersion. The detailed 
cause of the observed frequencies is not well understood, except at low frequency 
where the perpendicular flow is the cause. 

V. ANTONI: During PPCD, have you observed any change in the temperature 
and density profiles? 

J.S. SARFF: Unfortunately MST lacks complete profile diagnostics. Our four 
chords of FIR interferometry indicate that the density profile does not change 
dramatically. 

L.M. KOVRIZHNYKH: M. Katsurai, when presenting paper C-4, said that 
electrostatic fluctuations were responsible for edge transport. Do you agree with that? 

J.S. SARFF: Yes. The measured electrostatic fluctuation induced particle flux 
at the edge can account for the observed global transport flux. However, at roughly 
the reversal surface, the transport changes from electrostatic to magnetic fluctuation 
induced. 
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Abstract 

PRODUCTION OF A LONG LIFE FRC PLASMA BY TRANSLATION, AND THE STUDY OF ITS 
CONFINEMENT PROPERTIES. 

A conceptual design of a neutron lean D-3He fuelled FRC fusion reactor is presented. In this 
design, a d pinch produced FRC plasma is assumed to be translated from a formation region to a confine
ment and heating region. In the FRC Injection Experiment (FIX) machine, a 6 pinch produced FRC 
plasma with T(= Te + T¡) = 400 eV and n « 6 x 1021 m~3 is translated into a large bore 
(r = 0.4 m) metal vessel. Though the density is decreased by two orders of magnitude, the decrease 
in temperature is smaller than predicted by the adiabatic theory. In addition, when the FRC is reflected 
at the mirror field, plasma heating occurs owing to the thermalization of the translational kinetic energy. 
This rethermalization is observed only when the translational velocity exceeds the sound velocity in the 
plasma, signifying the intervention of some shock mechanism. As a result of this translation, a configu
ration lifetime of about 0.5 ms is attained. In this FRC plasma, a magnetic field fluctuation localized 
near the separatrix is detected. High /3 sheath thickness measurement shows that the plasma that has 
escaped out of the configuration is flowing along the magnetic lines of force outside the separatrix. 

1. INTRODUCTION 

A plasma with a field reversed configuration (FRC) is normally produced in 
6 pinch machines and has an elongated shape along the machine axis. The /3 value 
averaged inside the separatrix, </3>, of the FRC plasma in a straight solenoid is given 
by </3> = 1 - xs

2/2 [1], where xs = rs/rw, rs is the separatrix radius and rw is the 
conducting wall radius. In most cases, xs is between 0.3 and 0.5, and <j3> becomes 
about 90%. This high /3 makes it possible to burn the advanced fuel D-3He at n » 
7 x 1020 nr3 , T « 90 keV, with a confining magnetic field of about 7 T [2]. 
Taking advantage of the FRC plasma's good accessibility for direct energy con
verters, a neutron lean conceptual reactor, ARTEMIS, has been designed [2]. The 
ARTEMIS strategy is to translate the 6 pinch produced FRC plasma into a burning 
section and bring it up to the burning state by magnetic compression and neutral beam 
injection. 
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The study of FRC plasma formation has been carried out mainly at the 
Kurchatov Institute (Russian Federation) [3], the University of Washington (United 
States of America) [4] and Nihon University (Japan). In the last organization, study 
is being done on the formation of low density (n * 4 x 1014 m~3), high tempera
ture (Te ~ 1 keV) FRC plasmas for the ARTEMIS concept. FRC plasma transla
tion studies are being done mainly at the Kurchatov Institute [3], Los Alamos 
National Laboratory (USA) [5] and Osaka University (Japan). The translation 
experiment in Osaka is done on the FRC Injection Experiment (FIX) machine for 
neutral beam injection. The FIX FRC plasma, which has a large radius ( — 0.4 m), 
long configuration lifetime ( — 0.5 ms) and low density (n « 5 x 10" m~3), is also 
used for confinement studies. 

2. APPARATUS 

The FRC plasma is produced in the quartz tube of a negatively biased ( — 0.1 T) 
0 pinch. The diameter and the length of the main coil are 0.31 m and 1 m. The main 
compression field, which rises to its maximum value of —0.8 T in about 3 ¿is, is 
applied to preionized D2 gas introduced by a gas puffing system. Independently 
driven mirror coils are arranged at both ends of the main coil, unbalanced energiza
tion of which drives the FRC plasma to the confinement region. The confinement 
vacuum vessel, made of 6 mm thick stainless steel, is 3 m long and 0.8 m in diameter 
and is immersed in a quasi-DC magnetic field of 0.01-0.08 T. Each end of the vessel 
is tapered, as shown in Fig. 1, and a mirror field is applied. 

3. TRANSLATION 

For the case in which the guide field B0 of the confinement region is 0.04 T, 
the FRC plasma launched from the formation region has an axial velocity of about 
1.7 x 105 m/s (Fig. 2), expands to n * 8 x 1019 m-3 and cools to 70 eV. The 
temperature is higher than that predicted by the adiabatic theory of T = 30 eV, 
reflecting not only the fact that the expansion of the plasma does work on the confine
ment field but also that work is done by the field in the formation region. Except for 
possible conversion to some form of internal energy and dissipation, the difference 
in work is converted to the translational energy of the FRC plasma. The axial transla-
tional velocity of the FRC plasma in the first pass, vl5 is about 1.7 X 105 m/s. The 
plasma incident on the downstream mirror field is reflected and the axial velocity of 
the second pass, v2, is reduced to 7 x 104 m/s. The FRC plasma is reflected again 
at the upstream mirror field and is eventually trapped in the confinement region. If 
there is no loss of particles and when the FRC plasma attains equilibrium in the 
confinement region, the temperature is expected to recover the value before the trans
lation. The reason is that the FRC equilibrium in the straight solenoid predicts that 
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FIG. 2. Velocity before and after the reflection of the FRC plasma at the downstream mirror field and 
dependence of velocity on the confining magnetic field. 

the thermal and the magnetic energy associated with the FRC are written as (3/2)NkT 
and NkT, respectively, signifying that the total energy becomes (5/2)NkT. So far, 
even partial recovery of the temperature (rethermalization) has been observed only 
in very few cases [5]. On the other hand, in the FIX FRC translation experiment, 
rethermalization was seen after the first reflection and not after the second reflection. 
In the case of B0 « 0.04 T the temperature increased from 70 to 140 eV. A closer 
look at the data reveals that rethermalization was seen when vz exceeded the sound 
velocity vs and not when vz was equal to or smaller than vs (Fig. 3). This fact 
implies that some shock mechanism is required to open up a channel for 
rethermalization. 

In the formation phase of the FRC, area shock wave propagation,which follows 
the magnetic field reconnection near both ends of the 6 pinch coil, is identified as 
being responsible for the heating [6]. In the translation phase, to uncover the detailed 
mechanism by which the shock phenomena cause rethermalization calls for further 
study. 
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FIG. 3. Dependence of the temperature increase at the reflection by each mirror field on the velocity 
of incidence into the mirror field normalized by the sound velocity. 

TRANSPORT STUDY 

The parameter s, the number of local ion gyroradii between the magnetic axis 
and the separatrix, is an important parameter for the FRC stability and transport 
studies. Future reactors are required to have s" of greater than 10, but the lvalue of 
present day FRCs is less than 5 and most data are limited to about 1-3. Still it is 
important to do transport studies in this parameter range. 

The confinement properties of the FRC plasma have been considered to be 
determined by the lower hybrid drift (LHD) [7] instability, but detailed studies of the 
scaling principle of confinement times [8] and detailed measurement of electrical 
resistivity profiles [9] contradict the LHD theory. Density fluctuation (ñ) measure
ment [10] has shown that ñ was under the detection limit of ñ/n = 10"4, which is 
too small to explain the measured transport rate. The low frequency drift [11] insta
bility is proposed as the cause of the transport and a mechanism is proposed to explain 
the magnetic field profile of the FRC plasma [12]. 

A search for ñ based on LHD instability (f « 8 MHz, X « 4 mm) was done 
using the Fraunhofer diffraction method on the FIX machine and no fluctuation was 
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found with the detectability of ñ/n = 10"2 for the instability region thickness of 
1 cm. Magnetic field fluctuation (B) with relative amplitude B/B of the order of 
10"4 was sometimes detected by a search coil inserted in the plasma in the frequency 
range from 2 MHz (~5ffii) to 10 MHz, localized over a few centimetres near the 
separatrix. The spectrum changes considerably from shot to shot. As for the fluctua
tion below fni, further study is required to distinguish it from the signal due to 
macroscopic distortion of the FRC. 

To study the particle loss outside the separatrix, measurements of the sheath 
thickness ô are made by an axial array of search coils. In the axial midplane, ô was 
measured to be 5.5 cm, which was about 120% of the local ion gyroradius and about 
200% of the external magnetic field of 0.05 T. The radius rloss of the plasma loss 
channel at the mirror field was also measured by search coils to be 5.8 cm for a mag
netic field of 0.16 T. Contrary to previous work [13], the plasma seems to be flowing 
along the magnetic lines of force outside the separatrix. 
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DISCUSSION 

D.D. RYUTOV: Do you have any experimental evidence that you are really 
dealing with the field reversed configuration? 

S. OKADA: We have actually measured the reversed field using magnetic 
probes inserted into the plasma. Moreover, a plasma without the reversed field can
not be reflected by mirror fields. 
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D.D. RYUTOV: In the experiments carried out by other groups, the FRC 
usually manifests a strong tilt instability. Why was this not the case in your 
experiment? 

S. OKADA: Recently, tilt has seldom been observed. Experiments on 
FRX-C/LSM in Los Alamos are claimed to have shown tilting. On the other hand, 
on LSX in Seattle tilting is not evident. Our FRC plasma has parameters which pro
mote stabilization of the tilt instability by kinetic effects. 
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Abstract 

THE ITER EDA OUTLINE DESIGN. 
The ITER EDA Outline Design, presented here, fulfills the objective of "demonstrating 

controlled ignition and extended burn of deuterium-tritium plasmas, with steady state as an ultimate 
goal, and...demonstrating technologies essential to a reactor in an integrated system, and...performing 
integrated testing of the high-heat-flux and nuclear components." The Outline Design is robust, and 
integrates the scientific and technical requirements into a coherent, inherently safe and cost-effective 
design. ITER is a full-ignition, high-power (1.5GWth) and long pulse (1000s) tokamak with reactor-
relevant wall-loading (lMW/m ), a pulsed-power duty factor (<40%) and a significant tritium 
inventory. 

1. INTRODUCTION 

The ITER Project is being conducted under the ITER Engineering Design 
Activities (EDA) Agreement [1] between the European Atomic Energy Community, 
the Government of Japan, the Government of the Russian Federation and the 
Government of the United States of America, under the auspices of the IAEA. 

The objective of the EDA phase is "to produce a detailed, complete, and 
fully integrated engineering design of ITER and all technical data necessary for 
future decisions on the construction of ITER." 

2. PROGRAMMATIC AND TECHNICAL OBJECTIVES 

The main characteristics and parameters of the Outline Design for ITER 
follow from its agreed programmatic [1] and Detailed Technical Objectives [2]. 
These objectives include two phases of ITER operation. The Basic Performance 
Phase focuses on ignition and associated physics and technological issues. The 
emphasis of the Enhanced Performance Phase is to carry out a higher fluence 
testing program and possibly reactor-relevant blanket segment demonstration. 

The Detailed Technical Objectives also include: 
• an inductive pulse flat-top capability, under ignited conditions, of 

approximately 1000s; 
• an average neutron wall loading of lMW/m2 and a fluence level of at 

least lMWa/m2; 
fluence levels up to 3MWa/m2 for permanent components; and 

• a heating system capable of sustaining non-inductive current. 

* The International Thermonuclear Expérimentai Reactor Engineering Design Activities are 
conducted by the European Atomic Energy Community, Japan, the Russian Federation and the United 
States of America under the auspices of the International Atomic Energy Agency. Dissemination of the 
information in this paper is governed by the applicable terms of the ITER EDA Agreement. 
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3. ENGINEERING AND PHYSICS REQUIREMENTS 

To meet the technical objectives and to contain the cost within $5.6B (Jan. 
1989 US$) the design guiding principles have been: to minimize the number of 
components; to simplify each component design; to reduce the path length of 
mechanical forces; to increase the reliability of key systems; to develop a design 
with intrinsic safety and flexibility, and to favor reactor-relevant technologies. 
Among chosen solutions, the design includes: a self-supporting shield/blanket, low 
pressure coolant, no manifolding inside the machine, free-bending toroidal coils 
and a fully welded vacuum vessel. 

But the advanced nature of the ITER Project also requires developments in 
physics and technology. In particular, these requirements include: 

• a physics understanding [3] of plasma performance in ignited regimes, 
with emphasis on control of ignition dynamics and of burn products; 
a divertor configuration capable of providing high power exhaust, 
effective impurity control, high helium pumping, rapid tritium 
recirculation inside the cryostat, and of providing compatibility with L-
and H-mode energy confinement; 

• the minimization of plasma disruption effects; 
• material and component-fabrication technology development for the 

first wall of the shield/blanket system, the mechanical structure and the 
superconducting magnets; 

• the integration of these various requirements into a coherent nuclear and 
cost-effective design. 

The ITER EDA Design incorporates significant changes compared to the 
ITER CDA Design: 

• additional volt-seconds; 
• increased plasma current at given safety factor q; 

a realistic level of helium ash (-15%); 
• increased nuclear shielding; 

single null divertor with extended channel length and volume to reduce 
the power density at the target; 

• a lower elongation to improve plasma stability; 
• free bending TF coils with optimum use of the steel. 

4. THE ITER BASIC MACHINE 

ITER is truly a fusion experimental reactor. The size and performance of 
the Outline Design (Fig.l) are defined by extrapolating present plasma confinement 
results obtained in operating tokamaks, including JET, JT60-U, DIII-D, and TFTR, 
with equivalent breakeven conditions and, in the case of recent experiments in JET 
and TFTR, tritium operation. The precise set of machine parameters (Table 1) 
results from a compromise between physics requirements, technological constraints, 
and cost. 

The toroidal superconducting magnets [4], made of 24 D-shaped coils 
generate a magnetic field of 5.7T at a major radius of 8.1m. The number of coils 
realizes an optimum between size, apertures and level of field ripple at the plasma 
edge (tokamak experiments show that the field ripple must not exceed -2% to limit 
the losses of trapped a-particles and their impact on machine behavior [5]). To limit 
nuclear heating and insulation degradation in the coils, the minimum thickness of 
the shield, assembly gaps and vacuum vessel is 1.2 to 1.4m. 

At a given safety factor, the confinement time increases with the plasma 
current and decreases with power. To avoid disruptions, the q\y(95) safety factor 
should be qy(95)>3. At this value, a plasma current greater than 20MA is required 
to sustain ignition when helium ash and impurities are taken into account. The 
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TABLE 1. PRINCIPAL PARAMETERS OF THE ITER 
OUTLINE DESIGN 

Fusion power (nominal) 1.5 GW 
Burn time (nominal) 1000 s 
Plasma current 24 MA 
Major radius (nominal) 8.1 m 
Plasma minor radius (maximum) 3.0 m 
Elongation 1.55 
Divertor configuration Single null 
Number of TF coils 24 
Toroidal field (at nominal major radius) 5.7 T 
Toroidal field ripple at plasma edge (maximum) +2% 

central solenoid is placed outside a bucking cylinder and, at maximum field on the 
CS conductor, the flux swing capability is sufficient to sustain a burn time of 1000s 
at a plasma current of 24MA. At ignition and nominal fusion power of 1.5GW, the 

plasma average temperature is ~13keV and the average electron density ~ 1020 m"3 

(profiles shown in figure 2). 
The normal operation of ITER is with a D-T mixture, producing helium 

"ash". The divertor requires a significant volume inside the vacuum vessel and 
toroidal field coils to exhaust the a-power, the helium ash and to control the 
impurity influx. Impurity control is achieved by plasma flows in the divertor 
configuration while helium ash exhaust could be helped by sawtoothing activity. 
The divertor occupies about one quarter of the available plasma volume. In 
addition, about 50 to 100 grams per hour of deuterium-tritium may have to be 
pumped during plasma operation. Within the cryostat volume, a total tritium 
inventory required is about 1 kg that could be achieved with a suitable choice of 
first wall materials and a pumping system capable of rapid separation of tritium 
from helium using a membrane or cryocondensation technique. 

The basic ITER machine has a plasma major radius of 8.10m for an 
elongation of K=1.55 and a minor radius of 3m. Such an elongation allows to carry 
a high plasma current while still limiting the occurrence of vertical disruptions 
without adding in-vessel control coils. Stabilization is achieved with the six external 
poloidal field coils and helped by the low electrical resistivity (~8u\Q) of the vacuum 
vessel and blanket. 

An additional heating power of 50 MW is proposed to reach ignition 
although simulations indicate that 10 MW may be sufficient at low impurity 
concentration and no helium. 

5. THE ITER PLASMA: IGNITION MARGINS; OPERATIONAL 
DOMAIN; AND BURN CONTROL 

The ITER mission is to demonstrate controlled ignition and extended burn 
of DT plasmas. To this end, the machine must be capable of sustaining ignited 
plasmas over a wide range of plasma parameters, including impurity accumulation 
and ash levels. To ensure reasonable ignition margins, resilience against impurity 
and helium accumulation requires that the nominal fusion power must be sustained 
during 1000s burn. 
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Physics predictions show that ITER incorporates a reasonable margin for 
ignition under a variety of energy confinement predictions, including the 
'2xITER89P' empirical-scaling model [6]. However, compared to L-mode regime 
(ITER 89P), an enhancement of confinement is required to reach long burn 
ignition. A ratio of H/q ~ 0.6 is required for ITER and is the best value 
experimentally achieved (JET 94) (H being the enhancement factor over the L-
mode). 

This enhancement could be achieved at high power, if the energy 
confinement follows an offset power law (RLW transport model), so that the 
confinement stops degrading until the pMimit is approached; and in the H-mode 
regime, by a confinement barrier at the plasma edge. But only the Elmy H-mode 
regimes, with a degradation of the confinement barrier, could satisfy the 
requirements of stationary conditions and helium exhaust. 

Simulations based on RLW transport model (gyro Bohm type of transport) 
predict that, at the nominal fusion power of 1.5 GW, the ITER plasma can withstand 
a reasonable level of impurity (nfie/nDT ~ 8%). A new version that incorporates a 
Bohm like behavior of the ions results in an increase of the anomalous transport by 
a factor -2. Again a confinement barrier is required to sustain ignition. 

Due to the concentration of helium ash and first wall and divertor materials, 
the low end of the fusion power operating regime remains above the 150 - 200 MW 
a-power level. Analysis of the present design (Fig.3, for YRI_W=2) indicates that at 
24 MA and higher fusion power, the Be impurity concentration above which 
ignition becomes impossible is about 4%. When the corresponding levels of helium 
accumulation are taken into account, the Be concentration decreases to 3%. This 
level is typical of operation of present tokamaks, but with only moderate additional 
heating. 
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In addition, the operational domain may be adversely limited by physics 
uncertainties including: the rate of helium pumping; the compatibility of the 
divertor operation with power transients such as L- to H-mode transitions and edge 
localized modes (ELMs); the H-mode power threshold; and the effect of anomalous 
a-particle diffusion due to ripple effects. 

Under stationary conditions, the mean fusion power level is defined by the 
D-T influx. Therefore, control of the D-T fuel injection rate provides an active 
control of the fusion power level via a feedback loop. The net injection rate is set by 
the sum of the plasma burn-up rate and the re-injection rate necessary to replenish 
the unburned D-T removed by the divertor pumping system. For stationary burn 
conditions with -20% helium in the plasma centre the D-T circulation requirement 
is approximately 3-4 times the D-T burnup rate which is of the order of 4 mg/s. 

Possible methods for fuel injection include shallow pellet injection, SOL 
(Scrape Off Layer) gas injection and divertor gas injection. 

6. THE DIVERTOR 

The ITER divertor [7] operates in a high density regime and will exhaust 
energy by radiation and ion-neutral collisions, such as charge-exchange and 
recombination. If a sufficiently large flow of low energy neutrals are injected 

FIG. 4. Divertor module. 
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perpendicular to the plasma flow in the divertor region, the above process takes 
place all along the SOL layer. When all the SOL energy is quenched before 
reaching the target plates, the divertor plasma extinguishes. This corresponds to a 
relatively high density of neutrals compared to a standard divertor operation. If the 
cold neutrals are not trapped at the bottom of the divertor, the plasma flow becomes 
supersonic near an ionization front where the plasma temperature falls below 5 - 1 0 
eV. This strong flow is directed towards the targets, and can prevent back diffusion 
of impurities with factional forces overcoming thermal forces. 

The present divertor configuration [8], with an X-point inside the vacuum 
vessel, channels particle and energy flows along the open magnetic field lines over a 
distance of ~25m. The radiating surface is 2-300m2. The elements facing the 
plasma are semi-transparent to the neutrals, to allow redistribution of the neutrals 
along the SOL channel. The divertor geometry requires about a quarter of the 
available plasma volume. In normal operation, the power flux exhausted 

FIG. 5. 15° vacuum vessel segment. 
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perpendicular to the magnetic field is maintained below 3MWnr2. At this level only 
materials like copper, beryllium or vanadium are able to withstand these high 
thermal loads. 

The divertor structure (Fig.4) is designed as a series of divertor cassettes (5 
per TF coil sector). Each cassette is arranged as an array of blades configured to 
form an oriented baffle. At the end of the divertor channels, divertor bumpers of 
beryllium, or other low Z material, are placed to act as sacrificial elements in case of 
high transient heat loads occurring during abnormal events. 

7. VACUUM VESSEL 

The vacuum vessel (VV) provides for high quality vacuum at relatively high 
electrical resistivity (Fig.5). The material is inconel and the toroidal resistance 
-161J.Í2 which limits stresses induced by eddy currents. This together with the 
shield/blanket resistance, stabilizes the plasma vertical movements [9]. The vacuum 
vessel design [10] is a double wall toroidal shell structure, 35 cm in thickness, joined 
by poloidal rings; it resists pressure up to 2 MPa. The inside of the double walled 
vacuum vessel is filled with boronated steel balls and water for shielding. 

The role of the vacuum vessel is also to establish the first safety confinement 
barrier for radioactive materials, the second one being the cryostat. The VV role 
also limits the heat flux to the toroidal coils under 10 kW nuclear heating during the 
nominal operation. The shield/blanket is structurally supported by the vacuum 
vessel. The different ports are welded to the vacuum vessel after its assembly and a 
rotation of 7.5°. A series of 24 vertical ports allow the assembly and disassembly of 
the shield/blanket segments. 24 horizontal ports will allow introduction of the 
blanket test and antenna modules, remote handling, and diagnostics access. The 
lower ports are dedicated to assembly and disassembly of divertor cassettes and to 
vacuum pumping; 4 - 6 will be reserved for remote handling. 

8. SHIELD/BLANKET AND ADVANCED BLANKET 

The role of the shield/blanket is to extract the fusion power and, together 
with the vacuum vessel, to shield the superconducting magnets. 

8.1. Shield/blanket reference design [10] 

To ensure proper plasma operation the first wall has to be bakeable to high 
temperatures (~300°C). In normal operating conditions transient excursions of 20% 
of the nominal power must be accommodated, but abnormal events when the plasma 
reaches its p-limit must not lead to a first wall failure. The plasma facing 
components need to withstand electromagnetic forces and thermal shocks due to 
disruptions, a-power and an average neutron wall loading of (lMW/m^). Poloidally, 
the neutron wall loading peaking factor is calculated to be in the range 1.1 at the 
inboard and 1.5 at the outboard of the machine [11]. 

All modules are joined into a single self-supporting assembly by welding 
together their strong back plates (~8cm) (Fig.6) and the first wall is electrically 
continuous. This minimizes shear loads during disruptions. At the top port, bellows 
are introduced to allow for differential expansion between the shield/blanket and the 
vacuum vessel. Except for heating modules assembled in-situ, each module is 
subdivided into several poloidal cells, with thin plasma facing walls (6mm) to 
withstand high heat fluxes with reasonable thermal stresses. These walls are made of 
a sandwich of stainless steel (1mm plate plus ribs of 3mm) and copper alloy (5mm). 
To limit crack propagation, the first wall cell is a vault that operates under 
compression which withstands magnetic and fluid pressure (Fig. 7). The flexibility 
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FIG. 6. Shield/blanket assembly. 

of this wall accommodates different expansions without developing excessive 
stresses. 

The plasma facing surface of the first wall is coated with a renewable layer 
of beryllium, and is protected from damage during off-normal events by multiple 
rows of poloidal limiters, cooled by contact, which could be easily replaced. The 
side walls, the back plate, and the shielding material are made of stainless steel. 

The shield/blanket coolant is water at maximum operating temperature of 
200°C and pressure of 2 MPa. Water enters and exits at the top ports and flows at a 
speed of 2-5m/s. It maintains the back plate temperature at the outlet temperature to 
minimize thermal stresses. The maximum stress level in the austenitic steel and in 
copper remains below 3Sm (220 MPa for the steel) (Fig.8) [12] (Sm~130 MPa for 
steel and -100 MPa for copper). The shield/blanket design incorporates margins to 
meet a variety of possible normal and abnormal operational scenarios. 

The shield material is activated by absorbed neutrons. The afterheat power 
after nominal plasma operation reaches a level of a few megawatts and requires 
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some provision for emergency cooling. At the end of the Basic Performance Phase, 
the shield material activation will be sufficient to require burial of these components 
after some period of intermediate storage. 

8.2. Advanced blanket concept [13] 

A conceptual study of breeding blanket elements has been considered for 
the Extended Performance Phase. These blanket elements are geometrically similar 
to those of the shield/blanket. This breeding blanket operates at high temperature 
(<600°C) and low pressure (~1 MPa). The blanket canisters are made of vanadium 
alloy (V5Cr5Ti) as structural material and use natural liquid lithium as coolant and 
tritium breeder. A self-healing layer of insulation, such as aluminum nitride, allows 

FIG. 7. Equatorial plane shield/blanket section (5° segment). 
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FIG. 8. Equivalent stress contour under disruption conditions. 

the inside canister to be electrically insulated and to permit the flow of lithium. 
Inside each canister, beryllium blocks are introduced to improve the breeding ratio 
and the shielding performance. Lithium coolant flows at speed ~lm/s through the 
system. Separate lithium cooling tubes immersed in stagnant lithium could also be 
envisioned to decouple the coolant pressure from the pressure applied to the first 
wall. This would also offer the advantage of controlling the hydrogen level in the 
vanadium. 

Such a blanket would be a low-activated blanket, offering the prospect for 
vanadium to be recycled (after -100 years) and for afterheat not requiring an active 
cooling. 

The compatibility of the coolant with the high heat flux elements (Be, C) 
and the impact of afterheat have to be carefully assessed especially for water. 

9. MAGNET SYSTEMS 

The D-shaped TF coil system (Fig. 1 and Table 2) delivers a toroidal 
magnetic field on axis of 5.7T at R=8.1m. The magnetic field on the cable 
approaches 12.5T at a current of 52.8kA at 6°K. 

To eliminate the risk of crack propagation in thick structural elements, the 
TF coils design (Fig.9) incorporates a laminated structure using thin plates [14]. 
The electrical insulation includes a layer of inorganic material for dielectric 
strength, and a layer of glass-resin to fill all voids and ensure good mechanical 
support for the conductor. The conductor is layer wound in semi-circular grooves 
in the interlayer shear plates. The length of the wound cable does not permit the 
circulation of liquid helium to remove the heat released during these transients, but 
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TABLE 2. PRINCIPAL PARAMETERS OF THE 
TOROIDAL FIELD SYSTEM 

Total weight per coil 
Overall height 
Overall width 
Number of layers 
Number of turns per coil 
Total current per coil 
Current per conductor 
Total stored energy 
Maximum toroidal field at conductor 
Maximum voltage between layers 

411 t 
- 1 7 m 
- 1 1 m 
15 
182 
9.7 MA 
52.5 kA 
109 GJ 
12.5 T 
1.33 kV 

976 

y 
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Conductor Conductor 
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Conductor 
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FIG. 9. TF coil cross section for the 182 turn configuration. 
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TABLE 3. PRINCIPAL PARAMETERS OF THE 
CENTRAL SOLENOID SYSTEM 

Weight 928 t 
Height ~ 12 m 
Outer radius ~2.8 m 
Number of turns 3212 
Total current 129 MA 
Current per conductor 40 kA 
Total stored energy 12.9 GJ 
Maximum toroidal field at conductor 12.5 T 

the cable is designed to operate safely with AC losses induced in the cable at the 
beginning and end of the plasma pulse and during disruptions. 

The mechanical design allows the support of the centripetal forces by the 
central structure encompassing the central solenoid and a bucking cylinder (Fig. 1). 
The hoop tensile forces acting on each D-shaped coil are resisted by the structural 
steel contained in the coil winding and by a steel band running along the outboard 
portion of the coil in combination with the bucking cylinder. The bucking cylinder, 
made of laminated steel plates, supports the central solenoid against the centripetal 
force generated by the TF coils and also some of the tension in the TF coil inboard 
leg. 

Shear keys are introduced on the inner part of the TF coils, and the 
mechanical structure up to a major radius of ~7m, to resist shear forces in both 
toroidal directions. They consist of either a stack of small key elements or triangular 
elements. 

The poloidal field system includes the central solenoid (Table 3) and six 
individual coils distributed around the machine (Fig.l). The central solenoid is layer 
wound along its entire height. Each layer is wound with four conductors in hand to 
reduce cooling channel lengths. Half of the layers are wound from bottom to top 
and the other from top to bottom to allow series connections. Electrical terminals 
are located at the bottom about 2m below the bottom turns; interlayer series 
connections are at the top and bottom about 2m above and below the ends of the 
windings. With this arrangement all joints are located in low field regions outside the 
coil and they are not in a primary load path. This offers a practical solution to 
minimize the probability of a fault and to improve the coils reliability. 

The conductors in the central solenoid are each in the form of a cable in 
conduit. They have a square outer cross section and a circular cable cross section. 
The conduit material is 908 Incoloy. The cable uses Nb3Sn strand and features a 
cooling channel at the center. Cooling is provided by super critical helium flow in 
the conductors. 

Two design options are considered for the poloidal system: one is similar to 
the toroidal coils with steel plates in a vertical position and the other uses a square 
conductor as in the central solenoid. The conductor for the poloidal coils is made of 
Nb3Sn. These poloidal coils are supported vertically by the mechanical structure 
and the toroidal field coils. 

10. ADDITIONAL HEATING AND CURRENT DRIVE SYSTEM 

The main heating scenario for ITER is ion cyclotron radio frequency 
heating (ICRH), but possible other heating systems include ECRH and NBI [15]. To 
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FIG. 10. Isometric view of two ITER ICRF modules. 

account for impurity levels and for the H-mode power threshold the H-mode could 
be established in the lower density range ( - l ^ x l O ^ m - ^ ) . A heating power of 
50MW is proposed, although it may be possible to double the power of the RF 
system by increasing the voltage. 

The ICRH heating scenarios include minority heating of deuterium or 
helium-3 or second harmonic of tritium. The power is coupled through two antenna 
sets, extending toroidally over 45° and fed through horizontal ports [16]. Each set is 
composed of 18 individual antenna straps which can be phased to produce a 
traveling fast Alfven wave providing current drive capability. These antennae 
resonate at a number of frequencies spread over a wide frequency range 20-70MHz, 
and do not include any electrical insulation inside the vacuum vessel. Each antennae 
pair is embedded in the shield/blanket module similar to a test module (Fig. 10). 

Non-inductive current drive efficiency (e.g., RF and neutral beam) is low 

(YCD =(ne) IcD^/pCD) ani*> i n t n e m 8 h density operation of the ITER plasma, 
generally less than 2 MA of plasma current could be driven by these techniques. 
Therefore, current drive scenarios are of value only in advanced scenarios [17] with 
low plasma current and high Pp. However in these scenarios, the machine can 
already be driven inductively for a few hours and achieve steady state conditions, 
albeit in a regime far from ignition. 
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11. CONCLUSIONS AND PERSPECTIVES 

The present ITER design forms the basis on which the ITER device can 
proceed to detailed design. It fulfills the EDA objectives and gives confidence that 
the ITER machine could accomplish its first mission to demonstrate "controlled 
ignition and extended burn of deuterium-tritium plasmas". 

The present reference design of the shield/blanket satisfies the safety 
requirements during both normal and abnormal ITER operations, including thermal 
shock resulting from a disruption at the P-limit. However, physics predictions show 
that ITER incorporates only a minimum margin for ignition. 

Before construction, the ITER divertor concept must be tested in a test bed, 
and in existing devices such as JET, DIII-D and JT60-U and the magnet test coil 
program completed. This will be possible by implementing a vigorous R&D 
program focused on ITER requirements. 

REFERENCES 

[1] ITER EDA Agreement and Protocol 1, ITER EDA Documentation Series No. 1, IAEA, Vienna 
(1992). 

[2] ITER Detailed Technical Objectives, Negotiators' Shared Views, Attachment 1 (associated with 
the ITER EDA Agreement and Protocol 2, ITER EDA Documentation Series No. 5, IAEA, 
Vienna (1994)). 

[3] PERKINS, F., et al., IAEA-CN-60/E-3, this volume; 
ROSENBLUTH, M.N., et al., IAEA-CN-60/E-P2, ibid. 

[4] HUGUET, M,, et al., IAEA-CN-60/E-5, ibid. 
[5] PUTVINSKI, S., et al., IAEA-CN-60/E-P4, ibid. 
[6] SHIMOMURA, Y., et al., IAEA-CN-60/E-2, ibid. 
[7] JANESCHITZ, G., et al., IAEA-CN-60/E-P6, ibid; 

POST, D., et al., IAEA-CN-60/E-P7, ibid. 
[8] DIETZ, J., et al., IAEA-CN-60/E-4, ibid. 
[9] MONDINO, P.-L., et al., IAEA-CN-60/E-P10, ibid. 

[10] PARKER, R.R., et al., IAEA-CN-60/E-6, ibid. 
[11] GOHAR, Y., et al., IAEA-CN-60/E-P12, ibid. 
[12] BARABASCHI, P., et al., in Proc. 18th Symp. on Fusion Technology, Karlsruhe, 1994. 
[13] ITER Reference Blanket-Shield Design and Advanced Blanket Concept in Detail of the ITER 

Outline Design Report, Vol. 2, Report to the Fourth Meeting of the ITER Technical Advisory 
Committee (1994). 

[14] THOME, R.J., et al., IAEA-CN-60/E-P11, this volume. 
[15] HEMSWORTH, R.S., et al., IAEA-CN-60/E-P9, ibid. 
[16] BOSIA, G., et al., IAEA-CN-60/E-P8, ibid. 
[17] NEVINS, W.M., et al., IAEA-CN-60/E-P5, ibid. 

DISCUSSION 

B. COPPI: According to the rule you use to estimate the radius of the q = 1 
region, and according to our numerical analyses, this radius is at least half that of 
the plasma column (a). This means that the sawtooth oscillations that can be produced 
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by the unstable ideal MHD m = 1 mode should be about 0.7a. It is difficult to see 
how ignition can be achieved under these conditions. The ideal MHD m = 1 mode 
is driven by the pressure gradient, given the finite value of /3p. 

P.-H. REBUT: The PRETOR code takes into account the sawteeth and the 
effects mentioned. It is a time dependent code. 

B. COPPI: The estimate I just gave assumes that the nominal toroidal field is 
5.7 T at R = 8.1. Do you think that the toroidal magnet, as designed, can reach this 
field? 

P.-H. REBUT: The design is made for these values but it is a very advanced 
technology. The value of the field achieved could have a severe impact on plasma 
confinement. 

H. KISHIMOTO: The major radius is increased from 6 m in the CD A to 8 m 
in the EDA. Even with such a large increase in the machine size you mention that 
the cost is not increased. In the light of our tokamak construction experience it is very 
difficult to accept such predictions. Do you have any specific cost estimation scheme? 

P.-H. REBUT: One of the key elements in the costing is the height of the 
machine, which defines the height of the toroidal coil and is one of the parameters 
defining the surface of the blanket (the other is the major radius of the vacuum vessel 
(barycentre), not the plasma). The simplification we have achieved compensates for 
the —20% increase in the equivalent major radius (10% of the total cost). 

J.A. WESSON: I have heard several explanations of the need for the vented 
system in the divertor. Could you tell us what you see as the purpose? 

P.-H. REBUT: I am not sure that the divertor blades are necessary, but their 
role is multiple. First of all, they are 'transparent' to neutrals coming from the plasma 
with a momentum directed along the field lines towards the target. This allows a 
redistribution of the neutrals in the gas chamber, which also feed the SOL plasma 
at the top near the X point. Secondly, after passing the blades the neutrals going 
towards the SOL have a momentum opposite to the plasma pressure. Thirdly, the 
blades form a heat sink close to the SOL plasma, which is required when neutral-
neutral collisions are important. 
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Abstract 

ITER OPERATIONAL CAPABILITY. 
Operational capability and sensitivity studies for the ITER Outline Design are presented. The 

operational objectives for ITER are to (i) demonstrate controlled ignition and extended burn in DT 
plasmas with a burn flat-top duration of > 1000 s; (ii) conduct prolonged campaigns of extended-bum 
operation for in-situ testing of in-vessel and test article high-heat-flux and nuclear components; and 
(iii) demonstrate steady-state operation using a non-inductive current drive. For the component testing, 
the average neutron wall loading will be about 1 MW/m2 and the fluence will be at least 1 MW-a/m2; 
an end-of-life fluence capability for the basic machine components of up to 3 MW-a/m2 will be 
adopted. An Outline Design has been developed that fulfills the ITER Detailed Technical Objectives. 
The ITER Technical Advisory Committee finds that the present design has been successful in its attempt 
to maximize physics and engineering performance while minimizing cost and complexity. 

469 
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1. INTRODUCTION 

The ITER Detailed Technical Objectives have been quantified [1] and 
include: (i) an inductive pulse flat-top capability, under ignited conditions, of 
approximately 1000s; (ii) an average neutron wall loading of about 1 MW/m2 

and a fluence of at least 1 MWa/m2 which should be achieved whilst the design of 
permanent components of the machine should not preclude achieving fluence 
levels up to 3 MWa/m2; (iii) an auxiliary heating system to achieve ignition that 
should also have non-inductive current drive capability. The Technical Objectives 
also specify that ITER operation will be divided into two phases: the Basic 
Performance Phase and the Extended Performance Phase. "For the Basic 
Performance Phase, functional tests of blanket modules should consist of a few 
thousand hours of integral burn time, in parallel with the physics program, 
including continuous test campaign of 3-6 days at a neutron wall loading of 
about 1 MW/m2". This implies the availability of blanket modules at the 
beginning of the Basic Performance Phase operation. The Extended Performance 
Phase should place emphasis on "carrying out a higher fluence component and 
materials testing program" and "may address reactor-relevant blanket segment 
demonstration". 

Details of the ITER Outline Design [2] developed to fulfill these 
requirements are presented in [3]. The basic device parameters which define the 
maximum plasma operational capabilities of ITER are R = 8.10 m, a = 3.0 m, I = 
24 MA and B = 5.7 T and tburn ^ 1000s. Reasonable physics margins for 
ignition and for a high reliability of plasma operation are respectively established 
by the choice of plasma size and current, as well as by limitation of the maximum 
vertical elongation to -1.55 at 95% poloidal flux. A large divertor space 
enhances power and particle handling capability and the moderate elongation 
simplifies vertical stabilization and softens disruptions. 

Maximum ignition capability is achieved by optimizing the use of space 
within the toroidal field coils with the bending free shape in the outer leg region. 
This optimization provides a vertical elongation of about 1.55 and ensures 
reliable vertical control without the use of in-vessel control coils. In addition, the 
use of a fully welded vacuum vessel and a self-supporting in-vessel shield/blanket 
configuration with toroidal and poloidal electrical continuity minimizes the 
electromagnetic consequences (production of saddle currents) of disruptions. 
The net toroidal resistance of the vacuum vessel and shield system lies in the 
range of 8-11 mW. Reliable vertical control [4] is expected only without in vessel 
coils. Occurrence of a significant number of disruptions with high-energy 
content plasmas (Wth @ W m a g ~1 GJ) is an unavoidable aspect of ITER 
operations, especially in the period where physics studies of ignition and burn 
equilibrium are being explored. While disruption avoidance and mitigation 
means are important ITER operational requirements and the subject of ITER-
requested physics R&D studies in presently operating tokamaks, the use of robust 
first-wall and divertor component designs capable of withstanding a nominal 
number of unmitigated disruptions is a fundamental aspect of the Outline Design 
concept. 
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The nominal fusion power for ignition operation is 1.5 GW; this fusion 
power corresponds to a Troyon beta-limit factor for the thermal plasma of about 
2.2. A typical single 1000s pulse of ITER operation at 1.5 GW burn has an 
overall pulse repetition interval of about 2200s, which is determined by 
cryogenic cooling capability in the superconducting coils. 

The Outline Design includes provisions for feedback regulated control of 
the plasma fueling rate (via gas or shallow-penetration pellet injection) to 
maintain a stable level of fusion power despite variations in plasma energy and 
particle confinement, as might occur in an L- to H-mode transition. For optimal 
burn stability, the operation point is on the higher temperature branch of the 
ignition curve, where the ignited plasma is thermally stable and fusion power is 
normally greater than 1 GW. The average plasma temperature and electron 
density at 1.5 GW operation are about 11 keV and 1.1 x 10^0 m~3; the exact 
parameters depend on the confinement assumption [5]. Under ignition 
conditions where the plasma energy balance is fully marginal (which corresponds 
to a normalized empirical-scaling confinement factor H89P = ~ 1.8), the average 
plasma temperature drops to about 6 keV. 

Sudden changes in the plasma confinement mode or uncontrolled fuel 
sources, i.e., thermal desorption from in-vessel surfaces or back flow gas from the 
divertor region, can produce power transients. Simulations of the burn dynamics 
[5] show that feedback control of the fueling rate can limit power transients to 
about 20%. Uncontrolled wall desorption and/or divertor backflow have the 
potential to produce a higher transient; the Outline Design provides for limitation 
of the desorbable first wall fuel inventory through the use of metallic (rather than 
carbon) in-vessel surfaces. 

Steady-state capability is an inherent aspect of the Outline Design owing 
to steady-state power handling capabilities of the first-wall, divertor and vacuum 
vessel system as well as provision of a combined heating and current drive 
capability in the auxiliary power system. The principal limitation on achievable 
steady-state capability lies in the area of plasma performance; foreseeable current 
drive efficiencies achievable with present sources suitable for driving current in 
the plasma core (ion cyclotron, electron cyclotron and/or tangential neutral beam 
injection) either limit steady-state wall loading to low values (< 0.25 MW/m2) or 
require enhanced physics performance (improved confinement and normalized 
beta to allow operation in an advanced high-Pp/high-bootstrap-current-fraction 
mode. The possibility of ITER operation in this mode is described in [6]. Present 
conclusions are that the required plasma equilibrium is magnetically compatible 
with the ITER divertor and first-wall geometry and with the PF system shaping 
and control capabilities. 

2. SENSITIVITY STUDY 

In order to determine the optimum way to achieve a reduction in cost of 
the ITER while minimizing the impact on its performance margin, studies of the 
impact of about 10% in size, current, elongation, toroidal magnetic field, aspect 
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TABLE 1. STUDY POINTS 

R(m) 

a (m) 

A 

B(T) 

I (MA) 

k (95%) 

Reference 

8.1 

3.0 

2.7 

5.72 

24 

1.55 

(a) 

7.89 

3.00 

2.63 

5.23 

22.8 

1.55 

(b) 

7.67 

2.67 

2.87 

5.88 

20.3 

1.55 

(d) 

7.65 

2.64 

2.9 

5.92 

21.9 

1.65 

(e) 

7.5 

2.78 

2.7 

5.2 

23.3 

1.7 

(f) 

7.1 

2.63 

2.7 

4.54 

20.5 

1.7 

(g) 

7.5 

2.78 

2.7 

5.34 

21 

1.54 

ratio and reduction in the number of toroidal coils from 24 to 20 have been 
performed. 

The variant designs were chosen to satisfy the requirements of the 
Detailed Technical Objectives, i.e. ignition and 1000s burn and a neutron wall 
load of about lMW/m^. To this end, all variant points provide enough magnetic 
flux to sustain the long burn ignition. As the Sensitivity Study was to examine 
variations of the Outline Design, each variant design was required to conform to 
the same physics and engineering constraints. To this end, the configurations 
agreed upon incorporate similar dimensions for the single null divertor and the 
scrape off layer. Also, the distance from the back plasma facing side of the TF 
coil inboard leg to the front of the blanket system has been set to the value of the 
Outline Design, i.e., 1.141 m. In addition to this, a distance of about 20 cm is 
needed between the separatrix and the wall. 

The TF Coil system must incorporate the same design concept as the 
Outline Design. In particular the TF Coil must be bending free in shape, and the 
field at the conductor must not exceed 12.9T, and the current 46.6kA. For the 
Central solenoid these values are respectively 13T and 39kA. The stress levels, 
including the shear stress, must not exceed the present Outline Design level. 

The magnetic flux requirement for resistive loss was agreed to be 25Wb 
for the initiation up to 0.5MA, lOWb during the heating phase and 100 Wb 
during the burn. 

To account for inherent uncertainties in energy and particle confinement, 
the ignition margin would be defined using a range of different statistical 
confinement laws and local transport codes. For reference and to limit the 
parameter range, the level of helium ash and of Beryllium impurity was set by 
fixing the ratio of the helium confinement time to the energy confinement time 
to an experimentally observed value of 10-12 and the level of Beryllium of 1% 
or 2%, which is on the low side of the present experimental results. 

Table 1 shows the parameters of study points. Six cases have been 
proposed: Cases (a),(b) study variation maintaining the same elongation as the 
reference Outline Design. However, Case (a) concentrates on the effect of 
reducing the magnetic field, removing 2 layers of the TF coils and of the central 
solenoid. This results in a smaller major radius, current and magnetic field on 
axis. Case (g) concentrates on the effect of reducing the size and the plasma 
current. Case (b) represents the case of a reduction of the minor and major 
radius, an increased aspect ratio and a current reduction of 4M A. Cases (d), (e) 
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and (f) study variations at an increased elongation [1.65 for (d) and 1.7 for (e) 
and (f)]. The increased elongation minimizes the reduction of plasma 
performance, maintaining a higher plasma current at a reduced minor radius. 
Case (d) provides for a high magnetic field and a high aspect ratio, while (e) and 
(f) have both a lower magnetic field at the same aspect ratio as the Outline 
Design. 

2.1. Maximum use of space 

With a bending-free shape for the toroidal field coils, the space made 
available for the divertor and shield in the Outline Design and an outboard field 
ripple of 2%, optimum use of the available space is made with a plasma 
elongation of 1.55 for 24 coils, and 1.65 - 1.7 for 20 coils. In the latter case, 
vertical position control is more demanding (see Vertical stability control). 
Variants (d), (e) and (f) are examples of such a device with reduced plasma 
current. 

2.2. Vertical stability control 

A benchmark comparison of the Outline Design for the reference 
configuration of k=1.55 and design variant (e) k=1.7 permitted agreement 
among results obtained by the Home Teams and the Joint Central Team. The 
growth rate of vertical instability in variant (e) is larger by a factor of 2.5-4 than 
in the Outline Design while at the same initial plasma displacement [and 
overshooting the voltages required for stabilization increases by a factor of 5-10 
in the design Variant (e)]. At the same control voltage in both machines, the 
maximum controllable displacement is 5-10 times smaller in design variant (e). 
An example is shown in Table 2. 

At smaller overshoot ratios, less than 20%, the linear analysis with 
unconstrained voltage predicts an increase of peak control voltage in variant (e) 
by Ue/UoD=2 at the same settling time and by Ue/UoD^ at the settling times 
equal to the growth rate times in each of the machines but the overshooting in 
variant (e) being larger. 

In conclusion of this study, it was recognized that a 10% increase of 
plasma elongation (from kQ95=l. 55 to k095=1.7) makes plasma vertical 

TABLE 2. VERTICAL STABILITY CONTROL 

Outline 
design 

Variant (e) (1) Variant (e) (2) Variant (e) (3) 

Voltage (V) 

Initial controllable 

displacement (cm) 

Overshooting (%) 

Installed power (MV-A) 

Cost increase (M$) 

7 

25 

100 

600 

42 

7 

4.15 

100 

600 

42 

14 

8.3 

100 

1500 

105 

42 

25 

100 

5200 

364 
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TABLE 3. RELATIVE IGNITION MARGIN AND COST NORMALIZED TO 
THE OUTLINE DESIGN (Cost increase due to vertical stability is not included) 

OD a b d e f 

Margin 1 0.99 0.88 0.89 0.92 0.80 0.84 
(RLW) 

Margin 1 0.9-0.95 0.9-0.95 1.0-1.02 0.95-1.0 0.85-0.9 0.85-0.9 
(L, M, ELMy) 

Relative cost 1 0.96 0.93 0.95 0.95-0.92 0.86-0.93 0.90-0.92 

position significantly more unstable. If the control power is increased (from 600 
to -1500 MVA; estimated cost increase ~70M$), normal perturbations up to 
about 8-10 cm can be controlled in the variant (e). A further increase in the 
control power level needed to reach in the variant (e) the same controllability 
range as in the Outline Design (about 25-30 cm) is unattractive, both financially 
and technically. Therefore, the variant (e) will have significantly smaller range of 
controllability for abnormal, large amplitude displacements than the Outline 
Design. 

2.3. Relative performance and relative cost 

Table 3 summarizes the results established for: THe /z^ = 12, 
nBe /ne = 0.02, a wall loading of about 1 MW/m2 and T = 8 ~ 12keV. 

The ignition margins vary between design variants due to the different 
emphasis placed in the design on different statistical scaling laws. While some 
devices may provide the same ignition margins under Power Law, they do not 
achieve the same margin with other scaling like gyroBohm RLW. A comparison 
of performance through the enhancement factor at marginal ignition shows also 
that the minimum enhancement factor necessary is of order 1.8 for the Outline 
Design, (d) and (e), but could be as large as 1.9 for (a) or over 2 for (f). 

Another measure of the margins is linked to the resilience to impurity 
and helium ash contamination. Although this analysis depends upon the 
recycling actually achieved with the divertor operation, the comparison between 
variants shows the same trends as for the ignition margins. 

A detailed design incorporates many compromises that result in 
performance and margin reduction, and none of the design variants achieve a 
better performance than the Outline Design. 

2.4. Reduction in the number of TF coils 

In order to maintain the same toroidal field ripple and plasma, the size of 
the toroidal coils must be increased by about 40 -50 cm, with a cost increase of 
about 3.5%. If the size remains constant, the elongation must be increased to 
1.65 - 1.7, which impacts on the cost to provide for the extra power supply for 
vertical control. 
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The specific issues of Neutral Beam current drive linked with the 
penetration of tangential beam towards the plasma axis are important in 
evaluating the efficiency of this scheme in steady state operation. The results of 
the study indicate that, if the global current drive efficiency is improved with 20 
toroidal field coils, the density of the driven current around the axis does not 
strongly depend upon the injection angle with 1 MeV and plasma density of 

( 0 . 7 - l ) x l 0 2 0 m ~ 3 . A neutral beam with higher energy and larger radius of 
beam tangency provides more flexibility. 

The main benefit of a smaller number of coils derives therefore from the 
fact that it also reduces the number of blanket modules and divertor cassettes, 
which could possibly reduce the reactor shutdown time. However, a larger 
number of ports in the 24 coil case allows more flexible use of the ports. 
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DISCUSSION 

R.J. GOLDSTON: You argued convincingly that, if you start from the magnet 
coils and assume that they are bending-free with external position feedback control, 
and if you assume you need a large machine (R ~ 8 m), then a low elongation is 
optimal. On the other hand, if you start from a large, highly elongated, double null 
plasma and work outwards to the coils, you end up with cased, race-track coils and 
feedback coils between the vacuum vessel and the shield. The real question is 
whether such a machine is more or less cost effective than the bending-free device? 

Y. SHIMOMURA: Such a machine could be more cost effective if it had a short 
burning time like CDA, but reliability is lower. 

K. LACKNER: I understat that the He concentration is a major driver of the 
ITER confinement requirements. The recycling coefficient you quoted, together with 
the transport model, do not suffice in themselves to specify the assumptions: you also 
have to specify the position (depth) where you redeposit the recycled He neutrals or, 
using global terms, the confinement time of the recycled He atoms (which will be 
much smaller than that of the primary He ions). What were these assumptions? 

Y. SHIMOMURA: At this time, I do not have a reliable model and the number 
is a tentative assumption on our part. 
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H.L. BERK: Why does 50 MW of external power buy you a significant extra 
margin in sustaining the a burn? 

Y. SHIMOMURA: A heating power of 50 MW increases the margin from 
1.1 to 1.3 (margin = <nTT>calculation/<nTT>required). 
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Abstract 

ITER PHYSICS BASIS. 
The scale of the ITER device requires extrapolation, based on experimentally validated physics 

principles, from current experimental results to project its anticipated performance. Furthermore, new 
phenomena and constraints arise, especially in the areas of divertor and disruption physics. The paper 
surveys many areas of tokamak physics which bear on ITER and outlines the physics basis for projecting 
ITER performance. The present physics knowledge suffices to set the major parameters for ITER but 
much of the important detail requires further work. 

1. INTRODUCTION 

The principal goal of ITER [1] is to create the world's first self-sustained, 
magnetically confined plasma operating from a thermonuclear fusion energy 
source. More specifically, the goal adopted by the ITER Council is a self-
sustained fusion power level of 1.5 GW for a period of 1000 sec. A secondary 
goal is demonstration of "steady-state" noninductively-driven plasmas lasting for 
periods greater than the =2000 sec current L/R decay time. Steady-state plasmas 
need not be self-sustained by thermonuclear power. The ITER Outline Design 
meets these general goals via a design emphasizing simplicity and reliability. The 
physics basis for this design is set forth below. References [1,2] give parameters 
of the Outline Design. 

* The International Thermonuclear Experimental Reactor Engineering Design Activities are 
conducted by the European Atomic Energy Community, Japan, the Russian Federation and the United 
States of America under the auspices of the International Atomic Energy Agency. Dissemination of the 
information in this paper is governed by the applicable terms of the ITER EDA Agreement. 
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The scale of the ITER device will bring qualitatively new phenomena to 
experimental fusion research. The energy/m2 associated with the disruption 
thermal quench can no longer be absorbed by the heat capacity of the 
divertor/first-wall material but instead will cause vaporization of sacrificial 
material. Furthermore, as was recognized in the ITER CDA [3], power flow in the 
divertor cannot be directly removed by first wall thermal conduction without 
undue erosion or melting. Divertor sweeping techniques are difficult in a reactor 
environment. A detached, radiative-divertor configuration must be found. Divertor 
physics and design are discussed in companion papers [4,5,6]. 

2. ENERGY CONFINEMENT 

Energy confinement and its implications for ignition margin are central to 
projecting whether ITER will attain sustained burn. The scale of ITER assures that 
Vie^E>l so that Ti=Te. The approach is to model ITER via 11/2 dimensional 
simulations on the PRETOR code [7], Transport coefficients are based on 
factoring diffusivities into a basic scaling term %0 and a profile factor P(r), taken 
from the RLW confinement [8,9] model: 

P(r) = 2 (1- v^R) v/(l+Zeff) T / I - | VT/T e + 2Vn e /n e | (Vq/q2 + 0.01)"1 (1) 

The well-known RLW transport model corresponds to %0)RLW x (Bv^R) in the 
ignition regime where the critical gradient no longer plays a role. ITER89P scaling 
is recovered simply by adjusting %Q so that the global energy content follows the 
ITER89P scaling relation with an H-mode multiplier H«2.0. From a physics 
perspective, RLW corresponds to an extraploation via gyroBohm scaling: 

Xo RLW « l'(Bv'R) oc x g B \ A ^ P 3CgB = T3/2c Mi1/2 (R e B2)"1 (2) 

while ITER89P follows a Bohm scaling: 

XoiTERgQP-iTc/eBjtP^f74 (3) 

Since V*, p can be identical in present tokamaks and ITER, the differences 
between RLW and ITER89P scaling reduce to the difference between a 
gyroBohm or Bohm extrapolation principle. Results reported by Wesley et al. [2] 
show a sustained-ignition margin M=1.34 for L- mode RLW scaling and M=1.06 
for H-mode ITER89P with H=2.0 and q95=3.0. These calculations assume an 
impurity content nBe/ne=0.02 and find central helium concentrations of 0.16 and 
0.12 respectively. 

To the extent possible, ITER projections should be based on measured 

performance of ITER-like discharges: no secular trends, K95«1.55, 895=0.24, 

single-null, Te*=Tj, P N = 2 . 0 ,
 a n d q95=3.0-4.0. To a good approximation, 
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TABLE 1. HIGH-DENSITY DIII-D ELONGATION EXPERIMENTS FOR 
q95 = 3.1, B = 1.6 T, Ip = 1.33 MA, Ptot = 4.3 MW, j8N = 1.7, b = 1.05 m 

Elongation 

1.66 
1.93 

< n e > 
(102 0m-3) 

0.59 
0.61 

Te(0) 
(keV) 

2.3 
2.8 

Ti(0) 
(keV) 

2.1 
2.9 

(sec) 

0.145 
0.152 

< n e X T e + T¡>r th 

0.187 
0.247 

trrER89PocHIpP-1/2 «>:H/q95P-1/2, and the fusion triple product varies as 
<nTX>ocH2/q952. Thus, H/q is a useful figure-of-merit for ignition margin, and 
H/q=0.67 has been the nominal ITER value. We have searched JET and DIII-D 
databases and find H/q<0.6 in the range 3.0<q95<4.0 for ITER-like discharges. 
Fig. 1 shows discharges from DIII-D and JET with high H/q. Wesley et al. [2] 
find H/q=0.6 just suffices for sustained ignition for a Bohm extrapolation scaling. 
If H/q falls below 0.6, then sustained ignition is no longer possible. For driven, 
high-Q operation, H>1.4 at q95=3.0 is required to attain a thermonuclear power of 
1.5GW with 100MW of auxiliary power [2]. 

Thus, if Bohm scaling prevails, the maximum demonstrated, steady-state 
experimental confinement performance is necessary for sustained burn. Moreover, 
experiments indicate that the confinement performance of ITER is expected to be 
independent of plasma current for 18MA<Ip<24MA. Of course, values of P N a n d 

the ideal MHD stability margin will vary, if currents below 24 MA are used. 
Many scaling relations [10] indicate that elongation improves 

confinement and imply that ITER would benefit from a plasma of smaller minor 
radius a, while retaining fixed height b, and fixed inner radius R0-a- A series of 
experiments on DIII-D was carried out at constant Ip , q95, and PN=1.7 and for two 
values of rie. The higher-ne, q=3.1 discharges produced^ 32% increase in the 
fusion triple product as the minor radius changed from 0.63m to 0.54m. For q=3.8, 
the increase was 13%. Lower ne values yielded hot-ion plasmas with Tj>Te. In all 
cases, ELM frequency decreased with elongation. Table 1 summarizes the high-ne 

results for q95=3.1. The improvements were not sufficient to warrant a change in 
the ITER configuration, given the diminished vertical control of increased 
elongation. 

Self-consistency requires that heating power exceed the H-mode power 
threshold whenever H-mode confinement is assumed. While the velocity shear 
model accounts for many of the experimental observations [11], at present only an 
empirical L—>H power threshold scaling relation[10,12] is available. This has the 
form 

P(MW) = (0.04) n(1020m-3) B(Tesla) A(m2)= 280 n(1020m-3) (4) 
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where A denotes the plasma surface area and the right-hand member of (4) is 
evaluated for ITER parameters. The reverse H—»L transition occurs at a factor-of-
2 less power [12]. Once in H-mode, ITER should generate sufficient power to 
remain H-mode. Initial entry into the H-mode requires a low density and a heating 
power of 100MW, given concern regarding the lower density limit for ITER 
operation arising from locked modes [13]. One should note that the linear scaling 
in A is by far the most important factor in extrapolation to ITER. While this 
scaling is consistent with tokamak data, it is not rigorously established. Indeed, 
Refs. [10,12] point out that dimensional considerations require that 
dP/dA ocnO-75B or dP/dA <*= nBR0-5. The second form increases the H-mode 
threshold by close to a factor-of-2. The correct form is evidently a key issue to 
resolve. 

3. IDEAL MHD STABILITY 

Ideal MHD stability results for ITER are reported in the paper of 
Rosenbluth et al [7]. Calculations are based on a sequence of equilibria 
constructed by equilibrium codes from PRETOR transport simulation profiles [7] 
of p, <j-B>, and q. Such equilibria were generated by the TEQ (LLNL), MEUDAS 
(JAERI), POLAR-2D and CAXE (Keldysh Institute) equilibrium codes. To enable 
study of global mode stability for higher values of PN> the pressure profile which 
is marginally stable to ballooning has been scaled up, fixing the <j-B> profile. 
These equilibrium results, in turn, have been analyzed for ballooning and global 
mode stability by the CASTOR (JET), ERATO (CRPP) (and ERATO-J, JAERI), 
GATO (GA), KINX, TORUS (Keldysh Institute), MARS (CRPP and Uppsala 
Univ.), and PEST (PPPL) codes, with a truncation at \J/A|/splrx=0.95. KINX can 
also treat a conducting separatrix. 

For L-mode profiles, ballooning instability sets in at pN=(P%aB'r/Ip)=3.4 

and global instability at (3N=4-4 without a conducting wall, well above the planned 

ITER operating point of PN=2.2. 

For H-mode profiles, the situation is different with the high edge currents 
and gradients of H-mode. Equilibria based on PRETOR H-mode profiles have 
been generated by the TEQ, TORUS, CAXE and MEUDAS codes. The global 
mode stability of the PRETOR H-mode profiles has been evaluated with the 
TORUS, PEST-A, KINX, GATO and ERATO-J codes. The ballooning limit is 
found to be about the same as L-mode as determined by TEQ. Again, a sequence 
of higher pressure equilibria based on the ballooning marginal case was used to 
find the global mode limit. Numerical results from KINX, in which an internal 
separatrix is treated, find PN=4.5 for n=l — an appreciable increase over PN=2.0, 

the result for codes which truncate at 0.95. Clearly, a more detailed investigation 
of a conducting separatrix is warranted. 
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Turning to ideal internal kink modes, the PRETOR q profiles are typically 
very flat in the center, so the effect of central q on the n=l mode is strong. An 
ERATO-J study, using the L-mode profiles, and reducing qo to 0.8, finds a limit 
PN~1- A similar PEST study finds that in lowering qo and q95 together, by scaling 
the toroidal field, the marginal PN is reduced from 4.6 (for qo=l) to ~1 for qo=0.8. 
However, experiments, for example the DIII-D discharge of Fig. 1, operate 
without difficulty at PM«2.0. 

Overall, ITER enjoys a good margin of MHD stability with respect to 
balloooning and external kink modes. PRETOR profiles are evidently not an 
accurate guide to internal kink stability and its limit remains a research topic and 
important to the issue of whether ITER encounters a hard or soft P-limit. 

4. DISRUPTIONS 

Disruptions and vertical displacement episodes (VDEs) of the ITER 
ignited plasma with -1.2 G J thermal energy and -1.5 GJ magnetic energy will 
result in significant transient heat loads on the in-vessel components and 
appreciable electrodynamical stresses on the first wall (FW) and surrounding 
structures. The basic plasma model for disruptions assumes an "almost 
axisymmetric" plasma containing ergodic regions, which provide high electron 
thermal conductivity. Rapid development of ergodic regions leads first to loss of 
thermal energy, the "thermal quench" phase followed by decay of the plasma 
current — the "current quench" — and vertical motion, which can be understood 
via axisymmetric modelling. If the initial energy loss during thermal quench is 
dominated by transport in stochastic magnetic fields, the characteristic time scales 
-a/ ^¡T. Therefore, compared for example to JET, only a modest increase of the 
quench time can be expected in ITER and the typical value should be - 1 ms. 

The frequency of disruptions in ITER has been estimated on the basis of 
statistical analysis of disruption frequency in existing tokamaks [14,15,16] under 
conditions where exploratory physics investigations are being conducted. The 
overall disruption frequency is typically -30%. The same frequency is anticipated 
for ITER operation in the 0.1 MWa/m2 BPP (-10,000 pulses over a 10-year 
period; -3000 disruptions). The subsequent 1 MWa/m2 EPP will employ only 
well-established operating conditions. Under these circumstances, the disruption 
frequency should go down to - 3 % , as is observed in present devices [14,16]. 

In the absence of vapor shielding, the energy loss to divertor plates will be 
large (-100 MJ/m2). This energy loading is sufficient to vaporize as much as 10 
kg of sacrificial beryllium plasma-facing material. The site of the vaporized 
material is anticipated to be the divertor end targets (-10 m2) and/or the divertor 
channel power exhaust structure (-100 m2). The role of vapor and/or plasma 
shielding in reducing the overall magnitude of vaporized material requires further 
analysis, since redistribution of the incident energy within the divertor structure 
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over time scales of ~1 ms still results in energy loading well above the 
vaporization threshold (~1 MJ/m2). 

The global increase of FW electromagnetic loading effects for current 
quench times <10 ms are minimal, since 10 ms is already much shorter than the 
relevant FW magnetic time constant. In addition, thermal loading of the FW 
surface during fast quenches (owing to approximately uniform radiation of 
resistively-dissipated internal plasma magnetic energy) becomes an important 
design consideration (ÀTS >103 K) for quench times <10 ms. 

The strong electric fields induced by a rapid current quench constitute a 
potential source of runaway electrons. After the thermal quench when large 
electric fields are needed to sustain the current, runaways can arise if 
"ci4 TJ^2 < 4xl04 (we assume Zeff=4). The dominant mechanism for 
production of runaways is avalanching (finite angle scattering in which the 
secondary is above the runaway threshold [17]). The number of e-foldings of 
runaways (which have average energy y~ 10) is given roughly as 

N = (e ( Edt)(4 m c CnA)"1 - 1.5IMA« 36 . While the initial number of 

runaways is difficult to estimate it seems clear with this number of e-foldings that 
an initial rapid current quench in ITER should result in transference of almost all 
of the current to runaways. Again, the scale of ITER, Ip»24MA, is qualitatively 
different in this regard from present tokamaks. The electric field will then be held 
at a level E~27te3ne (¡nA/mc2 to prevent further runaway generation with a 
consequent slow decay rate for the runaway current dIMA/dt = .2nel4. It should 
be noted that the energy in the runaways which carry the current is only a few 
percent of the precollapse thermal energy. Hence there will be a rapid inward 
shift of the equilibrium (as well as a possible VDE). If the control system is not 
able to correct this on the time scale of the passive wall it must be expected that 
the runaway electrons will be deposited on the first wall. To the extent that they 
remain directed along the field lines (hence nearly tangential to the wall) and 
reasonably uniform spatially, this should not be a problem. 

5. ALPHA-PARTICLE PHYSICS 

It is essential in the ITER design to predict the sources of alpha-particle 
loss and the plasma facing components must be designed to withstand this loss. It 
is well known that TF ripple can cause alpha-particle loss through collisional and 
stochastic diffusion and through toroidal trapping of banana particles in the ripple 
wells [18]. The theory of these phenomena is understood and effective numerical 
codes have been validated in dedicated experiments on tokamaks [19,20,21]. The 
up-down asymmetry of the ITER/EDA configuration produces additional 
mechanisms of fast particle loss [22]. An analysis of alpha-particle ripple loss has 
been achieved during the last year by the combined efforts of ITER home teams 
and the Joint Central Team. 
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TABLE 2. ALPHA-PARTICLE RIPPLE LOSS, GIBRID CODE 

Plasma current (MA) 
Toroidal drift 
Power loss fraction (%) 
Peak heat load at symmetric 

wall (MW/m2) 
Peak heat load at the limiters 

(MW/m2) 

24 
Up 
0.65 
0.06 

0.36-0.6 

24 
Down 
0.63 
0.012 

0.07-0.12 

12 
Up 
2.41 
0.13 

0.78-1.3 

12 
Down 
2.16 
0.045 

0.27-0.45 

A qualitative analysis of the loss was accompanied by a full orbit 
following Monte-Carlo calculations of ripple loss. The distribution of the loss in 
both directions of the toroidal drift was calculated by the JAERI code, code 
RLX from JET, and the GIBRID code developed in Kurchatov Institute. Table 2 
shows the typical results of these calculations (GIBRID code). Calculations were 
made for an H-mode type temperature profile with pedestal of Tedge - 5keV at 
the edge and a flat density profile. 

The present design of the ITER has a large number of poloidal protective 
limiters which cause additional toroidal concentration of the alpha-particle heat 
load. This provides an additional toroidal peaking factor of 6-10. Therefore the 
maximum peak heat load to the limiter reaches about 1 MW/m2. 

Toroidal Alfven eigenmodes (TAE) can be excited by the expansion free 
energy of confined a-particles. Again, the scale of ITER enters; the qualitative 
instability condition Cûa*Xù«VA/qR favors high-n TAE modes in ITER. 
Experimentally, TAE modes and associated energetic particle loss have been 
observed in beam simulation experiments [21,23], while DT experiments in JET 
and TFTR DT have not observed clear alpha-particle driven TAE activity [24,25]. 
In TFTR DT the highest central alpha pressure has been pa (0) « 0.25% , which 
is 1/6 to 1/3 of the expected value in ITER. 

Detailed stability calculations of TAE modes have been performed by 
several groups. The NOVA code [26] predicts instability for beam simulation 
experiments where the beam beta values are within a factor of 2 of experiment. 
When the beams are properly accounted for, NOVA predicts stability for TFTR 
DT experiments. The Candy-Rosenbluth (CR) code [27], which is a global code 
based on a boundary layer, large aspect ratio approximation predicts instability at 
a lower energetic population than the NOVA code. The CR code gives energetic 
particle p-thresholds about 1/3 the experimentally observed value, and it predicts 
that TFTR DT should be marginally unstable. 

TAE calculations for ITER have been done by the NOVA and CR codes 
as well as by a group at JET. Unfortunately the NOVA code is not well suited for 
a high-n investigation. To date only n < 7 has been investigated, and the alpha 
particles are still found to be stabilizing, even in the absence of dissipation. In 
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contrast, the CR calculations find that the alpha particles contribute in a 
destabilizing manner for n>3 and overcome background dissipation for «-values 
6<n<50. There are several unstable eigenmodes for each n, with a total of about 

M ~ 103 unstable modes. The JET group [24] has used a local, low shear model 
to analyze stability. They find at moderate m~nq values that instability might 
arise depending on the helium concentration of an ignited plasma. Clearly better 
calculations of TAE instability are required to obtain definitive predictions by 
obtaining more parametric scans, and improving the physics described in existing 
codes (e.g. issues of finite aspect ratio, finite beta, and elongation limit the 
quantitative reliability of the CR code, while the NOVA code ignores continuum 
damping, kinetic Alfven effects and is restricted to low ri). 

Attempts have been made to understand alpha particle containment when 
instability occurs. One notes that the perturbed fields produce phase space 
trapping with a trapping frequency 0)b «= ÔBm. Dimensional arguments indicate 
that if a resonant particle distribution causes an instability with a growth rate ya, 
then the saturation amplitude should be determined by the relation ú)b = Kya, 
where A: is a constant. Recent self-consistent calculations by Wu et al. [28] give 
K ~ 30 (a surprisingly large factor) while Fu and Park find K ~ 1.25. Simulation 

of the similar bump-on-tail instability gives K ~ 3 This disparity needs further 
investigation and understanding, and other possible nonlinearities need to be 
considered. To have particle diffusion, resonances need to overlap. If M unstable 
modes are present, resonance overlap arises for yal Cû~\l MK. The CR 

calculation gives ya I CO ~ 10~2. Thus if there are more than 100 / K unstable 

modes, we would expect appreciable alpha particle diffusion. 

6. STEADY-STATE, ADVANCED CONFIGURATIONS 

The realization of steady-state, noninductive current plasmas in the ITER 
device makes sense only in the context of high-bootstrap-fraction tokamak 
discharges. Given representative values of noninductive current drive efficiency 
y=0.3xl020 A/Wm2, at most 4 MA of plasma current can be driven by a 100MW 
auxiliary heating system. While this is a small fraction of the nominal inductive 
ITER current Ip=24MA, it is a reasonable fraction of an Ip=13MA, high-Pe 
discharge where 70-90% of the plasma current is carried by bootstrap current. An 
MHD-stable equilibrium (wall radius= 1.25a ) has been found [29] that will 
produce 1500MW of fusion power with an auxiliary heating power of 100 MW. 
Figure 2 and Table 3 present the specifics. The essential seed current near the 
magnetic axis is only 100 kA while the off-axis driven current is 2.5 MA. The 
need for this latter current will depend on the degree of congruency between the 
parallel current density and the bootstrap current density as self consistently 
determined by transport. 



486 PERKINS et al. 

c/3 
<D 

i — i 

è 
-t—» 

ë 
u 

"O 
tí 
cd 

ss
ur

e 

PH 

oo 
<L> 

r—< 

Pr
of

i 

cr 



IAEA-CN-60/E-3 487 

TABLE 3. ADVANCED STEADY STATE 
OPERATING MODE IN ITER 

Steady State 
Physics Mode 

Miision'^CD 

QCD 

Ro/a 
K95%^95% 

B0 

% 
!P 
^BS 

^He 

&M 
< ne > /ne0 

<T e>„/T e 0 

TE 

rE'TITER-P 

1500/100 MW 
15 
8.56/2.56 m 
1.79/0.42 
5.4 T 
4.46 
13.9 MA 
80% 
12.5% 
3.0/4.0 (100</3>aB/I) 
0.96/1.52 (1020 m~3) 
12.3/21.0 keV 
2.84 sec 
2.23 

One can envision active control of temperature and density profiles via 
their heating and fuelling sources as a means to influence the boostrap current 
density. The key point here is that equilibria which have the properties required of 
advanced tokamak equilibria are compatible with the ITER poloidal field coil set, 
divertor, plasma control capabilities, FWCD antenna position, and reasonable 
estimates of RF or NBI current drive efficiency. References [29, 30] develop and 
extend these concepts. 

7. PLASMA HEATING AND CONTROL 

Length considerations preclude discussions of plasma heating [31,32] and 
plasma control physics [33] which can be found in accompanying papers. 

8. CONCLUSION 

In every physics area discussed, the scale of ITER introduces new physics 
or constraints not dominant in present tokamaks. It follows that ITER will be a 
physics experiment. Nonetheless, our knowledge suffices to set the major 
parameters for ITER and to provide for operational flexibility suggested by 
current experiments. In good measure, the new physics introduced by ITER'S scale 
is generic to magnetic confinement toroidal reactors. There is good confidence 
that a continued development of an ITER physics basis, taken together with the 
physics results anticipated from ITER itself, will produce the physics needed to 
design DEMO. 
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DISCUSSION 

F. WAGNER: The best established scaling parameter under DT conditions is 
the mass scaling (see TFTR results), which is not borne out by gyro-Bohm 
approaches. Should this be regarded as a beneficial contribution to the margins or 
should it justify us in choosing another basis for confinement projections? 

F. PERKINS: Of course, TFTR DT results are novel and exciting, but they 
apply to the T¡ > Te supershot regime, which is not applicable to ITER, where 
T¡ « Te is expected. In fact, TFTR shows little isotope effect in T¡ « Te L mode 
conditions. A theoretical approach which yields a strong isotope effect while retain
ing other well documented scaling trends is, to my knowledge, not available. Thus 
the form for a different confinement extrapolation principle is not clear. 

F. ROMANELLI: Stability against the n = 1 fishbone mode is crucial for 
ITER. This mode could be strongly unstable on the high temperature, thermally 
stable ignition branch. 

F. PERKINS: We have not yet carried out fishbone stability calculations for 
ITER. Clearly this should be done. I can only remark that ITER is not a particularly 
high temperature tokamak — T¡(0) « 20 keV. 

M. PORKOLAB: It seems to me that you are recommending 100 MW of Paux 

to be able to get into H mode at ñe > 3 X 1019 rrr3 and yet avoid the locked mode. 
This implies PRF « 120-130 MW source power. Have you carried out any self-
consistent modelling of discharge evolution which shows that the plasma confinement 
remains in H mode as the plasma is densified, i.e., is there enough a power produced 
as the density is increased to remain in H mode? 

F. PERKINS: Yes, such a simulation has been carried out by D. Boucher and 
shows an accessible path to sustained burn. It rests on the experimental observation 
that the H — L transition power is one half of the L — H threshold power. 

K.M. McGUIRE: P.-H. Rebut (paper E-l) and Y. Shimomura (paper E-2) said 
that the helium ash was an issue for the ITER design. However, you did not address 
the helium ash as an important physics issue. Is more information needed for ITER 
on helium ash transport? 

F. PERKINS: As the DIII-D helium pumping experiment shows, the helium 
pumping depends on the details of the pumping configuration. This topic belongs 
with a discussion of the divertor operation. A successful prediction will require a 
rather detailed understanding of the neutral particle concentration levels in the ITER 
divertor. 
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Abstract 

THE ITER DIVERTOR CONCEPT. 
The ITER divertor must be designed to provide power exhaust, impurity control, and helium and 

hydrogen pumping during an acceptable lifetime. The operating regime selected for the ITER CDA 
divertor would, for the present ITER parameters, result in high power loads and high erosion rates, even 
with inclined target plates. In the reference design for the ITER divertor, it is proposed to reduce the 
target load and electron temperature by radiating about 90% of the power along the divertor channel. 

1. INTRODUCTION 

ITER will produce a nominal power of 1.5 GW corresponding to alpha particle 
heating of about 300 MW. For an energy confinement time of 4.5 s, the thermal 
energy stored in the plasma is 1.35 GJ. If the machine is accidentally driven to its 
maximum power production capability (at the beta limit), these numbers approxi
mately double. It is assumed that typically 80% of the alpha power is intercepted by 
the divertor. For a conventional design, the average power per unit area within the 
first power decay length impinging on perpendicular target plates would be between 
40 and 60 MW-m"2 [1]. These values do not take into account peaking factors or 
tilting of the target. Since space considerations limit the tilt angle to 20-30°, only 
a factor of 2-3 is gained. Though target plates handling 20 MW-m"2 are, in 
principle, feasible, they can have only a very thin armour ( » 3 mm with Be, 10 mm 
with carbon fibre composites), yielding short sputter erosion and disruption lifetimes. 

The main aim of the divertor design is to reduce both the target power load and 
the electron temperature. Reduction of the target load could be achieved, for 
example, by power loss from the bulk plasma or through radiation along the divertor 
channel. For the ITER reference design, conditions are chosen such that the latter 
is the main loss mechanism. 

An acceptable sputter lifetime (> 1000 full power discharges) requires a reduc
tion of the impinging ion flux by at least one order of magnitude and thick cladding, 
resulting in moderate steady state power handling (5 MW-m"2 for 10 mm Be or 
40 mm carbon fibre composites). It is necessary to develop a physics/engineering 
concept which allows us either to radiate a large fraction of the power from the main 
plasma or to deposit up to 80% of the total power over a large surface in the divertor 
[1, 2]. By using either of these options or a combination, a wide operation range can 
be achieved. Low heat fluxes and low temperatures in front of the plates should then 
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be achievable together with low particle fluxes onto the targets [1, 3, 4]. A discussion 
of divertor materials and lifetime predictions is given in Ref. [3]. 

Validation of the concept through experiments and modelling is still at the initial 
stage. An international Divertor Expert Group has been formed to assist the Joint 
Central Team in concept validation and, if necessary, in the definition of a different 
solution. Depending on the results, a final concept and a backup solution will be 
developed. The engineering design will maintain sufficient flexibility to accom
modate solutions for different regimes of divertor operation. 

2. THE PHYSICS CONCEPT 

Divertor concepts for Next Step machines, in particular for the ITER CD A [5], 
were based on the high recycling divertor originally developed for INTOR. In this 
regime reduction of plasma temperature and peak power load at the divertor target 
plates is achieved by intense recycling of neutrals in a thin layer (< 10 mm) in front 
of the target. While a sizeable fraction of the incoming power is consumed by ioniza
tion of recycling neutrals, radiation and charge exchange, much of this fraction would 
still be deposited onto the target by surface recombination or radiation, because of 
the proximity of the recycling region to the plate. 

For the parameters of the CD A divertor (120 MW into the SOL in a double-null 
configuration, corresponding to 100-130 MW in the single-null EDA), a peak load 
of 6 MW-m"2 before application of peaking factors was predicted [5] at the inclined 
plate. The operating regime then defined was limited to peak temperatures at the plate 
above 15 eV to allow for a sufficient margin to the density limit. The erosion of 
carbon divertor plates at this temperature was estimated (including the effect of 
redeposition) to be 4-13 cm per burn year for a peak DT flux of 4 X 1023 m2-s_1. 
The resulting lifetime of the divertor targets at Te = 15 eV was thus only marginal 
for an initial physics phase and would not be acceptable for the ITER EDA design 
with about twice higher power into the SOL. Analysis of an EDA high recycling 
divertor with the same temperature constraint gives an average load on an inclined 
target of about 20 MW-m"2, with all the resulting problems of technical feasibility 
and lifetime. 

In order to overcome these problems, new operation scenarios were suggested: 
the high density neutral gas divertor [6] and the dynamic gas target divertor [2]. Other 
concepts may evolve in the future. 

The high density neutral gas divertor has been identified in 2-D edge model 
calculations [6]. It is characterized by balancing the plasma pressure by neutral 
particles (> 1000 Pa) at plasma temperatures at the targets below 2 eV. Because of 
this low temperature physical erosion is negligible. The high density neutral gas 
divertor is currently not considered for ITER because the models do not include a 
number of important physics effects [7] (e.g. radiation trapping), the regime has not 
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been observed experimentally, neutral baffling will be difficult and the midplane 
plasma density may be prohibitively high. 

The dynamic gas target divertor [1,2] relies on radiating more than 90% of the 
power conducted into the SOL outside closed flux surfaces. Since radiation mainly 
reduces the temperature, pressure balance along field lines yields an increased 
density in front of the target. Consequently, the losses due to the hydrogen recycling 

Cassette Transparent Wall 

Gas Box Option 

Gas Box Opt ion 

FIG. 1. Lower part of ITER vessel with divertor elements for gas box design. Top: cross-section; 
bottom: isometric view. 
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at the target increase (ionization + radiation + sheath losses). As soon as they exceed 
the power conducted into the recycling region (Psol < Prec) an edge density limit 
occurs. If significant pressure reduction can be achieved upstream of the target the 
recycling losses decrease and more power can be radiated. The plasma pressure can 
be reduced by exhausting momentum through charge exchange with cold neutral 
atoms surrounding the plasma. Charge exchanged hot neutrals deposit their momen-

Vertical Target Option 

FIG. 2. Lower part of ITER vessel with divertor elements for vertical wall design. Top: cross-section; 

bottom: isometric view. 
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turn on the walls. To be efficient, this process must be repeated several times before 
the neutrals eventually become ionized (dynamic gas target regime [1, 8]). To obtain 
this multiple charge exchange the electron temperature must be below 5 eV. For 
ITER the neutral pressure in a deep divertor will be 0.1-2 Pa. 

This regime has been observed experimentally in nearly all divertor toka-
maks [4]. In these experiments, power loads on the divertor targets have been 
reduced by up to one order of magnitude. If similar reductions can be achieved in 
ITER, 2 MW-nr2 for tilted targets would result. Additional benefits can be 
expected from cross-field transport induced by multiple charge exchange collisions 
inside the low temperature exhaust plasma [1]. Since the dynamic gas target regime 
has been observed experimentally and its major trends can also be seen in 2-D model
ling [9, 10], it was selected as the physics concept for the ITER divertor. A compre
hensive discussion of the different physics effects on the chosen geometry is given 
in Ref. [1]. 

The power lost by radiation to the side walls of the divertor channel results 
in a modest average load of ~ 1 MW-m"2 due to the large deposition area 
( — 250 m 2 ) . The design will accommodate loads of up to 5 MW-irr2 to cater for 
uneven power distribution. 

During abnormal operating conditions (disruptions and giant ELMs) the plasma 
will burn through the gas target to the target plates which will respond to the resulting 
energy deposition by surface melting (for metals) and evaporation. The target plates 
will be designed to accept a steady state load of 5 MW-m 2 and to survive peak 
loads of 20 MW-m'2 for 10 s duration without major damage. 

To implement the concept, the divertor has four main areas designed to accom
modate steady state loads of 5 MW-m"2: the divertor target plates, the power 
exhaust and recycling zone (transparent wall) in the divertor channel, the central 
dome, and the baffle that reduces the flow of neutral particles into the main plasma 
chamber and together with the dome provides protection for the power exhaust area. 
Figure 1 shows a cross-section through the bottom of the machine referencing the 
main divertor elements and a three dimensional view of the divertor section for the 
gas box divertor design. The realization of the divertor concept by the engineering 
design is discussed in Refs [3, 11]. 

The same physics concept can also be realized in a different geometry. As a 
backup, a large vertical target, similar to the Alcator C-Mod divertor [12], is being 
studied, as is shown in Fig. 2 (cross-section and 3-D view). In this configuration, 
power reduction occurs in the high power part of the SOL while the outside part 
interacts with the target. 

The preferred plasma facing material is beryllium but other materials are also 
considered (W, carbon fibre composite). In contrast to W and Be, carbon fibre 
composites do not melt during disruption, but suffer from chemical sputter
ing [13, 14] and therefore can only be used if chemical sputtering can be suppressed 
(e.g. by appropriate doping or in high temperature areas). Problems of carbon-
hydrogen co-deposition and radiation resistance of the bond to the heat sink must also 
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be solved. Tungsten may be required in regions of high fluxes of energetic charge 
exchange neutrals (e.g. baffle, transparent wall, dome) to achieve acceptable sputter 
lifetimes. 

3. CONCEPT VALIDATION 

The recently formed Divertor Expert Group will help to define the voluntary 
physics R&D programme in the divertor area (experiments, physics, theory, model
ling and edge database). Experiments will address dynamic gas target divertor issues 
such as width of the operating window (density, power, etc.), baffle and power 
exhaust geometry, helium retention, effects of ELMs. An agreed model, validated 
through experiments, will eventually be used to predict the behaviour of dynamic gas 
target divertors and will permit to extrapolate existing experiments towards the ITER 
geometry and power loads. In parallel to these activities, alternative concepts will be 
investigated. 

4. CONCLUSIONS 

The reference design of the ITER divertor exploits the concept of the Dynamic 
Gas Target, based on observations in tokamaks. This has the promise of reducing the 
high heat flux conducted into the SOL to manageable values by depositing the power 
onto large surface areas. It is expected that the detailed design of the divertor will 
evolve as progress in divertor physics is made. Many areas of the concept still require 
extensive analytical and experimental validation. During this evolutionary phase, the 
challenge for the designer of the ITER divertor is to find a physics and engineering 
solution characterized by robustness and flexibility. 
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DISCUSSION 

R.J. GOLDSTON: You made clear that the divertor will only survive 50 dis
charges with giant ELMs. How many discharges will it survive with small ELMs 
(say, 2% energy drop every second)? How many full disruptions will it survive? 

K.J. DIETZ: ELMs were simulated in such a way that for 10% of the discharge 
time the plasma was considered attached, resulting in 20 MW/m2 over this time. 
The lifetime of the target using these assumptions was reduced approximately by a 
factor of 1000-2000 full power discharges (Be) for a 10 eV electron temperature at 
the target. 

D.D. RYUTOV: Do you take into account possible asymmetry of the particle 
and energy flux between the two divertor plates (inner and outer) and, if so, what 
asymmetry do you assume? 

K.J. DIETZ: No poloidal asymmetry was taken into account for detached 
plasmas. 

A. GIBSON: Which of the many difficult problem areas do you think need to 
be addressed most urgently by the existing divertor tokamak devices? 

K.J. DIETZ: Operation in H mode with detached plasma (small ELMs) and 
investigation of the operational window in terms of density, power and geometry; 
comparison of results with models (model validation); investigation of the different 
target materials considered for ITER (CFC, Be, W) and their influence on the 
impurity content in the main plasma (impurity retention/helium exhaust). 





IAEA-CN-60/E-5 

THE ITER MAGNET SYSTEM 

M. HUGUET, R.J. THOME, 
ITER JOINT CENTRAL TEAM, ITER HOME TEAMS 

Abstract 

THE ITER MAGNET SYSTEM. 
The superconducting magnet system for the International Thermonuclear Experimental Reactor 

(ITER) will consist of 24 toroidal field (TF) coils of 468 tonnes each, a central solenoid (CS) weighing 
902 tonnes, and an external poloidal field (PF) set of six coils, the largest of which will have a diameter 
of 30 m. The coils for the system will be the largest high field superconducting coils ever built. They 
will require about 1700 tonnes of Nb3Sn strand and operate at a maximum field at the windings of 
13 T. A mechanical configuration where the TF coils are bucked on the CS has been selected. An exten
sive R&D programme focused on the manufacture and testing of model coils has been initiated. 

1. INTRODUCTION 

ITER is a tokamak with a nominal plasma major radius of 8.1 m, a minor radius 
of 2.8 m, an elongation of about 1.55 and a plasma current of 24 MA. The toroidal 
field at the major radius is 5.7 T. The project goals include the demonstration of con
trolled ignition with a burn duration of about 1000 s. The average neutron loading 
at the first wall will be about 1 MW/m2, and a total fluence of at least 1 MW -a/m2 

should be achieved for blanket and material tests. 
The following will describe the features of the coil systems for ITER. Further 

information on the project may be found in Ref. [1]; for more specific magnet 
programme information, see Refs [2-6]. 

2. DESIGN BASIS 

The ITER magnet design integrates physics and technological constraints to 
optimize fusion performance. 

2.1. Magnetic field level 

The toroidal field (TF) coils and central solenoid (CS) operate at a maximum 
field of 13 T. This field is the highest that is practically achievable in large magnets 
with available superconducting materials. A reduction in field leads to an increase 
in size (cost). For example, it may be shown that a reduction from 13 to 12 T requires 
an increase of the major radius of about 0.5 m to achieve the same performance. 
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2.2. Number of TF coils 

Experiments show that the ripple of the toroidal field should not exceed 1-2% 
at the plasma edge in order to limit the power deposition on the first wall by fast ions 
lost by trapping effects. Low ripple has been achieved in ITER with 24 TF coils. This 
number is a compromise between ease of maintenance and cost. 

Twenty-four coils is the maximum number that allows replacement of in-vessel 
components between adjacent coils. With 20 TF coils, maintenance of in-vessel 
components becomes somewhat easier. The access to vessel ports is improved 
because the width of the gaps between TF coils increases more than the azimuthal 
width of in-vessel components. In addition, the use of 20 rather than 24 TF coils 
reduces maintenance work and time simply because there are 20% fewer components 
and operations. For a blanket replacement that may take two years, the time saved 
would be about five months. 

On the other hand, to achieve the same field ripple at the outboard boundary 
of the plasma, a design with 20 TF coils requires an increase of the major radius of 
the outboard leg of the TF coils by about 0.5 m. The cost increase due to the larger 
dimensions of the TF coils, PF coils and mechanical structure would be about 7% 
of the total magnet system cost. Moreover, the increase in magnetic energy leads to 
an increase of the cost of coil protection systems and PF power supplies. 

2.3. Structural configuration 

A structurally efficient design choice has been for the TF coils to buck on the 
CS rather than wedge among themselves and use a self-supporting CS. The more 
favourable stress conditions allow a significant reduction of the radial thickness of 
both TF coils and CS: 

• With a wedged TF coil design, the CS would be free standing and operate under 
severe cyclic tensile loads. By contrast, with the ITER bucked design, the CS 
operates under compressive loads and mechanical fatigue in the CS conductor 
jacket is not a design issue. The bucking cylinder (BC) carries a significant frac
tion of the centripetal forces from the TF coils and thus reduces both the peak 
stress and the stress range in the CS. 

• With a wedged TF coil design, the TF coil inboard legs would be subjected to 
a combination of vertical tensile and azimuthal (toroidal) compressive loads 
which result in a high equivalent Tresca stress. The bucked ITER design gives 
a lower stress since the azimuthal compressive component is eliminated. 

2.4. Central solenoid construction 

The CS is layer wound. This is mechanically robust and more suited to the 
bucked configuration than a pancake construction since it keeps all electrical joints 



IAEA-CN-60/E-5 501 

and coolant connections away from the primary load paths. This also reduces the 
radial thickness of the CS since no radial space is used for joints and connections. 

2.5. Toroidal field coil construction 

The TF coils are shaped such that the in-plane bending moments and shear 
stresses between layers are reduced. This allows the radial thickness of the inboard 
leg of the coils to be minimized. 

The TF coils are layer wound. Each layer consists of a steel plate that accommo
dates the circular conductor in machined grooves [5]. This arrangement allows struc
tural functions to be combined in an efficient manner: 

• The steel plates in each layer resist the hoop stress due to the toroidal field. 
• The plates also resist the tokamak overturning moment that is due to the interac

tion of TF coil currents with the poloidal field. This is achieved with shear keys 
that are inserted between adjacent TF coils. Conceptually, the effect is to com
bine all the steel plates into a toroidally complete structure. 

A comparison between the ITER bucked design and a wedged design is difficult 
since it would require both designs to be in the same state of development. Although 
design details are available only for the bucked design, it is possible to estimate that: 

• A free standing CS would have to be thicker to resist the cyclic tensile hoop load 
at stress levels that give acceptable fatigue crack propagation rates. For a total 
of 40 000 machine pulses, the tensile hoop stress should not exceed about 
300 MPa. The solenoid should then be about 0.4 m thicker than the ITER 
bucked design. To maintain the flux capability, the outer radius should increase 
by about 0.2 m. 

• A conventional CS design based on pancake construction, rather than on layer 
construction, would require about 0.1 m additional radial space for joints and 
connections. 

• Wedged TF coils could be about 0.3 to 0.35 m thicker at the inboard leg to be 
able to carry the centripetal forces. 

A total of 0.6-0.65 m has, therefore, been saved in the centre of the machine 
by using a bucked TF coil assembly, but this size reduction has been achieved at the 
expense of a more complex interface between the TF coils and the CS. 

3. GENERAL MAGNET ARRANGEMENT 

The TF coils, CS and poloidal field (PF) coils are shown in Fig. 1, and their 
characteristics are given in Table I. A general description of the overall mechanical 
arrangement for the coil systems may be found in Ref. [5]. 



502 HUGUET et al. 

BC Inner Rings Upper Support Beam 
La tch 

gig Suppar 

Polo Ida I Field 
Co i I PFZ 

Spring Jacks 
2 for upper A: 
2 for lower Beam 

Poloidal Field 
Coll PF3 

Mech. Strue ture 
TF Co / / 

Central Solenoid 

PoI a ida I Ftold 
Co i I PF4-

Po loi da I Field 
Coil PF5 

Pa ¡ai da I Field 
Cot I PF6 

Ou 1er Gravi ty 
Suppart 

Palo i da I Field 
Co i I PF7 

Lavter Support 
Beam 

0 
- i — i — i — r 

5 METRES 1 0 

FIG. 1. Elevation section of the main elements of the ITER tokamak. 

During operation, the TF coils experience a net electromagnetic load towards 
the machine axis. This load is resisted by the central structure comprising the CS and 
the BC inside the central solenoid. There is, essentially, no contact between lateral 
faces of the TF coils and, therefore, no wedging of the TF coils. 

The hoop tensile force acting on each TF coil is resisted partly by the structural 
steel contained in the coil winding and partly by a steel band running along the outer 
contour of the TF coil. At the inboard region of the TF coils, the steel band becomes 
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TABLE I. CHARACTERISTICS OF ITER COIL SYSTEMS 

TF coil data 

Overall height (m) 
Overall width (m) 
Approximate weight (t) 

Cable 
Conduit 
Insulation 
Cooling tubes 
Shear plates 
Outer band 
Miscellaneous 
TOTAL per coil 

Average turn length (m) 

Central solenoid data 

Height of winding (m) 
Inner winding radius (m) 
Outer winding radius (m) 
Approximate weight (t) 

Cable 
Conduit 
Cooling tubes 
Insulation 
Miscellaneous 
TOTAL 

Outer PF coil data 

Max. MAT 
Max. field (T) 
Average diameter (m) 
Coil height (m) 
Coil thickness (m) 
Weight (t) 

17.7 
11.7 

47 
17 
11 
4 
296 
50 
43 

468 
44.1 

12.12 
2.0 
2.77 

257 
462 
26 
45 
112 
902 

PF2 

17.6 
7.4 
11.458 
1.04 
1.16 
233 

Number of turns per coil 
Current per conductor (kA) 
Self-inductance of a single coil (H) 
Total inductance (H) 
Total stored energy (G) 
Max. toroidal field (T) 
Max. transverse poloidal field (T) 
Max. total field (T) 
Centring force per coil (MN) 
Vert, force per half-coil (MN) 
Max. voltage to ground (kV) 
Max. voltage between layers (kV) 

Number of turns 
Max. field at conductor (T) 
Total current (MAT) 
Current per conductor (kA) 
Flux, at midplane (Wb) 
Self-inductance (H) 
Total stored energy (GJ) 
Voltage per turn (V) 
Voltage between layers (kV) 
Max. voltage to ground (kV) 

PF3 PF4 PF5 

10.6 17.6 23.0 
4.7 5.0 5.8 
25.368 31.25 26.874 
1.04 2.24 1.83 
0.73 0.83 1.78 
312 951 1434 

PF6 

13.0 
4.2 
18.720 
1.29 
1.02 
378 

165 
58.2 
0.69 
57.1 
96.7 
12.7 
2.6 
13 
627 
318 

+/-5 
1.43 

3312 
13 
129 
39 
243 
16.2 
12.3 
20 
2.46 
+ / - 8 . 3 

PF7 

27.1 
7.7 
11.458 
1.52 
1.7 
482 
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thin, but it interfaces at ledges to the BC so that a substantial fraction of the hoop 
tensile force is transferred to the BC. 

The BC inside the CS has three functions: 

• To support the CS against the inward radial pressure of the TF coils. This 
results in azimuthal hoop compressive forces in the cylinder. 

• To resist a fraction of the vertical force acting on each TF coil inboard leg. This 
results in vertical tensile forces in the components forming the cylinder. 

• To provide vertical precompression of the CS. The thermal contraction charac
teristics of the Incoloy 908 in the CS conductor and the stainless steel in the BC 
provides a vertical compression in the CS upon cool-down. This is of sufficient 
magnitude to maintain the CS in a state of vertical compression throughout the 
pulse. 

The interaction of the toroidal field coil currents and the magnetic field from 
the CS and the PF coils leads to forces perpendicular to the plane of each TF coil. 
This appears as an overturning moment on the TF magnet and results in a torsional 
shear load on the overall TF coil structural system. This shear load is contained par
tially by a mechanical structure [5] at the outboard legs of the TF coils, but primarily 
by shear keys located in the key ways at the inboard legs of the coils. The shear load 
is highest at the lower curved parts of the coils, in the vicinity of the PF divertor coils. 
In this region, the large transverse poloidal field flux produces a torsional shear load 
of up to 50 MN per metre along the TF coil contour. 

4. CONCLUSIONS 

The engineering design and R&D programme [2] of the ITER magnets are 
under way with the participation of Home Teams and industries in the European 
Union, Japan, the Russian Federation and the United States of America. 

The design of the full scale coils and structures requires a deep involvement of 
the four ITER Home Teams and industries. Detailed design implies preparedness for 
construction and includes the study of the facilities that will be required on the ITER 
site for delivery, final assembly and testing. Since industry will be responsible for 
the manufacture of the ITER magnets, a substantial involvement of industry in design 
activities is essential to prepare the transition to the construction phase. The ITER 
teams are working towards this goal. 
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Abstract 

ITER VACUUM VESSEL, BLANKET AND SHIELD. 
The design of the ITER vacuum vessel and the shield/blanket assembly is described with respect 

to the requirements of ITER specifications and time frame. An important distinction is made between 
the basic and the extended performance phases. 

The ITER vacuum vessel is a major safety barrier and is designed to 
support electro-magnetic loads induced by disruptions and vertical 
displacement events. It must withstand plausible accidents, for example those 
which might result in an internal overpressure of 20 bar, without losing 
confinement. The vessel is designed as a double-wall structure formed by two 
nested tori with a total radial build which varies poloidally but is typically 
0.40 - 0.70 m thick. The inner and outer shells are 30 - 40 mm thick and are 
joined by poloidal ribs. The cavities between the shells and the ribs are filled 
with insulated steel balls which are directly cooled by water flowing through 
the system at relatively low temperature, < 200°C. The shielding properties of 
the vessel and the blanket/shield are adequate to provide acceptable end-of-
life fluences for the magnet insulators, and to limit the total power dissipated 
in the magnet to < 10 kW. The reference structural material is Inconel 625, 
which is chosen for its high strength and resistivity. The total one-turn 
resistance of the vacuum vessel and blanket is approximately 10fi-ohm, a 
value that represents a compromise between the competing requirements of 
necessary mechanical strength of these components, vertical stability control 
and the efficient use of V-sec during startup. 

The first wall, shield/blanket assembly is situated between the plasma and 
the vacuum vessel and has the dual function of removing alpha-particle 
generated heat from the plasma and dissipating the bulk of the energy from the 
thermonuclear produced neutrons. In the initial Basic Performance Phase 
(BPP) the amount of tritium required and the rate it is consumed are 
sufficiently low that it is not necessary for ITER to breed tritium. In this case, 
the shield/blanket has only a shielding function. However, in the Extended 
Performance Phase (EPP) it is likely that ITER will need to breed the bulk of 
the tritium that it consumes, and the breeding blanket must then breed tritium 
with relatively high Breeding Ratio (BR) (>0.8). 
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In the reference design for the BPP, the first wall is mechanically 
integrated into the blanket/shield structure, and is fabricated from a laminate 
of copper (Cu-lCr-lZr) and steel with typical thicknesses of 5 mm and 1 mm 
respectively. The composite wall is toroidally undulated in order to reduce the 
primary stresses due to the coolant pressure and disruption loads, which can 
each approach 2 MPa. Both positive and negative curvatures have been 
considered, where, for example, in the equatorial plane positive curvature 
means that the center of curvature is in the blanket, so that the wall 
periodically bulges outward toward the plasma. In this case, which is the 
presently preferred option, the thickness of the steel increases as the wall 
recedes from the plasma, in order to provide sufficient material to attach the 
composite to supporting ribs. The ribs are in turn joined to a thick toroidal 
shell (10 mm) which provides the main restraint to disruption loads. The 
shield/blanket is about 50 cm thick. A key issue which is being addressed in 
the R&D program is the method of joining the copper and steel. A variety of 
techniques are under investigation, including brazing, roll diffusion bonding, 
hot isostatic pressing (HIP), and explosive bonding. The space between the 
first wall and the thick toroidal shell is filled with shielding blocks in which 
poloidal cooling passages are machined. Poloidal flow is used for the water 
coolant with typical inlet and outlet temperatures of 100° C and 150° C. 

While this design appears to meet the main design requirements, 
manufacturing studies are needed to better define fabrication methods and 
cost, and further design optimization and analysis is required to establish its 
margin against off-normal events such as power excursions and disruptions. 
Meanwhile, a backup approach in which the first wall is separately cooled and 
possibly replaceable is being pursued. This concept has the potential 
advantage of being simpler and less costly to fabricate, and preliminary 
analysis indicates that it can have more margin against the effects of off-
normal events. Nevertheless, these potential advantages could be partially 
offset by a need for separate first-wall cooling manifolds, and the merits and 
demerits of both approaches must be carefully considered before a final choice 
is made. 

For the EPP, the choice for a breeding blanket must be made between 
replacing the entire shield/blanket with a breeding blanket or converting the 
existing shield/blanket to one which can breed. Practical approaches to the 
latter option have not as yet been identified, although various possibilities are 
under investigation by the Home Teams. The preferred breeding blanket 
option, which could be adopted provided a complete blanket changeout after 
the BPP is feasible, is similar to the reference blanket/shield concept except 
that vanadium replaces steel as the main structural element, and lithium 
replaces water as the coolant. About 50 mm of Beryllium would be used to 
ensure a tritium breeding ratio of about unity, and 120 mm of tungsten-carbide 
shielding would be added in order to maintain the same shielding 
effectiveness. Vanadium, in addition to its low activation properties, has good 
thermo-mechanical characteristics as the thermal stress factor is about 5 times 
higher than that of austenitic steel. This means that the first wall thickness can 
be increased to at least 5 mm, which lessens the requirement for additional 
protection elements. The main issues confronting the feasibility of this design 
are i) industrial capacity for producing the required quantities of vanadium 
alloy to ITER specifications and within the ITER time-frame; ii) industrial 
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capability for forming large structures typical of the size of the ITER blanket 
from vanadium; and iii) the feasibility of forming self-healing insulating films 
on the surface of vanadium components, which is necessary in order to reduce 
the MHD pressure drop of flowing lithium to the level of IMPa or less. These 
issues form the basis for the R&D supporting the advanced blanket 
development. Should problems develop with the formation of self-healing 
insulators, a backup approach is to use helium cooling. However, pressures of 
20 MPa or more are required and this option is therefore less attractive than 
the self-cooled variant. 





IAEA-CN-60/E-P1 

PERFORMANCE, SENSITIVITY AND OPTIMIZATION 
STUDIES FOR THE ITER OUTLINE DESIGN 

J. WESLEY, P. BARABASCHI, D. BOUCHER, N. FUJISAWA, 
D. GAMBIER, F.W. PERKINS, D. POST, S. PUTVINSKI, 
P.-H. REBUT, S. SADAKOV, Y. SHIMOMURA, 
ITER JOINT CENTRAL TEAM 

Abstract 

PERFORMANCE, SENSITIVITY AND OPTIMIZATION STUDIES FOR THE ITER OUTLINE 
DESIGN. 

Design basis, performance estimates and sensitivity studies for the ITER Outline Design are 
presented. Parameters of the Outline Design derive from requirements of the primary ITER mission 
objective of ignition and extended burn in DT plasmas, from present understanding of expected plasma 
performance and from performance of superconducting magnet and nuclear shielding systems. Major 
departures from the ITER CDA design: lower plasma eleongation K95 = 1.55, a single-null divertor 
and constant tension toroidal field (TF) magnet shape follow from considerations of optimal use of in-TF 
volume and provision of reliable vertical control. Design variants with higher elongation (up to 
K95 = 1.7) fail to offer appreciable costperformance improvement. Design variations with fewer coils 
(20 rather than 24) allow better access to neutral beam injection current drive and in-vessel component 
maintenance, but entail either increased TF coil size or loss of plasma performance and vertical control 
reliability. 

1. INTRODUCTION 

The parameters of the ITER Outline Design [1] (Table I) are carefully 
chosen on the basis of present understanding of plasma performance [2] to just 
satisfy the ITER mission requirements for ignition and extended burn at 
~1 MW/m^ neutron wall loading. A prudent amount of ignition power balance 
margin (-15-40% in terms of the DT fusion triple product nTx) is provided 
against uncertainties in the expected plasma performance under sustained-ignition 
conditions where an equilibrium level of thermal helium is reached. Plasma 
current (24 MA), toroidal field (5.7 T) and device size (R0 = 8.1 m, a= 3.00 m) 
are respectively optimized to just satisfy the beta-limit (Troyon factor) 
requirement for 1 MW/m^ operation and the inductive-current-drive requirement 
for 1000-s burn with a low-temperature ignited plasma under conditions where 
the ignition power balance is otherwise marginal. 

The Outline Design is also optimized with respect to plasma control 
reliability and provision of maximum ignition capability consistent with 
superconducting magnet [3] and nuclear shielding [4] performance. A nominal 
vertical elongation of -1.55 ensures both reliable vertical control [5] and optimal 
utilization of the in-TF magnetic field volume. Use of a constant-tension TF coil 
with a structurally-efficient layer-wound cross-section and a bucked TF/CS 
(central solenoid) structural design [3] allows both higher toroidal field (5.7 T for 
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the Outline Design versus 4.85 T for ITER CD A design) and the 608-Wb poloidal 
field (PF) system flux swing needed for 1000-s burn [5] to be obtained in a 
minimum-size and minimum-cost design with robust vertical control, adequate 
divertor space and adequate nuclear shielding. Application of the CDA magnet 
design specifications for peak field would have resulted in a design with a major 
radius > 9 m. 

2. IGNITION AND OTHER PERFORMANCE MARGINS 

Power balance margin under sustained-ignition conditions where 
equilibrium thermal He accumulation is obtained depends on theplasma 
confinement model and assumptions about He exhaust efficacy (1 - Rjje) anc* 
secondary impurity (Be) concentration. For Rj j e = 0.98 and ng e /n e = 2%, the 
ignition power balance margin 

M ign = <nDT><T>xE / KnDTXT>xEWginal ignition 

is 1.34 for a Rebut-Lallia-Watkins (RLW) critical-electron-temperature-gradient 
confinement model [6], 1.24 for an assumption of 0.85 x 1993 H0 (ELM-free) 
H-mode empirical scaling confinement [7] and 1.06 for an assumption of 2 x 
ITER 1989P empirical scaling confinement [8]. The notation < ) denotes volume-
average. 

Beta-limit margin, evaluated relative to gTroyon = 2-5 with a 10% reserve 
for fast-cc pressure, and burn-duration margin evaluated relative to a 1000-s burn 
also vary with confinement assumption (Table 1). The Outline Design is either 
ignition-margin-limited or beta-limited depending on whether RLW or 2*89P 
confinement applies. Performance under an assumption of empirical H-mode 
scaling (0.85 x 93H0) is intermediate between RLW and 2*89P. Burn duration 
becomes critical at marginally-sustained-ignition (MSI), where (T) drops to 
approximately 6 keV. 

TABLE 1. OUTLINE DESIGN DEVICE AND PERFORMANCE PARAMETERS 

Fusion power (P^J 
Plasma current (I) 
Major radius (RQ) 
Minor radius (a) 
Toroidal field (B) 
Vertical elongation (K95) 
Burn duration (%„„) 
Auxiliary power (Paux) 
Ignition performance (at P ^ = 1.5 GW, nBe/ne 

1500 MW (nominal) 
24 MA 
8.1 m 
3.0 m (maximum) 
5.7 T (at Ro; BR = 46.2 T-m) 
1.55 (at 95% poloidal flux) 
1000 s (minimum) 
50 MW (upgradable to 100 MW) 

2%, RHe = 0.98)a 

Confinement assumption" 
Central He fraction (fHe, in per cent) 
Power balance margin (Mign)

a 

Beta limit margin (= 2.2//3N) 
Burn duration margin (tbura/1000) 
a See text for definitions. 
b Marginally sustained ignition. 

RLW 
16.5 
1.34 
1.00 
1.88 

93H0g5 

15.7 
1.24 
1.11 
1.73 

2*89P 
12.3 
1.06 
1.31 
1.18 

MSP 
10.5 
1.00 
1.39 
0.92 
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FIG. 1. Ignition margin versus operational parameters. 

3. EFFECT OF OPERATIONAL ASSUMPTIONS 

Performance estimates in Table I are for standard EDA assumptions 
about fusion power ( P a = 300 MW), He exhaust (Rjje = 0.98), Be concentration 
(ng e /n e = 2%), auxiliary power ( P a u x = 0) and plasma current (I = 24 MA). 
Sensitivities to variations in these operational assumptions and to confinement 
modeling assumptions have been evaluated. With regard to sensitivity of Mjgn to 
single-parameter variations in the operational assumptions, increase in Be and the 
addition of Paux respectively have the most significant negative and positive 
impact (Fig. 1). In contrast, Mjgn is less sensitive to fusion power level (especially 
if a divertor or first wall power-handling limit precludes P a > 300 MW), increase 
in He removal efficacy, or variations in I for 4 > qç5 > 3. For variation in Rne, 
increase in Mj g n saturates for Rjj e < 0.95; this saturation reflects the effect of He 
transport (D/% ~1) in inhibiting removal of He from the plasma core. 

The sensitivity of performance margin parameters to confinement 
assumptions is shown in Fig. 2. Ignition margin for RLW or H-mode empirical 
confinement is significantly greater than for 2*89P confinement. For the latter 
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TñLW 

FIG. 2. Performance margins versus energy confinement quality, y^w is the anomalous transport 
rate normalized relative to the standard KLW model [5]. 

CDA-like assumption, margin with the standard EDA assumptions of 2% Be and 
R-He = 0.98 is critically small (-1.06); decrease of Rjje t 0 0-90 or increase in 
auxiliary power to -50 MW is required to obtain an acceptable value of ignition 
margin (-1.3). While the Outline Design allows for sustained-ignition operation 
with credible physics contingencies, the margin is not sufficient for reactor-
relevant driven operation with highly unfavorable energy confinement. With P a u x 

= 100 MW, 1.5 GW operation (Q = 15) requires H 8 9 P = 1.4. For H 8 9 P = 1, -350 
MW of auxiliary power (Q - 4) is required. 

The choice of RHe = 0.98 and 
F*aux — 0 as the basis for establishing the 

Outline Design size and current parameters (R, a and I) reflects a conservative 
design strategy that intentionally provides some remaining margin for operational 
contingencies. As illustrated in Fig. 1, increase in He removal efficiency and/or 
the addition of -50 MW auxiliary power provide an operational reserve that may 
be critical to offset unfavorable physics or operational factors. Such factors could 
include unfavorable confinement (H89p < 1.8) for sustained-burn conditions, 
higher Be (or other impurity) concentration, fast-a losses, or shortfalls in magnet 
performance. 
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4. DESIGN VARIATIONS 

Studies of the impact of -10% variations in size (R0) and current relative 
to the Outline Design show that reductions in R0 obtained at fixed plasma 
elongation result in a rapid erosion of ignition and beta-limit margins [9]. 
Options for design variations based on increased elongation are constrained by 
both limitation of the maximum elongation to < 1.65 (imposed by vertical 
control) and by severe structural limitations (-0.1 m) on the departure of the TF 
shape from a constant-tension configuration. Within these constraints, design 
variations with increased K95 and decreased R0 (with plasma height and R0 - a 
approximately fixed) result in only a small decrease in R0 (to -7.6 m), no 
appreciable change in TF coil cost or stored energy and, depending on whether 
RLW or (2*89P or 0.85*93Ho) confinement applies, to moderate (-25%) or 
negligible (-0%) loss in net ignition margin [9]. However, these increased-
elongation options do result in erosion of the small amount of vertical control 
margin that is presently provided in the Outline Design [5], [9]. For this reason, 
and for the reason that ignition performance under the standard CDA assumption 
of 2*89P empirical scaling confinement is (in combination with the other 
standard EDA performance modeling assumptions) already very marginal, a 
reduction in size or current of the Outline Design without compromise of either 
ignition or plasma control performance cannot presently be justified. 

Reduction in the number of TF coils from 24 to 20 provides better access 
for divertor cassette module handling and service connections through the 
divertor access port and similar improvements for blanket test module access and 
handling through the radial ports at the device midplane [9]. While the 20-TF 
option does allow more nearly tangential neutral beam injection (NBI) access to 
be provided, NBI current drive efficiency at the plasma axis does not improve 
appreciably unless NB injection energy is increased above 1 MeV. However, since 
the 20-TF option doubles the TF ripple level at the plasma edge, either a 
reduction in plasma size or increase in TF size would be required. 
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Abstract 

ITER PLASMA MODELLING AND MHD STABILITY LIMITS. 
Contributions of 1.5-D transport modelling to assess ITER performance, operation and MHD sta

bility limits are reviewed. Energy and particle transport models include a prescription for sawtooth 
oscillation, edge recycling and the edge transport barrier for the H mode. Comparisons with experi
ments show that these modelling assumptions can explain many experimental features. However, recent 
p* experiments suggested that ions and electrons would scale differently with this parameter. Conse
quently, a modified ion transport expression is proposed and shown to allow better simulation of experi
ments. These models are then used to predict ITER L and H mode reference profiles and the dynamic 
behaviour of an ignited plasma. The PRETOR transport profiles have been analysed for MHD stability. 
It is found that the limits are gT = 3.4 for ballooning and gT = 4.5 for global modes for both L mode 
and H mode cases. Internal kinks and resistive modes have also been studied in less detail. A brief dis
cussion is given of physical issues which remain to be resolved. 

1. MODEL ASSUMPTIONS 

Much of the modelling employs the PRETOR simulation code (cross-checked 
with the CORSICA [1] code), which implements the Rebut-Lallia-Watkins (RLW) 
critical electron temperature gradient model for energy transport [2] and the particle 
transport model by Boucher et al. [3]. Additional important aspects of the simulation 
include a model for the mixing effects of sawtooth oscillations and a simplified 
plasma boundary and recycling model that allows the global features of removal of 
thermal helium via the divertor to be simulated. A detailed comparison between 
experiments and simulations was presented in Ref. [3], in particular the successful 
simulation of heat pulse propagation in JET. 

Figure 1 shows a comparison between the simulated helium density evolution 
and the experimental observations where the assumed recycling coefficient was 
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varied from 0.96 to 0.98. The simulation is in the L mode regime — no edge trans
port barrier imposed —, whereas the experiment is an ELMy H mode. The simula
tion shows, however, that the recycling value of 0.98 used for ITER predictions is 
consistent with observations. However, improvement on (1) the effect of ELMs on 
impurity removal and (2) the modelling of pumping in a detached plasma in the diver-
tor region is clearly needed for more accurate ITER predictions. 

2. MODIFIED ION TRANSPORT 

Recent p* scaling experiments [4] exhibit features consistent with Bohm rather 
than GyroBohm scaling, whereas other experiments show that the electron and ion 
fluids have different p* scaling [5]. The RLW model being GyroBohm both for elec
trons and ions, we have modified the ratio xJXc of the standard RLW model to give 
ions a Bohm-like scaling: 

Xi'anomalous = 2 , Z i 2 T e 0.3 , R B t (metre, tesla, keV) 
Xe, anomalous V 1 + Zeff T e + T¡ V T e + T; 

and have compared the modified transport model against experiments as shown in 
Fig. 2. 

The modified model would preclude sustained L mode ignition in ITER unless 
the fusion power is significantly raised above 1.5 GW (to benefit from <nT>r 
predicted to increase with input power) or sawteeth are stabilized to benefit from 
more peaked profiles. High Q operation would still be possible. 

3. MODELLING OF THE H MODE REGIME 

A physics based model for the H mode edge transport barrier is not yet avail
able, so the H mode is simulated by imposing an ad hoc edge transport barrier for 
energy and particles immediately inside the plasma separatrix. We find that 
imposing this transport barrier results in a subsequent reduction of transport over the 
entire plasma volume due to profile evolution, as is observed experimentally in JET. 
This results mainly from the decrease of the term 

T n 

appearing in the RLW model. This alone would not, however, explain the fast reduc
tion of transport during the transition as observed in JET [6]. Figure 3 shows profiles 
predicted for ITER in L mode using standard RLW and in H mode using an edge 
transport barrier and the modified ion transport. 
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FIG. 3. Predicted ITER reference profiles in L (solid) and H (dotted) mode (left) and demonstration 
of fusion power control (right) in the L mode, stable branch, using the standard RLW model. 

4. DYNAMIC BEHAVIOUR, BURN CONTROL 

Operation on the stable branch — where transport losses dominate — is con
trolled by using a feedback on the fuel injection rate and auxiliary heating. Figure 
3 shows how accurately the obtained fusion power follows the desired wave form for 
any required fusion power. Note that more detailed scenarios for ITER plasma shut
down were done by G.W. Pacher et al. using the same transport models on the 
ASTRA code [7]. Operation on the unstable branch — where radiation losses 
dominate — is controlled, for example, by fixing the electron density and using a 
feedback on the amount of auxiliary power. Such a control scheme would, however, 
preclude fully ignited operation. Furthermore, because of high radiated fraction and 
high density operation, the requirement for H mode operation, in terms of edge 
power versus edge density, as given, e.g., by the ASDEX scaling law [8], would not 
be satisfied. 

5. MHD STABILITY 

L and H mode profiles derived from the PRETOR code have been used to ana
lyse ballooning and global mode stability for gTroyon = 2 to 6 (where gT = (/3%) 
a(m) BT(T)/Ip(MA)). The standard profiles used for these studies are shown in 
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Fig. 3. To enable study of global mode stability for higher values of gT, the pres
sure profile which is marginally stable to ballooning has been scaled up, fixing the 
<j-B> profile and, thus, producing a standard sequence of equilibria. These 
equilibrium results have, in turn, been analysed for ballooning and global mode sta
bility by the CASTOR (JET), ERATO (CRPP), ERATO-J, JAERI, GATO (GA), 
KINX, TORUS (Keldysh Institute), MARS (CRPP and Uppsala University), and 
PEST (PPPL) codes. For reference, 1.5 GW in ITER corresponds to gT = 2.4 and 
3 GW to gT = 3.5. 

6. IDEAL STABILITY: L MODE PROFILES 

All the above codes agree well on L mode stability predictions. Using the 
PRETOR L mode profile the ballooning limit is found to occur for gT = 3.4. 
Evaluation of ideal global mode stability without conducting wall finds stability for 
toroidal mode numbers n = 1, 2 up to gT = 4.4. Figure 4 shows the resulting 
dominant mode structure (m > 2 localized near the surface) from the ERATO-J 
code. With the KINX code it is found that this n = 1 limit increases by - 1 0 % (to 
a value gT = 4.8), when profiles are considered up to the separatrix 
Ofr/̂ sptrx = 1.0). The addition of an edge current with jedge/Jo = 0.2 results in a 
10% reduction in gT. Marginal n = 1 stability occurs for awall/a = 2.35, for the 
case with gT = 5. The close ITER blanket and shield structure, coupled with rota
tion, could provide this stabilizing effect although resistive wall effects have not been 
considered. 

Safety factor Mode amplitude 
q m (relative units) 

0 0.2 0.4 0.6 0.8 1.0 
Poloidal flux (\j/) 

FIG. 4. Mode structure for n = 1 external kink at limiting L mode beta with no wall. 



522 ROSENBLUTH et al. 

14 

12 

10 

P(%) 8 

6 

4 

2 

A 

D 

w 

A 

D 
O 

A 

r A 
A 

D n 
°o 

A 
A A 

D n t ] 

o 0 ° 

J * P(0) 
D </3> 

O 9T 

0.90 0.92 0.94 0.96 

V / Vsptrx 

0.98 1.00 

FIG. 5. KINX (CRPP) study of dependence of n = 1 H mode beta limit on truncation (the surface 
taken as the plasma-vacuum boundary). 

7. IDEAL STABILITY: H MODE PROFILES 

The situation is more subtle with the high edge currents and gradients of the H 
mode. The global mode stability of the PRETOR H mode profiles has been evaluated 
with the TORUS, PEST-A, KINX, GATO and ERATO-J codes. The ballooning limit 
is found to be about the same as that for the L mode, as determined by TEQ (LLNL). 
Again, a standard sequence of higher pressure equilibria based on the ballooning 
marginal case was used to find the global MHD limit. The KINX code, which is capa
ble of treating the separatrix, finds higher global stability limits than other codes 
which truncate at the 95% flux point. KINX finds a critical gT of 4.5-5.0 for 
n = 1-3, as opposed to a gT of 2 for cut-off at 0.98 corresponding to q = 4 (see 
Fig. 5). Clearly, the physical relevance of this ideal MHD separatrix stabilization is 
an open issue. 

8. IDEAL STABILITY: INTERNAL KINK 

The PRETOR q profiles are typically very flat in the centre, so the effect of cen
tral q on the n = 1 mode is strong. An ERATO-J study, using the L mode profiles 
and reducing q0 to 0.8, finds a limit gT ~ 1. A similar PEST study finds that in 
lowering q0 and q95 together, by scaling the toroidal field, the marginal gT is 
reduced from 4.6 (for q0 = 1) to ~2 for q0 = 0.9. These modes, using profiles in 
which the central pressure is flattened to ensure ballooning (Mercier) stability, are 
coupled internal-external kinks and GATO finds effective ideal wall stabilization for 
aw/a = 1 . 5 with q0 = 0.85. Studies using the CASTOR code relax the assumption 
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of central pressure flattening by using p = p0 (1 - ^ ) 3 / 2 , q = q0 + (qi - qo) 
O^/^waii)3. High growth rates are found, while conditions for finite ion Larmor 
radius stabilization or alpha stabilization are not met. The question arises whether 
high n modes will relax these ballooning unstable profiles as assumed in PRETOR, 
and how these theoretical results relate to the complex experimental panorama of 
sawteeth, monster sawteeth and quiet q < 1 operation. 

9. RESISTIVE STABILITY 

With the MARS code, the PRETOR L mode profiles are found to be resistively 
(q = 2) unstable at low values of the Lundquist number, S = rresistiVe/TAlfvén, but for 
S > 106 the resistive modes are stabilized. A study of the effects of the pressure 
profile flattening at the resonant surface required to eliminate the Glasser (MHD p') 
stabilizing effect has been made with the resistive PEST—III code. A pressure profile 
with p' constant was used, along with a q profile varying from 1.2 to 4.5. Pressure 
flattening over 10% of the radius is required to remove growth rate sensitivity to 
details of the flattening. With PRETOR-like profiles the q = 2 tearing mode is found 
to be slightly unstable (a positive eigenvalue of the A' matrix), even with the wall 
at the plasma edge, presumably because of the large current density gradients at 
q = 2 predicted by PRETOR transport with its large central flat q region as shown 
in Fig. 3. Correlation of resistive code results with present experimental behaviour 
should have a high priority. 

10. MHD CONCLUSIONS 

Standard PRETOR profiles based on L and H mode transport models have been 
analysed and found to be ballooning and low n (no conducting wall) ideal MHD stable 
for ITER operation up to about 2.5 GW. Ballooning limits are lower than external 
kink limits, leading to a hopeful expectation of soft profile adjustment. However, in 
view of the limited experimental database [9], which indicates non-disruptive 
behaviour at q95 ~ 3 only up to gT ~ 2.5 (the 1.5 GW operating point), these ideal 
results may be overoptimistic. In particular, the expected behaviour if q0 < 1, tear
ing stability at q = 2, edge effects near the separatrix, fast particle effects and the 
effects of resistive walls with low plasma rotation are sources of concern for ITER 
and require further study. 
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(Presented by S.M. Kaye) 

Abstract 

PROJECTION OF ITER PERFORMANCE USING THE MULTIMACHINE L AND H MODE 
DATABASES. 

An overview of recent analyses of H and L mode confinement and L to H mode threshold data 
is presented. The standard subset of the H mode database, consisting of about 1600 time slices from 
six tokamaks, leads to power law scalings for ELMy and ELM free discharges, both of which predict 
a confinement time for ITER of approximately 5.5 s. The analysis indicates a strong dependence of con
finement time scaling and prediction on the neutral penetration from the divertor into the main chamber. 
Consideration of dimensionless variables suggests scaling expressions for the H mode threshold which 
predict threshold powers for ITER of between 100 and 200 MW. Finally, the L mode database has been 
updated to contain over 1500 time slices from 11 tokamaks. A preliminary empirical scaling based on 
the total confinement time has been developed. 

1. INTRODUCTION 

The ITER H Mode Database Working Group effort was initiated in 1989 in 
order to compile the data necessary to determine the confinement expectations of 
ITER and other future devices. The group has compiled H mode confinement data 
from six devices, and has determined both global and thermal confinement scalings 
under various assumptions constraining the data. The group has also compiled L to 
H mode threshold data in order to determine quantitatively the required power for 
transition into the H mode as a function of controllable discharge parameters. The 
L mode database has recently been updated, adding new data from various devices 
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States of America under the auspices of the International Atomic Energy Agency. Dissemination of the 
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as well as adding additional parameters for discharges that were already in the data
base. The group is also compiling profile data to provide a set of discharges on which 
transport model development and testing can be based. 

This paper will serve as an update on the first three areas of activity, as the com
pilation of the profile database has just started. 

2. H MODE CONFINEMENT 

The first version of the H mode confinement database, ITERHDB.l (DB1), 
was released for public use at the end of 1990 [1]. In 1991, the existing data in DB1 
were improved, and new H mode data were added. The major data additions to the 
database, ITERHDB.2 (DB2), come from experiments with different wall condition
ing techniques, parameter scans and operational scenarios, and with auxiliary heating 
by means other than pure NBI. Furthermore, improvements to the old data include 
better estimates of the fast ion energy content for all machines and diamagnetic 
energy estimates for PDX. A detailed description of these improvements can be 
found in Ref. [2]. 

As was done for DB1, a set of criteria defining a 'standard' data set was devel
oped. The criteria, detailed in Ref. [2], are similar to those developed for DB1, con
straining on time stationary behaviour, low fast hot ion content and radiation losses, 
no pellet injection, H° or D° NBI injection only, no low q or /3 limit discharges, no 
hot ion H modes, and no JET data from 1987. A total of 1627 out of a total of 3405 
H mode time slices satisfied these constraints (769 ELMy and 858 ELM free). 

Simple power law regression estimates of both the global and the thermal 
energy confinement time for ELMy (all ELM types) and ELM free data in the 
standard data set were performed for the 1993 Conference on Controlled Fusion and 
Plasma Physics [3]. The differences in scaling results between Ref. [3] and earlier 
work [1] stemmed primarily from having better estimates of fast ion energy content, 
treatment of open versus closed divertor data (see below), and the omission of 
1987 JET data. The regression results from Ref. [3] for the thermal energy confine
ment are: 

r£LMy = 0.022I^76BÍ15Pu
0
h-

70M°-30R2-60ne
0-42€0-30

K
105 (1) 

and 

TELMfree = 0.036I¿-06B?-32P¿§;-67M0-41R1-79ne
0-17e-0-n/c0-66 (2) 

in units of s, MA, T, MW, amu, m and 1019 m"3. PLth is total heating power cor
rected for shinethrough, bad orbit and charge exchange losses, less the time rate of 
change of the stored energy. The two scalings have an RMS error of 13.8% and 
12.3%, and plots of the experimental thermal energy confinement time versus the 
scaling value are shown in Figs 1(a) and (b). Using EDA baseline parameters for 
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FIG. 1. (a) Experimental thermal confinement times versus scaling value (Eq. (1)) for ELMy H mode 
data; (b) experimental thermal confinement times versus scaling value (Eq. (2)) for ELM free H mode 
data. 
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TABLE I. CHANGE IN ELMy THERMAL ENERGY CONFINEMENT TIME 
SCALING EXPONENT FOR DIFFERENT RENORMALIZATIONS OF THE 
PDX CONFINEMENT TIMES 
(The ITER confinement prediction (last column) is given in seconds.) 

c 

2 

3 

4 

5 

6 

IF 

0.76 

0.13 

0.20 

0.27 

0.32 

Bf 

0.15 

-0.11 

-0.20 

-0.27 

-0 .33 

Puh 

-0.70 

-0 .01 

-0.01 

-0.02 

-0.02 

M 

0.30 

0.12 

0.20 

0.26 

0.31 

R 

2.60 

-0.31 

-0.51 

-0 .68 

-0.81 

"e 

0.42 

-0.06 

-0.10 

-0 .13 

-0.16 

e 

0.30 

-0.05 

-0.08 

-0.10 

-0.11 

K 

1.05 

-0.21 

-0 .37 

-0.50 

-0.60 

ITER 

(s) 

5.6 

5.3 

4.5 

3.7 

2.6 

ITER (24 MA, 5.7 T, 310 MW auxiliary heating power, M = 2.5, R = 8.1 m, 
ne = <ne> = 1.1 x 1020 nr3 , e = 3.0/8.1 = 0.37 and K = 1.55), the thermal con
finement times deduced for ITER are approximately 5.5 ± 0.9 s for both the ELMy 
and the ELM free scalings. 

As shown in Ref. [4], H mode confinement in closed divertors is greater than 
that in open divertors. This was taken into account in developing Eq. (1) by reducing 
the confinement times in the closed divertor devices (ASDEX and PDX) by a numeri
cal factor, as described in Refs [3, 5]. In particular, the confinement times for PDX 
ELMy data were reduced by the factor (C/RDa)

04, where RDa is the ratio of Da 

emission in the divertor region to that in the midplane, and C = 2 (C = 3 was used 
in Ref. [5]). Table I shows the effect of varying C within the range of the RDa 

values in the PDX data (2 to 6). The top row of values are the coefficients for the 
ELMy thermal confinement scaling using C = 2, while the following rows indicate 
the change in the exponent from the C = 2 case for the new C. As can be seen from 
the table, most affected by the change in C are the parametric dependences on R and 
K, both weakening with increasing C. The predicted confinement times for ITER 
(using the EDA parameters) are shown in the last column, and they vary unfavour
ably from 5.5 s for C = 2 to 2.6 s with C = 6. These results underscore the impor
tance of describing the divertor action in a quantitatively well determined manner, 
perhaps by the penetration depth of neutrals into the main chamber. 

3. THRESHOLD 

The initial analyses of the threshold database [5-7] indicated a nearly linear 
dependence of threshold power on density, toroidal field and plasma surface area S. 
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The threshold database has been extended by including additional data from ASDEX, 
JET, and high ne, high BT Alcator C-Mod ohmic discharges with a maximum neBT 

value of 12 x 1020 nr3 -T, extending the range of that value in the original database 
by a factor of 8 and reaching values in excess of those proposed for ITER. Alcator 
C-Mod is unique with its molybdenum first wall. The threshold power in C-Mod was 
at least a factor of 2 lower than that suggested by the analysis in Ref. [6], and this 
was achieved without any special wall conditioning. In addition, C-Mod exhibited a 
weaker dependence of P,hresh/S on neBT than did other devices. The threshold data
base was also augmented by data from boronized conditions on ASDEX-Upgrade, 
Compass-D, DIII-D and PBX-M. For the last two devices, boronization resulted in 
at least a factor of 2 reduction in the threshold power compared with non-boronized 
conditions. A more complete description of the newly added data is found in Ref. [7]. 

In Ref. (7), a data subset representing discharges with the lowest threshold 
powers was selected for analysis. All discharges in this subset were in deuterium, 
which leads to lower threshold powers than in hydrogen. Following Ref. [7], any 
power can be expressed in the dimensionally correct form P ~ nTvS, where n is den
sity, T is temperature, S is surface area and v is velocity (which is taken to be the 
thermal velocity and to scale as — (T/M)1/2), which leads to P = nST3/2M~1/2. 
Eliminating T3/2 while assuming the expression depends only on dimensionless 
plasma physics parameters (/5, v* and p*), and also noting that only deuterium dis
charges are being compared (M is the same), plausible expressions for the power 
threshold can be derived [8, 9]. These are P « n075BS, where it is assumed that 
P a BS, P = nBR2 5, where it is assumed that P oc nB, and P « nB06S, where it 
is assumed that P a nS. 

Plots of log10 Ptot as a function of logI0 (n
075BS) and log10 (nBR2 5) for the data 

subset are shown in Figs 2(a) and (b) (the third expression results in a similar plot 
which is not shown here). The straight lines are approximate lower bounds to the 
threshold power and are given by the expressions Ptot = 0.025n^75BTS (Fig. 2(a)) 
and 0.4neBTR2 5 (Fig. 2(b)) in units of 1020 nr3 , T, m2 and m. The scaling with 
neBTR2 5 perhaps exhibits a slightly better ordering of the data near the minimum 
threshold, except for the Compass-D points, which are clearly above the line (the 
Compass H modes were achieved by raising density above some threshold value at 
constant power). In both plots, the C-Mod data fall slightly below the line. 

In order to determine the expected power threshold for ITER from these 
scalings, a target density of 5 x 1019 nr3 is assumed. The first scaling yields a 
threshold power of ~ 100 MW, while the second gives —200 MW. These high 
values suggest that the transition into the H mode should be attempted at even lower 
density, although observations indicate a lower density 'threshold' for the H transi
tion of 2.5 x 1019 nr3; below this value, a substantial increase in heating power is 
required. Once the H mode is obtained, however, this phase can be maintained at 
power levels of order 50% of the threshold power. This hysteresis effect can be 
exploited by accessing the H mode at low density and then increasing density during 
the H phase to increase fusion power. 
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4. L MODE CONFINEMENT 

The L mode database [10, 11] has been expanded by adding more information 
about the experimental configuration, conditioning, heating and radiative power, and 
fast ion population. With 92 variables per time slice, this update makes the L mode 
database more complete and compatible with the H mode database. The database was 
extended both by the inclusion of new data from various devices and by the addition 
of data to many pre-existing entries. 

At this time, the updated L mode database consists of 2207 entries from 
11 different tokamak devices (ASDEX, Dili, DIII-D, FTU, JET, JFT-2M, JT-60, 
PBX-M, PDX, TORE SUPRA and TEXTOR), including both ohmic (640) and aux
iliary heated (1567) time slices, with the largest contributions from JET and JT-60 
(325 and 410 auxiliary heated discharges). Most of the auxiliary heated time slices 
(1362) are with neutral beams. Of the L mode discharges, 696 are diverted (583 
being single null), and 871 are limited by a material surface. No distinction was made 
on the basis of auxiliary heating mechanism or limiting surface in the following 
analysis. There were, however, 84 discharges (62 from TORE SUPRA) that 
contained helium, and these discharges were eliminated for the following analysis. 

Figures 3(a)-(c) are plots that characterize the parameter range covered by the 
remaining 1483 L mode discharges. Some parameter interdependence can be 
observed in these figures, most notably between plasma current and aspect ratio, 
and elongation and toroidal field. Systematic calculations of pairwise correlations 
indicate that the strongest correlations are between IP, BT, total heating power and 
plasma size. 

Thermal confinement time data are, at present, still being added to the database. 
Consequently, the database is not yet well enough conditioned to perform any scaling 
analyses based on the thermal energy confinement time. The results of a power law 
based multiple linear regression on the eight variables given in Table I (excluding 
4/2, which has virtually no effect on confinement time in this dataset) give the 
following expression for the total (thermal + fast particle) energy confinement time: 

rtot = 0.035Ip073Bf23Pl;
0-57M0-50R1-67ne

017e016/í0-63 (3) 

in the same units given for (1) and (2). Here, PL is defined as ohmic plus auxiliary 
heating power, less shinethrough for NBI. The RMS error for the fit is 16.8%, and 
the experimental values as a function of the fitted values are shown in Fig. 4. In the 
above expression, the global confinement time from equilibrium magnetics was used 
except for ASDEX and JT-60 lower X point divertor discharges, where diamagnetic 
loop based measurements were used. Equation (3) is distinctly Bohm-like. We cau
tion that Eq. (3) is a preliminary result. The RMS error of 16.8% is even greater than 
the 13.8% RMS error of the ELMy scaling (Eq. (1)). One of the reasons for this is 
that a careful selection of a standard subset has not yet been done for the L mode data. 
In addition, the database has not yet been screened for specific time slices that may 
be problematic. These tasks will be performed in the future. 
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FIG. 4. Experimental global confinement times versus scaling value (Eq. (3)) for L mode data. 

5. SUMMARY AND CONCLUSIONS 

The database activities have led to a more comprehensive set of data from which 
a better empirical understanding of H and L mode confinement and H mode transi
tion requirements has been derived. The studies have defined shortcomings in the 
present data set, and these indicate areas for future experiments and analysis. Power 
law scalings of the thermal energy confinement time for both ELMy and ELM free 
H mode discharges exhibit a strong size dependence and predict an ITER confine
ment time of approximately 5.5 s. The data indicate that a major role is played by 
the neutral penetration from the divertor to the main chamber, and how this is taken 
into account affects the predicted ITER confinement time significantly. An approach 
using dimensionless variables yields expressions for the L to H threshold power 
which predict threshold levels of between 100 and 200 MW for ITER. Finally, the 
original L mode database has been extended. Preliminary analysis reproduces the 
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overall parametric dependences seen in scalings based on earlier versions of the 
L mode database. Work on deriving the thermal energy confinement scaling and on 
compiling a profile database for transport model development is in progress. 

ACKNOWLEDGEMENTS 

The authors wish to acknowledge A. Bergmann, H. Maeda and T. Tsunematsu. 
The work was supported by US Department of Energy contract DE-AC02-
76-CHO3073 at Princeton Plasma Physics Laboratory, DE-AC03-89ER51114 at 
General Atomics and DE-AC02-78ET51013 at the Massachusetts Institute of 
Technology. 

REFERENCES 

[1] CHRISTIANSEN, J.P., et al., Nucl. Fusion 32 (1992) 291. 
[2] ITER H-MODE DATABASE WORKING GROUP, Nucl. Fusion 34 (1994) 131. 
[3] ITER H-MODE DATABASE WORKING GROUP, in Controlled Fusion and Plasma Physics 

(Proc. 20th Eur. Conf. Lisbon, 1993), Vol. 17C, Part I, European Physical Society, Geneva 
(1993) 103. 

[4] KAYE, S.M., et al., J. Nucl. Mater. 121 (1984) 115. 
[5] H-MODE DATABASE WORKING GROUP, in Plasma Physics and Controlled Nuclear Fusion 

Research 1992 (Proc. 14th Int. Conf. Würzburg, 1992), Vol. 3, IAEA, Vienna (1993) 251. 
[6] ITER H-MODE DATABASE WORKING GROUP, in Controlled Fusion and Plasma Physics 

(Proc. 20th Eur. Conf. Lisbon, 1993), Vol. 17C, Part I, European Physical Society, Geneva 
(1993) 15. 

[7] ITER H-MODE DATABASE WORKING GROUP, in Controlled Fusion and Plasma Physics 
(Proc. 21st Eur. Conf. Montpellier, 1994), Vol. 18B, European Physical Society, Geneva 
(1994). 

[8] LACKNER, K., Comments Plasma Phys. Control. Fusion 13 (1990) 163. 
[9] PERKINS, F., personal communication, 1993. 

[10] KAYE, S.M., GOLDSTON, R.G., Nucl. Fusion 25 (1985) 65. 
[11] YUSHMANOV, P.N., et al., Nucl. Fusion 30 (1990) 1999. 



IAEA-CN-60/E-P4 

ALPHA PARTICLE PHYSICS FOR ITER 

S. PUTVINSKI, H. BERK, P. BARABASCHI, B.N. BREIZMAN, 
D. BORBA, J. CANDY, C.Z. CHENG, B. COPPI, N. DOINIKOV, 
G.Y. FU, R.J. HASTIE, G.T.A. HUYSMANS, W. KERNER, 
S.V. KONOVALOV, S. MIGLIUOLO, F. PORCELLI, F. ROMÁNELO, 
M.N. ROSENBLUTH, S.E. SHARAPOV, K. TANI, K. TOBITA, 
B. TUBBING, J. VAN DAM, R.B. WHITE, Y. WU, P.N. YUSHMANOV, 
L.E. ZAKHAROV, F. ZONCA, S.J. ZWEBEN, 
ITER JOINT CENTRAL TEAM, ITER HOME TEAMS 

Abstract 

ALPHA PARTICLE PHYSICS FOR ITER. 
The paper is devoted to the analysis of a variety of physical processes which, in the ITER EDA 

configuration, determine the nature of alpha particle heating in the plasma interior and alpha particle 
losses to the first wall. The paper consists of results from the alpha particle toroidal field (TF) ripple 
loss calculations and an analysis of alpha particle collective effects including Alfvén modes, sawtooth 
stabilization, etc. It is shown that the ripple loss in the present ITER configuration is only a few per 
cent, which cannot directly affect the achievement of ignition. In spite of the up-down asymmetry, the 
loss fraction does not strongly depend on the toroidal drift direction. However, the heat load is highly 
localized and can be as high as 1 MW/m2 on the top of the protective limiters. Preliminary calculations 
of toroidicity induced Alfvén eigenmode (TAE) stability indicate that high n numbers may be unstable, 
but the computational tools, needed for reliable quantitative predictions, are still in a state of develop
ment. The likelihood of appreciable alpha particle loss will depend on whether TAE modes produce 
stochastic alpha particle diffusion or not. The effect of fast particles on the m = 1 mode is also 
discussed. 

1. INTRODUCTION 

It is essential in the ITER design to predict the sources of alpha particle loss 
and regions in the operational parameters that are dangerous to alpha particle confine
ment. It is essential to know how to avoid dangerous scenarios with large alpha parti
cle loss of several tens of per cent which could affect ignition. However, one can 
expect a loss of several per cent to be almost unavoidable and the plasma facing com
ponents must be designed to withstand this loss. This means that we must in detail 
know the deposition of escaping alphas to the first wall, divertor plates and other 
plasma facing components, even for weak loss channels. 
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2. ALPHA PARTICLE RIPPLE LOSS 

The toroidal field ripple is the most easily predictable type of magnetic field 
perturbation in tokamaks. It exists mainly at the plasma periphery, owing to the 
discreteness of the TF coils. It is well known that TF ripple can cause alpha particle 
loss through collisional and stochastic diffusion and through toroidal trapping of 
banana particles in the ripple wells [1]. The theory of these phenomena is understood 
and effective numerical codes have been validated in dedicated experiments on 
tokamaks [2-4]. 

The alpha particle ripple loss in ITER has been analysed during the CDA 
phase [5]. The up-down asymmetry of the new ITER configuration produces addi
tional mechanisms of fast particle loss [6]. This analysis of the alpha particle ripple 
loss has been achieved during the last year by the combined efforts of ITER home 
teams and the Joint Central Team. 

The maximum ripple inside the vacuum vessel is 2.5% (Fig. 1). The ripple well 
region is asymmetric, and ripple well trapping occurs mainly when the toroidal drift 
is directed upwards. In the downward direction of the drift, ripple well trapping is 
suppressed but banana particles experience a residual radial drift due to the asym
metry of the ripple profile [6], 

v = vdr Vô/i 

where ô is the ripple amplitude and e is inverse aspect ratio. 
In both directions of the drift the particle drift velocity is high enough to provide 

fast collisionless convective loss of the alpha particles. Therefore, in both directions 
of the toroidal drift, the TF ripples produce loss of those banana particles which have 
at least one banana turning point in the ripple well region. This simple picture was 
checked by an analysis of drift surfaces with the orbit following code. It was found 
that, because of the fast ripple decay, the destruction of drift surfaces occurs only in 
the narrow region near the ripple well boundary. The thickness of the stochastic 
region is comparable with the width of the islands produced by the ripple on the drift 
surfaces, and therefore a regime of stochastic diffusion region does not exist in these 
types of configuration. Instead, stochastization increases the width of the convective 
ripple loss cone. The same picture was observed in the JET configuration [2]. There
fore the alpha particle loss is from banana particles born with the upper tip in the 
ripple well region and particles scattered into the loss cone during their slowing down 
history. The direction of the toroidal drift does not significantly affect the total loss 
fraction but does change the distribution of the loss over the first wall. 

The qualitative analysis of the loss was accompanied by a full orbit following 
Monte Carlo calculation of the ripple loss. The distributions of the loss in both direc
tions of the toroidal drift were calculated by the JAERI code, the code RLX from 
JET and the GIBRID code developed at the Kurchatov Institute. Table I shows typi
cal results of these calculations (GIBRID code). Calculations were made for an 
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FIG. I. Ripple profile and boundary of ripple well region in the plasma cross-section. 

TABLE I. RESULTS OF GIBRID CODE CALCULATIONS 

Plasma current (MA) 

Toroidal drift 

Power loss fraction (%) 

Peak heat load at symmetric wall (MW/m2) 

Peak heat load at limiters (MW/m2) 

24 

up 

0.65 

0.3 

1.8-2.4 

24 

down 

0.63 

0.09 

0.5-0.7 

12 

up 

2.4 

0.64 

3.8-5.1 

12 

down 

2.2 

0.23 

1.4-1 
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H mode type temperature profile with a pedestal of Tedge = 5 keV at the edge and 
a flat density profile. As expected from simple considerations, the energy spectrum 
consists of a large peak at the alpha particle birth energy and a low energy tail due 
to scattering into the ripple well loss region. 

The present design of the ITER has a large number of poloidal protective 
limiters which cause additional toroidal concentration of the alpha particle heat load. 
The thickness and the height of the limiters are comparable to the alpha particle 
Larmor radius, and therefore guiding centre codes cannot be used for this analysis. 
The analysis made by the full orbit following code shows that about 95 % of the alpha 
particles are deposited on the limiters, which provides an additional toroidal peaking 
factor of six to eight. Therefore, the maximum peak heat load at the limiter reaches 
about 1 MW/m2. If the other losses discussed below lead to additional alpha particle 
transport from the plasma centre to the periphery, the heat load will be larger. 

To reduce the effect of TF ripple it was proposed to reduce the ripple amplitude 
by using ferromagnetic material (ferromagnetic balls) inside the vacuum vessel in the 
shadow of the TF coils. The effect of the ferromagnetic inserts has been analysed for 
the ITER configuration. It was found that the reduction of the ripple is quite substan
tial (1.5-2.5 times, depending on the assumptions on filling factor and saturated 
field). However, the presence of ferromagnetic material inside the vacuum vessel has 
some negative consequences (additional forces on the vacuum vessel, coupling of 
ripple to toroidal field strength, decrease of machine flexibility, etc.). 

3. STATUS OF TOROIDAL ALFVÉN EIGENMODE INSTABILITY 
AND ALPHA PARTICLE CONFINEMENT 

Toroidicity induced Alfvén eigenmodes (TAE) modes and associated energetic 
particle loss have been observed in beam simulation experiments. DT experiments 
in JET and TFTR-DT have not observed clear alpha particle driven TAE activity. 
In TFTR DT, the highest central alpha pressure has been j8«(0) « 0.25%, which is 
one sixth to one third of the expected value in ITER. 

4. TAE CALCULATIONS FOR ITER 

Detailed stability calculations of TAE modes in ITER have been performed by 
several groups. 

The Nova code [7] predicts instability for beam simulation experiments, where 
the beam beta values are within a factor of two of the experiment. This code also 
predicts that TFTR-DT would be unstable to alpha particle excitation if the influence 
of the imposed beams were ignored, but when the beams are properly accounted for, 
stability is predicted. The Candy-Rosenbluth (CR) code [8], which is a global code 
based on a boundary layer, large aspect ratio approximation, predicts instability at 
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a lower energetic population than the Nova code. The CR code gives energetic parti
cle beta thresholds about one third of the experimentally observed value in some part, 
because of the neglect of beam pitch angle scattering; it predicts that TFTR-DT 
should be marginally unstable. 

Unfortunately, the Nova code is not well suited for a high n investigation. To 
data only n < 7 has been investigated, and the alpha particles are still found to be 
stabilizing, even in the absence of dissipation. In contrast, the CR calculations find 
that the alpha particles contribute in a destabilizing manner for n > 5 and overcome 
background dissipation for n values of 10 < n < 50. There are several unstable 
eigenmodes for each n, with a total of about M « 500 unstable modes. Predictions 
of the CR code for a standard ITER configuration are shown in Fig. 2. 

The JET group [9] has used a local, low shear model in order to analyse stabil
ity. They find, at moderate m « nq, values that instability might arise depending on 
the helium concentration of an ignited plasma. The JET and CR calculations indicate 
that TAE modes may be a problem at high n numbers although they appear too 
pessimistic as compared to TFTR and DIII-D experimental results. 

Clearly, better calculations of the TAE instability are required to obtain defini
tive predictions by obtaining more parametric scans, and improving the physics 
described in existing codes (e.g. issues of finite aspect ratio, elongation and finite 
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beta, which is known to lead to significant stabilization of TAE modes [10], limit the 
quantitative reliability of the CR code, while the Nova code ignores continuum 
damping and kinetic Alfvén effects and is restricted to low n). Current TAE experi
ments in TFTR, and future TAE experiments at JET and JT-60, may shed further 
light on the situation. If the TAE persists as a dominant worry then ITER may be 
forced to a high density, low temperature scenario. 

5. NON-LINEAR TAE EFFECTS 

Attempts have been made to understand alpha particle containment when insta
bility occurs. We note that the perturbed fields produce phase space trapping with 
a trapping frequency of œh <x 5B1/2. Dimensional arguments indicate that, if a 
resonant particle distribution causes an instability with a growth rate ya, then the 
saturation amplitude should be determined by the relation a>b oc Kya, where K is a 
constant. Fu and Park find that K = 1.25, while simulation of the similar bump-on-
tail instability gives K = 3 [11]. Further work is continuing on this type of simulation, 
and other possible non-linearities need to be considered. 

To have particle diffusion, resonances need to overlap. If M unstable modes are 
present, resonance overlap arises for ya/w « 1/MK. The CR calculation gives 
yJoi » 3 x 10"3. Thus, if there are more than 300/K unstable modes, we would 
expect appreciable alpha particle diffusion. Clearly, ITER is marginal, but present 
codes are not adequate to the task. 

6. m = 1 MODES 

The behaviour of m = 1 modes in large tokamaks is not well understood and 
is a source of concern for ITER, but is thought to be influenced by fast particle effects 
[12, 13]. The predicted growth rates of ideal unstable modes arising from a peaked 
pressure profile (Mercier unstable) are comparable to the alpha particle magnetic 
drift frequency in the desired ITER configuration, where the q = 1 radius is about 
half the minor radius. Hence, stabilization of modes requiring a growth rate less than 
half the magnetic drift frequency is not expected. If the pressure profiles are flattened 
by high n modes, as is assumed in the PRETOR code used for ITER modelling, weak 
magnetic reconnection modes (and, possibly, fishbones) may still arise. For such 
modes, kinetic effects at the singular surface are important, and the very low diamag-
netic frequencies, co*, in ITER (lower than the electron collision frequency) make 
extrapolation from JET and TFTR experience [14] uncertain [15]. Thus, the 
behaviour of q < 1 profiles remains an open issue requiring further study. 
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Abstract 

ITER STEADY STATE OPERATION AND ADVANCED SCENARIOS. 
Steady state operation of ITER at interesting fusion power ( P ^ ^ S : 1 GW) is only feasible using 

the initial auxiliary heating and current drive system (Paux< 100 MW) in scenarios with high bootstrap 
current fractions. MHD stability and current profile alignment favor scenarios in which the magnetic 
shear reverses between the magnetic axis and the plasma surface. The realization of such scenarios in 
ITER is considered. They are shown to be compatible with the ITER PF and the auxiliary heating and 
current drive systems, while MHD stable access to reversed shear modes is possible with a combination 
of lower hybrid current drive and ohmic current ramp-up. 

1. INTRODUCTION 

An appropriate goal for steady-state operation in ITER is to demonstrate the 
operation of the plasma core for a steady-state fusion power reactor. This requires 

operation at a high Troyon number (gx hu I /¿B ) ~ ^ 3 ) f o r m £ h f u s i o n power 
density at a moderate plasma current; a low non-inductive current drive power 
requirement (QCD ^ 15, where QCDÍPfusion/PCD); and a moderate safety factor 
(qy<4.5) to minimize the cost of the toroidal field coils for a steady-state 
demonstration power reactor based on the steady-state operating scenarios 
demonstrated in ITER. Minimizing the current drive power requires operation at the 
highest bootstrap current fractions consistent with MHD stability and plasma control. 
We will examine a range of ITER steady-state operating points with gT^0-03, and 
bootstrap current fractions lBS/Ip^70% with a view to establishing a window for 
advanced steady-state operation in ITER. 

A promising class of scenarios are reversed shear modes, similar to the PEP 
mode observed in JET[1] and similar discharges in other tokamaks[2]. A key feature 
of this operating mode is a non-monotonic current profile with a region of reversed 
shear between the magnetic axis and the flux surface where q takes its minimum value. 
This reversed-shear region is in the second stable regime to high-n ballooning modes. 
In addition, the Rebut-Lallia-Watkins[3] and other transport models transport models 
predict enhanced confinement in regions of reversed shear. A strong reduction in 
transport has been observed in the reversed shear region in JET PEP and Tore Supra 
LHEP discharges. 

The International Thermonuclear Experimental Reactor Engineering Design Activities are 
conducted by the European Atomic Energy Community, Japan, the Russian Federation and the United 
States of America under the auspices of the International Atomic Energy Agency. Dissemination of the 
information in this paper is governed by the applicable terms of the ITER EDA Agreement. 
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2. ADVANCED STEADY-STATE OPERATING MODES IN ITER 

We have examined the prospects for such reversed shear operating points in 
ITER, and project that ITER can sustain steady-state operation while producing 1500 
MW of fusion power (assuming a 12.5% helium-ash fraction) with 100 MW of 
auxiliary power. Details of this operating point are given in the column labeled 
"Steady State Physics Mode" in Table I; while the equilibrium configuration, and 
profiles of pressure, safety factor, and plasma current are shown in Fig. 1. 

This operating scenario has been examined for MHD stability with the PEST 
code, and found to be stable for gx ^ 0.04 in the presence of a conducting wall at 1.25 
times the plasma radius. The profiles of safety factor (solid curve), plasma pressure 
(dashed curve shows 10¥P/Po ), total plasma current density in MA/m^ (solid curve), 
and bootstrap current density (long-dash curve) and driven current (short-dash curve) 
are shown in Figure 1. We see that the bootstrap current density is reasonably well 
aligned with the total current density with a high bootstrap current fraction 
(lBS/Ip=0-80). The energy confinement time required at this operating point is 2.8 s 
(for an energy enhancement of 2.23 relative to the ITER-89 confinement scaling— 
greater than required for ITER ignited operation, but less than what has been observed 
in JET PEP modes). 

The free-boundary MHD code TEQ has been used to study the compatibility 
of this advanced operating mode with the ITER poloidal field system and divertor. 
Appropriate gaps between the plasma and first wall can be maintained while mapping 
the scrape-off-layer (those flux surfaces that pass within 5 cm of the separatrix at the 

TABLE I. ADVANCED STEADY STATE OPERATING MODES IN ITER 

Steady State DEMO Physics Blanket Test 
Physics Mode Mode Mode 

Musion'ÏCD 

QCD 

Ro/a (m) 

^ Ç ^ ^ Î S 

B0(T) 

% 
Ip (MA) 

ÍBS 

fHe 

g-r/gT 

(MW) 

<ne>/ne0 ( ¥ 1 0 2 0 m"3) 

<Te>„/Teo 

tE (s) 

ÍE^ITER-P 

(keV) 

1500/100 

15 

8.56/2.56 

1.79/0.42 

5.4 

4.46 

13.9 

80% 

12.5% 

2.4%/3.2% 

0.96/1.52 

12.3/21.0 

2.84 

2.23 

2000/50 

40 

8.46/2.5 

1.84/0.46 

4.34 

3.7 

12.2 

0.91 

12% 

4.096/5.3% 

1.25/2.0 

10.2/18.4 

2.64 

2.59 

4000/100 

40 

8.46/2.68 

1.71/0.44 

6 

4.4 

16.5 

0.94 

10% 

2.9%/3.9% 

1.2/1.9 

14.5/26.3 

2.35 

2.18 
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outboard midplane) into the divertor chamber for a plasma with major radius 
R0=8.56 m, minor radius a=2.56 m, elongation k95%=1.79 and triangularity 
<d95%> = 0.42. In particular, the separation between the plasma and the first wall at 
the poloidal location of the ICRF antenna is within the range anticipated for 24 MA 
operation, so that this configuration does not pose difficulties for ICRF (or LH) 
coupling beyond those anticipated for ignited operation. This rather strongly shaped 
configuration can be achieved at a flux state consistent with an inductive current ramp-
up starting from a pre-bias that is within the capability of the ITER transformer, while 
maintaining the currents in all poloidal field coils well below present design limits. 
The growth rate of the vertical instability in the presence of the ITER passive structure 
has been computed. The lower current and higher triangularity of this plasma 
configuration compensate for the greater elongation and increased gap between the 
plasma and the inner wall to yield resistive growth rates similar to those obtained for 
the reference 24 MA operation. We conclude that this magnetic configuration is 
compatible with the ITER divertor, poloidal field, and vertical position control 
systems. 

In addition to the ultimate goal of demonstrating steady-state operation, 
Advanced steady-state operating modes could be employed in ITER to develop the 
physics data-base for a steady-state demonstration reactor, and as a high-fluence 
steady-state source of neutrons for blanket testing in a later operating phase. A critical 
issue for a steady-state demonstration reactor is the beta-limit as measured by gT- The 
column labeled "DEMO Physics Mode" in Table I shows how a high g j operating 
mode can be achieved in ITER without greatly increasing the fusion power by 
operating at decreased toroidal field. It is anticipated that, if ITER is to be used for 
high fluence blanket testing, the ITER blanket and first wall would be upgraded to 
allow a substantial increase in the fusion power. Attractive operating points for such 
high fluence testing must have high duty factor and high fusion power. Steady-state 
operation would be desirable for high fluence blanket testing because this would allow 
the duty factor to approach 1, while simplifying the interpretation of the nuclear testing 
data. The column labeled "Blanket Test Mode" in Table I shows an advanced steady-
state operating mode that produces 4 GW of fusion power while staying within 
plausible limits on confinement and beta. 

3. TRANSPORT SIMULATIONS 

A key issue for the realization of these scenarios is plasma transport. This is 
critical both to developing scenarios for stable access to high-beta, reversed-shear 
operating modes, and to determining the profiles of temperature, density, and 
bootstrap current that can be expected in steady-state operation. The JETTO transport 
code has been used to find a stable route to a high-beta, reversed shear operating point 
similar to the "Steady State Physics Mode" of Table I [4]. A combination of lower 
hybrid current drive and a fast ohmic current ramp-up forms a hollow current profile 
with shear reversal over the whole central region early in the discharge. This hollow 
current profile is "frozen in" by the application of additional heating. The MHD 
stability of this scenario for access to high-beta, reversed shear operation was verified 
by using the CASTOR MHD code to examine representative time-slices from the 
JETTO code for stability to MHD kink and ballooning modes. Extension to steady-
state operation only requires slow adjustments of the current drive systems as the time 
constants for current profile evolution are long. These JETTO transport simulations, 
together with modeling using the ASTRA[5, 6] and CRONOS codes and previous 
work by Houlberg [7], and St. John [8], indicate that a combination of central and off-
axis current drive is required to control current profile and fusion power. In particular, 
when the thermal conductivity is reduced inside the shear-reversal surface to model the 
enhanced confinement expected in this region, then the pressure gradient and bootstrap 
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current density tend to peak inside of the shear-reversal surface. Off axis non-
inductive current drive—in the vicinity of shear-reversal surface—is found to be 
necessary to control the location of the shear reversal surface and prevent the region of 
reversed-shear from collapsing inward to the magnetic axis. These simulations 
indicate that control of the current profile and fusion power is possible with bootstrap 
current fraction in the range 70-80% using 100 MW of RF power combining central 
fast wave with off-axis lower hybrid heating and current drive. 

4. MODELING OF NON-INDUCTIVE CURRENT DRIVE 

An over-all current drive figure-of-merit, S=O.25¥1020A/W-m2, is required 
for if 100 MW of power is available. The central current drive might be accomplished 
with ICRF, ECRF, or neutral beams. Previous modeling of ITER scenarios indicates 
a figure-of-merit for central ICRF current drive in the range &ICRF-0.15-
0.2¥10^AAV-m^. Modeling of central current drive with ECRF predicts a current 
drive figure-of-merit in the range SECRF~0.25-0.3¥102ÛA/W-m2; while modeling of 
neutral beam current drive yields a current drive figure-of-merit in the range S N B - 0 . 2 -

0.45¥1020A/W -m2 (this wide range reflects differences in assumptions regarding 
beam energy and aiming radius). Any of these methods could provide the central 
current required for steady-state operation and current profile control. 

The off-axis lobe in the non-inductively driven current required to control the 
minimum of the q-profile could is expected to contain more current than the central 
lobe. -In the example shown in Fig. 1, the off-axis lobe contains about 2.5 MA, while 
the central lobe contains less than 100 kA. Hence, current drive efficiency is most 
important for the off-axis current drive system. This off-axis current drive could be 
provided by ICRH (using a mode conversion or minority-ion current drive scenarios), 
ECRH, or lower hybrid waves. Lower hybrid current drive may be best suited to this 
task (and the only candidate suitable for current drive in low-beta phases of the 
discharge) because it offers the highest figure-of-merit for current drive—our 
modeling predicts a current drive figure-of-merit well within the range required in 
ITER, SLH>0.3¥10^AAV-m2. The alternatives are somewhat less attractive—our 
modeling of ECRF in ITER reversed shear scenarios indicates that off axis ECRF 
current drive is possible if a launched frequency is reduced to about 140 GHz (vs. 170 
GHz for central current drive). However, neoclassical effects and the decline in Te 
with radius lead to a reduction in the ECRF current drive figure-of-merit to about 
0.15¥1020A/W-m2. Off axis current drive with the ITER ICRF system would be 
possible in a mode-conversion or minority-ion scenario. However, these scenarios are 
not expected to yield a current drive figure-of-merit higher than the on-axis value. 
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Abstract 

PHYSICS BASIS AND DESIGN OF ITER DIVERTOR AND OF PUMPING-FUELLING SYSTEM. 
The Dynamic Gas Target regime constitutes the physics basis for the ITER divertor design. It 

allows acceptable lifetimes of the divertor components as well as feasible engineering solutions. The 
engineering design is, in principle, based on this physics concept. It is modular, can therefore be easily 
adapted to new physics solutions and is compatible with reasonably short maintenance times under 
remote handling. The lifetime (erosion) of the divertor components depends strongly on the materials 
chosen; it is reactor relevant only for high Z materials. The pumping system consists of 16 cryopumps 
installed inside the vacuum vessel allowing direct recirculation of 90% of D-T, thus minimising tritium 
inventory. The fuelling system is designed to deliver 200 Pa-m /s D-T split between gas puffing and 
low speed pellets for shallow injection. 

1 INTRODUCTION 

To find a solution for the ITER divertor is one of the most challenging 
problems in the ITER EDA. The physics concept must allow acceptable 
divertor component lifetimes and feasible engineering solutions. 
Consequently, a robust and flexible engineering design compatible with 
reasonable maintenance times under remote handling must be developed. 
Because ITER is the first quasi steady state (long pulse) high power, high 
neutron flux fusion machine the requirements for the plasma facing 
components in the divertor are unmatched in any presently existing device. 
The ITER (and fusion reactor) divertor design can only be found if all 
requirements below can be met simultaneously inside a sufficiently large 
operations window. This paper summarises the requirements, the chosen 
physics concept and the engineering solution for the ITER divertor and 
describes the pumping and fuelling system. 

2 ITER DIVERTOR REQUIREMENTS 

The ITER divertor has to exhaust the major part (60% - 80%) of the 
alpha particle power (P a ~ 300 MW nominally, but P a ~ 600 MW at the beta 
limit ). The power loads would be 40 MW/ra^ to 60 MW/m^ on divertor 
target plates perpendicular to the magnetic surfaces [1,2]. Reduction by 
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poloidal tilting of the targets is limited by alignment and space considerations 
to a factor 3, giving ~ 15-20 MW/m^. While engineering solutions for this 
power level exist in principle, they demand thin cladding (-2 mm Be or W, 
5 mm C) [3] of the Cu high heat flux components and yield short lifetimes 
(erosion) and high disruption sensitivity. Further reduction of the target power 
load could be obtained by volumetric losses (e.g. impurity radiation) in the 
whole divertor chamber, but the radiation outside the closed flux surfaces is 
limited in a "High Recycling Divertor" by the energy balance along field lines 
[4]. To overcome this limitation, the total plasma pressure must be reduced 
by a factor 10 along field lines [5], requiring a new physics concept for the 
ITER divertor. 

The divertor must also withstand giant ELMs and disruptions. The 
latter deposit up to ~140 MJ/m^ on the target plates within 0.1 to 3 ms, 
causing evaporation and surface melting (for metals). To achieve acceptable 
lifetimes (> 500 disruptions) the cladding on the high heat flux components 
must be as thick as possible (e.g. 1 cm Be or W, 4 cm C), reducing the steady 
state heat removal capability (e.g. to ~5 MW/m^) and allowing a limited 
number of giant ELMs (-10 MJ/m^). However, regular giant ELMs (~ 
100/discharge) are not acceptable because the resulting target lifetime would 
be < 50 discharges by evaporation and 1/10 this if the melt layer is lost. 

The divertor component lifetime will also be determined by erosion 
due to plasma ions and CX-neutrals [1]. The lifetime is maximised if the 
cladding is as thick as allowed by the predicted steady state power load (e.g. < 
1 cm Be or W, <4 cm C) and if the sputtering threshold including self (+ 
chemical) sputtering is higher than the particle energy. These considerations 
would in principle favour high Z plasma facing materials (e.g. W). However, 
the compatibility of W in the divertor with low core plasma pollution must be 
demonstrated in existing machines before W can be chosen for the ITER 
divertor. 

The ITER divertor plasma has to entrain target produced and recycling 
impurities (Ne, Ar,... seeding to enhance radiation), and in particular He. This 
requires a flow of plasma ions along the SOL towards the target large enough 
to balance the thermal force [6]. In addition D, T and recycling impurity 
neutrals must be prevented from escaping the divertor outside the plasma. 
This demands a relatively tight baffle at the divertor entrance. 

The divertor has to withstand the electromagnetic forces during 
disruptions, in particular, halo current forces. For a downward disruption each 
of the 96 divertor cassettes will have to face -150 tons downward force and 
up to 45 tons radial force [7]. Each "wing" (transparent wall segment) can 
have a radial force up to 24 tons. The divertor must be designed to withstand 
these forces and also to ensure that target plates of adjacent cassettes remain 
aligned. To reduce the halo current loads to these values and avoid arcs 
between adjacent cassettes and between the divertor and the vessel, earth 
straps defining the current path are essential. 

The engineering design and choice of material has to take account of 
the changes in the material properties, such as thermal conductivity (high heat 
flux components) and mechanical strength (mechanical structure), under 
neutron irradiation [8]. 
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Finally the engineering design has to promote maintenance times as 
short as possible under remote handling conditions [9], which is important for 
all in-vessel components. In particular, the divertor is bound to suffer from 
various erosion mechanisms, possibly necessitating frequent exchange/repair. 

Only if all the above requirements are fulfilled simultaneously can the 
concept be accepted as a divertor concept for ITER. 

3 A NEW PHYSICS CONCEPT FOR THE ITER DIVERTOR 

The physics concept envisaged for the ITER divertor, the "Dynamic 
Gas Target", is a comprehensive extension of the original idea of Ref. [11] 
and has already been extensively described [1]. The main features of this 
concept are outlined here. 

High radiation losses outside the closed flux surfaces are possible only 
if the total plasma pressure drops significantly (factor 10) along field lines [5]. 
Such a pressure reduction and the corresponding reduction of ion flux onto 
the target can be obtained when the divertor plasma interacts strongly with 
neutrals (momentum loss by friction) between the X-point and the target 
plates [1]. This can be achieved at reasonable neutral and plasma densities 
only if Te < 5 eV in the interaction region [1,12]. 

Both experiments [13,14,15,16,17] and 2-D edge modeUing [18,19,20] 
show that Te in the divertor can be reduced by impurity radiation to <5 eV 
below a (flame like) ionisation front significantly upstream of the divertor 
targets. As shown in [12] radiation levels of ~ 200 MW needed in the ITER 
Divertor to achieve such low electron temperatures are difficult to obtain 
under the assumption of corona equilibrium and at impurity concentrations 
compatible with good main plasma performance. However, strong 
enhancement of the radiation efficiency, particularly at higher electron 
temperatures is expected when CX recombination and the limited impurity ion 
residence time in the SOL/divertor plasma are taken into account [12]. 

At Te < 5 eV the neutral mean free path for ionisation becomes 
significantly larger than for CX or ion-neutral collisions. Before becoming 
ionised, a neutral can make several CX or i-n collisions and then leave the 
plasma, transferring significant momentum to the divertor wall. The pressure 
reduction by this dynamic momentum loss mechanism depends on the length 
along field lines of the neutral - plasma interaction region, on the neutral 
density (pressure ~0.1 to 2 Pa) along the divertor plasma, and on the Mach 
numbers of the plasma ions and neutrals [1]. 

As shown in [1,21] for laminar flow and for neutral density 
>5*10l9m~3, the momentum transfer efficiency by neutrals drops with 
distance to the wall. This reduced efficiency is important for short neutral 
plasma interaction regions (~5 m along field lines from the ionisation front to 
the target) but for long interaction regions (20 m), >90% of the plasma 
momentum can be removed anyway. 

4 IMPURITY RETENTION IN A DYNAMIC GAS TARGET 
DIVERTOR 

Work on impurity retention and He ash exhaust in the new dynamic 
gas target regime has just started. Nevertheless first estimates (ideas) and a 
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FIG. 1. Sum of drag force and thermal force derived from plasma parameters calculated by the D CC83 
code for the Dynamic Gas Target regime. The divertor target plate is at Z = 2.0, the X-point and the 
separatrix are also indicated. (a)3-D plot, (b) Contour plots showing regions of negative and positive 
values of the quantity of (a). The negative region upstream of the X-point near the separatrix indicates 
a net force away from the target. 
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few numerical simulations have been performed. Preliminary considerations 
imply that a significant fraction of the intrinsic impurities originates from the 
side walls of the divertor (transparent wall) and in particular from the baffle 
area near the X-point (CX sputtering). Frequent small ELMs burning briefly 
(~ 10% of the time) through the gas target to the plates can produce 
comparable impurity fluxes. 

The impurity behaviour was estimated from the background DT 
plasma profiles obtained from DDC83 [22] for a fully developed dynamic gas 
target by calculating the 2-D distribution of the drag force and the thermal 
force along field lines for heavy impurities (Fig. 1) and for He in trace 
amounts. The drag force dominates except in a narrow region upstream of the 
X-point near the separatrix where the sum of the two forces becomes negative 
and impurities are pushed away from the divertor (negative region in Fig. lb). 
This small negative force originates mainly from flow reversal and is locally 
supported by the thermal force. The forces for He are similar apart from a 
factor ~2. The relatively small force generated by the ambipolar electric field 
associated with the strong temperature gradient near the ionisation front can 
be neglected. Therefore, impurities (intrinsic or injected) coming from the 
divertor side wall or the target plates and ionised downstream of the ionisation 
front, are mainly swept towards the target, because the frictional force there is 
strong and VTi is low. 

However, impurities which enter from the side and are ionised 
upstream of the ionisation front where the sum of the forces is negative (Fig 1) 
are dragged away from the divertor. The introduction of a source upstream 
(e.g. main chamber gas puff) and pumping in the divertor might generate 
enough flow in the SOL to reverse this negative force term. This effect was 
demonstrated for JET conditions in EDGE2D multifluid calculations in gas 
target conditions with puffing and pumping [23]. 

These considerations are valid for low or moderate impurity levels in 
the divertor plasma. For high Zeff both the impurity transport and the 
background plasma parameters depend nonlinearly on the impurity level. 

Recent investigations [24] with the DIVIMP code showed that neon or 
nitrogen tend to radiate upstream of the ionisation front at temperatures above 
10 eV. In these calculations the impurity retention was rather poor, causing 
high Zeff in the SOL at the midplane. 

Further investigations with self-consistent multifluid codes and 
divertor tokamak experiments are urgently needed to assess impurity 
retention and He entrainment and to permit definite statements about He 
exhaust and core He concentration. 

5 THE ENGINEERING DESIGN 

For the Dynamic Gas Target regime, neutral-plasma interaction in the 
whole divertor is required. The recycling neutrals can be distributed along the 
divertor either in an open divertor configuration (present experiments) or in a 
wide gas box divertor. 

High neutral densities in the main chamber are not desirable due to the 
negative consequences for the H-mode, the increased impurity production by 
CX and chemical sputtering [25] as well as the difficulties of density control. 
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Gas Box Op t i on 

FIG. 2. Isometric view of ITER divertor showing the gas box concept. 

Furthermore, retention of recycling impurities is also strongly compromised in 
an open divertor. Therefore, a baffle for neutrals designed for a neutral density 
(pressure) reduction of 10^ is needed between the divertor and the main 
plasma chamber. It is realised by separate Toroidal Limiter/ Baffle modules 
attached to the lower part of the blanket (Fig. 2) [10]. These modules 
constitute a toroidally continuous high heat flux component following the 6 
cm flux surface (measured in the midplane) outside the separatrix above the 
X-point for 1.5 m poloidal length. The baffle modules consist of a water-
cooled stainless steel structure constituting a neutron shield and of a 
removable (outside the vessel) high heat flux element clad with Be or W (5 to 
10 mm) similar to the energy dump targets. 

The divertor gas box consists of 96 divertor cassettes mounted on 
toroidal rails [9] (Fig. 2). Each cassette is 5 m long, 2 m high and 0.3 - 0.6 m 
wide, and weighs more than 15 tonnes. The cassettes (Fig. 3, details in [9]) are 
manufactured in two halves, each consisting of a water-cooled stainless steel 
structure with Be-clad CuCrZr surfaces towards the plasma side accepting a 
power load of up to 1 MW/m^. The cassette shape is determined by the 
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requirements above and by the necessity of integrating the energy dump 
targets and a transparent wall close to the divertor plasma. 

As discussed above and in [1], a plasma-wall distance of >0.2 m 
reduces the momentum removal by neutrals for interaction length <5 m. 
Therefore a transparent wall realised by wing-like Be or W clad water cooled 
CuCrZr structures designed to accept 5 MW/m^ steady state heat load is 
introduced -0.2 m from the divertor plasma (Fig. 2,3, [9]). These wing-like 
structures are separate exchangeable modules (Fig. 3) fed by cooling pipes 
which are routed to the back of the cassettes to protect the seal welds from 
neutron irradiation. To avoid exposure of leading edges of the structure to the 
divertor plasma (> lGW/m^), it is protected by the baffle and by a divertor 
dome in the private flux region which is part of the divertor cassette (Fig. 2). 
The top of this dome is protected by a high heat flux module similar to the 
energy dump targets. 

The energy dump targets at the ends of the two divertor channels have 
to accept the remaining heat flux during steady state operation (< 5 MW/m^) 
and the energy loads during disruptions and ELMs. When the formation of a 
gas target fails or is delayed, the full power conducted into the SOL will be 
deposited on the targets for a limited time (-20 MW/m^ for typically 10 sec). 

FIG. 3. Exploded view of one half of a divertor cassette. The two different high heatflux components 
constituting the two alternative concepts are shown. Exchanging one set of high heatflux components 
with an alternative one allows adaptation to new physics concepts with little implication for the cassette 
design. 
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In all these abnormal operation conditions the cladding material will 
evaporate and melt (if Be or W), but formation of a highly radiating vapour 
shield [26] will mitigate the consequences. However, in the case of excessive 
loads over a longer period (>10 sec), the cladding could detach from the heat 
sink. In this case, the water cooled heat sink has to be able to withstand the 
power load for the entire pulse. To achieve the required performance the 
components forming the energy dump targets consist of CuCrZr 
hypervapotron elements bonded to a stainless steel structure which also forms 
the water manifold. These water cooled target plates are then mounted on the 
divertor cassettes (Energy Dump, Dome) and the Baffle (Fig. 3). The cooling 
pipes feeding them are routed to the back of the divertor cassettes / baffles 
where the neutron flux is smallest, maximising the operation time after which 
rewelding is still possible. Thus all high heat flux components can be tested 
prior to installation and damaged components can be exchanged outside the 
machine (hot cell). Cladding will be applied to the heat sink by plasma spray 
or, alternatively, brazing or HIPping; the method chosen will depend on the 
results of ongoing R&D. 

An alternative configuration with a vertical energy dump target (figure 
given in [2]) at the outside of the two plasma fans between the baffle and the 
bottom of the cassettes is also considered. Such a configuration, similar to the 
ALCATOR-C-mod divertor, would restrict neutral recirculation to the private 
flux region and would thus have dynamic gas target conditions only at the 
high power side of the .divertor SOL. Results from C-mod {15] indicate, 
however, that a sufficient reduction of the peak power reaching the targets 
might be possible. A vertical target solution has the advantage of very 
efficient neutral baffling and of pushing neutrals towards the high power part 
of the SOL and into the private flux region. 

Because the present cassette design is pumped through the private flux 
region, different divertor geometries can be obtained (Fig. 3) by just 
exchanging (outside the machine) the high heat flux components with 
different ones. This design flexibility will allow completion of most of the 
detailed engineering of the divertor cassettes, the remote handling, the 
alignment, the locking mechanism and the cooling lines independent of the 
divertor geometry finally chosen. Thus the actual divertor geometry can be 
decided rather late and therefore ample time for developing a sound physics 
basis for the ITER divertor is available. 

6 INSTALLATION AND COOLING ROUTING 

The 96 cassettes are installed through four equispaced remote handling 
ports using radial rails to guide the cassettes through the port. Two toroidal 
rails provide for toroidal movement, alignment and locking (Fig. 2). The 
handling is based on radial and toroidal pushing/pulling machines. During the 
remote handling operation, large clearances (in the range of 10 mm) are 
needed between the cassette support pads and the rails in order to avoid 
jamming. Once a cassette has reached its final position, wedges will be 
inserted remotely to close these clearances and maintain the alignment during 
operation. Since temperature variations are anticipated between the cassette 
and the vessel, the inner support pad is able to slide radially on the inner rail 
during operation while the outer one is blocked onto the outer rail acting as a 
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radial reference. The support pads are all electrically insulated using alumina 
sprayed pins, while earthing straps connect the cassette to the vessel in order 
to provide a preferential electrical path. 

An 'integrated manifold' design (Fig. 2) is being pursued for the routing 
of cooling lines to the cassettes. It incorporates two short segments of inlet 
and outlet manifolds in each cassette which are welded together after 
assembling the divertor in the vessel. Thus two manifolds, each feeding 12 
cassettes, are incorporated, connected through special piping ports to the heat 
exchanger. The advantages of this concept are that irradiated pipes are 
replaced together with cassettes, that no separate remote handling of 
manifolds are necessary, that the internal cutting and welding tools are guided 
by the pipes themselves, that maintenance activities can begin early, that pipe 
alignment is simple and that internal welds are generally favoured against 
corrosion. 

7 COMPONENT LIFETIME 

The lifetime of the divertor components, assessed in [1], is summarised 
here. The lifetime of the baffle, the divertor dome and the transparent wall 
will be determined mainly by erosion by CX neutrals. Their energy will vary 
along the divertor channel and might in part of the region stay below the 
sputtering threshold of all considered materials (Be, C, W). However, in the 
upper part of the divertor and in particular in the baffle area high fluxes of 
higher energy CX neutrals are expected. From a preliminary assessment [1] 
1 cm cladding will survive -1000 full power discharges (Be, C) and -10^ 
discharges (W), respectively, for neutrals with energy <100 eV. CFCs can be 
used only if chemical sputtering can be suppressed (e.g. by appropriate doping 
or in high-temperature areas). 

Normal operation in the Dynamic Gas Target regime provides low 
plasma temperatures and a moderate particle and power flux (~10^^m"?s"l, 
<5 MWnr^) to the energy dump targets mitigating erosion. However, 
abnormal events can produce energy loads which will melt and evaporate the 
target plates. Small high frequency ELMs occurring during normal operation 
will briefly re-attach the plasma and thus enhance physical sputtering. The 
disruption lifetime of the energy dump targets is ~ 1000 disruptions (1 cm Be 
or W, 4 cm C). For Be and W, melt layer loss could reduce this to several 100 
disruptions. The erosion lifetime is 2000 discharges (1 cm Be), 10000 to 500 
discharges (4 cm C at 1000°C or low temperature, respectively, including 
chemical sputtering), and >10^ discharges (1 cm W). While the high Z values 
appear favourable, a fraction of the evaporated material will be deposited on 
the main chamber wall, possibly causing unacceptable plasma pollution in 
subsequent discharges. Until the compatibility of good plasma operation with 
high Z coating on the first wall is demonstrated by existing machines, it would 
be imprudent to choose high Z materials for the cladding of the ITER divertor 
components. 

8 PUMPING SYSTEM AND HE PUMPING 

The torus internal pumping system is currently configured with 16 
cryogenic pumps located inside each of 16 lower mid plane ports. Each 
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cryopump is of three stage design, with individual impurity, hydrogenic 
species and helium pumping surfaces. An inlet chevron provides thermal 
shielding of the pump. The total pumping speed of each pump can be 
regulated by an inlet flap valve and in addition the helium pumping speed can 
be varied by the position of a shroud enclosing the helium panel. The inlet flap 
valve also provides isolation of the pump from the torus during pump 
regeneration and the helium shroud separates the helium and DT pumping 
sections. An intermediate flap valve allows regeneration of the impurity 
section. The pumps are designed to operate during all phases of high vacuum 
operation including pump down, conditioning and plasma operations. On-line 
regeneration during plasma operations will serve to minimise tritium 
inventory. About 90 % of the regenerated fuel gases (H, D, T) will be 
recirculated directly back into the divertor and the main chamber via the gas 
puffing system, the balance being exhausted to the tritium plant to prevent 
impurity accumulation. The regeneration strategy for the pumps remains to be 
developed. During burn the pumps will operate at a total neutral pressure in 
the range of 0.1 to 10 Pa (pump port inlet) and the system should be designed 
for a total net pumping speed of at least 500 m^/s. 

To maintain a steady state burning plasma, at least the helium ash 
produced (5.4x10^0 s~l for 1.5 GW fusion power) must be exhausted. Recent 
results from DIII-D show effective He ash removal in ELMy H-modes with a 
high recycling divertor but no such experiments have been performed to date 
in dynamic gas target divertor conditions. The minimum required He pumping 
speed will strongly depend on both core and divertor He transport. 

With the pumping speed above and considering that a number of 
pumps will be always in regeneration, the He enrichment factor in the 
divertor must exceed 0.2 at the lowest pressur, estimated by taking the 
predicted 20% core He concentration and specifying 0.1 Pa minimum DT 
neutral pressure at the inlet of the divertor pumping port. Taking the impurity 
retention considerations above into account, this requirement does not seem 
very stringent. However, experiments addressing He exhaust with this new 
divertor regime are urgently needed. It was agreed at the first ITER divertor 
expert group meeting [27] to address this problem, widely recognised in the 
fusion community, with highest priority in all divertor tokamaks 

9 THE FUELLING SYSTEM 

The fuelling system is composed of a gas injection and a pellet injection 
system. The total fuelling rate of D-T is 100 Pa-nvVs (max.) for each system, 
the fuel gas injection system consists of a ring manifold at the vacuum vessel 
wall above the divertor ports and several dosing valves at the top of the 
plasma chamber and in the divertor. The ring manifold is connected through 
valves to the high pressure part of the cryogenic pumps in the divertor port 
and through another valve to the gas handling plant outside the machine. Most 
of the pumped D-T will then be recirculated inside the vacuum vessel and thus 
inside the first safety boundary. In addition, a separate impurity injection 
system will be required to introduce Ne, Ar, etc. to vary the radiation in the 
divertor and main plasma and to provide gas for He glow or ECH discharge 
wall conditioning. If necessary, thin film coatings (e.g. Be, B) can be 
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generated for wall conditioning by an ECH driven plasma CVD with reactive 
gases using this system. 

The pellet injection system will be based on the proven centrifuge and 
single-stage light gas gun driver concepts. Of these, the former is preferred 
because it has no propellant gas load. Priority will be placed on the 
development of a long pulse (1000 s), tritium-compatible, feed system which 
would be required for either accelerator system. The maximum pellet speed is 
envisioned to be in the range of 1 - 1.5 km/s. A 3-mm - 6-mra range in pellet 
size has been adopted, giving global density perturbations of 0.6% - 2.5% 
respectively, small enough to minimise perturbations of the scrape-off layer. 
The pellet repetition rates for 6-mm and 3-mm pellets and the specified 
throughput are 8 Hz and 60 Hz respectively. Experiments are needed which 
simulate the ITER shallow fuelling scenario under quasi steady-state 
conditions (implying active particle removal) and demonstrate control of the 
core density level while independently maintaining conditions in the SOL. 
The ITER pellet injectors can operate tritium-rich to enhance the tritium 
fuelling efficiency over that of deuterium injected by gas puffing. This may 
allow operation in a regime of lower tritium flows and reduced tritium wall 
inventory. 

10 CONCLUSIONS 

From the experimental and modelling evidence currently available, the 
dynamic gas target regime is expected to provide the necessary conditions for 
ITER divertor operation. The resulting target power loads and erosion rates 
are compatible with reasonable engineering solutions and material choices. 
Alignment requirements for the dump targets, the dome and the baffle of 
adjacent cassettes are ~±1 mm, expected to be achievable. This permits the 
divertor gas box to be assembled from 96 cassettes and thus makes it 
compatible with remote handling. A first rough assessment of impurity 
retention and He exhaust in this new divertor regime is encouraging, although 
firm conclusions require more work to be done. The gas target regime is 
favourable for pumping due to the relatively high neutral pressure in the 
divertor and the high escape probability for recycling neutrals from the 
plasma fan. 

However, to validate this concept a comprehensive physics R&D 
programme and manufacturing and remote handling tests have to be 
performed by the ITER parties. The fusion community is involved directly via 
two expert groups in the divertor area, who will take an important role in 
defining the physics R&D program, establishing a multi-device edge 
database, advancing model validation and development, and determining the 
physics basis of the ITER divertor. The engineering design of the ITER 
divertor will be based on this physics foundation. Construction of a full scale 
engineering test bed starting 1995 will provide manufacturing, coolant flow 
and handling tests within the time frame of the EDA. 
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Abstract 

ITER DIVERTOR MODELLING: PREDICTIONS AND EXPERIMENTAL VALIDATION. 
Computational simulations using experimentally validated models are important for the develop

ment of the ITER divertor concept. The results of the simulations indicate that operation of a 'detached' 
plasma in ITER will require significant amounts of impurity radiation in the scrape-off layer and good 
confinement of the neutrals in the divertor chamber. 

1. INTRODUCTION 

The ITER divertor is designed to reduce the peak heat loads to acceptable levels 
by transferring a substantial portion of power and momentum from the divertor 
plasma to the side walls of the divertor chamber by atomic processes such as impurity 
and hydrogen radiation and charge exchange [1, 2]. Simulations are used to assess 
the feasibility of: (1) impurity radiation to exhaust the heating power with an accept
able impurity concentration in the main plasma; (2) forming and controlling a radiat
ing region in the divertor; and (3) ensuring the compatibility of the divertor operating 
conditions with those of the main plasma. 

2. MODEL VALIDATION 

The models include the 2-D B2/EIRENE [3], EDGE2-D/NIMBUS [4], 
UEDGE/NEWEDGE [5, 6], UEDA [7], PLANET [8], DDC83 [9] and DDIC91 [10] 
codes and a variety of specialized codes for assessing the effects of radiation transport 
[11] and molecular effects [12]. The codes generally include 2-D transport of density, 
momentum and energy in a realistic geometry, impurity transport and radiation, and 
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neutral transport. These codes are being validated by comparison with data from 
present divertor experiments. The regime most typical of ITER is 'detached' opera
tion (see, e.g., Ref. [13]), usually involving a 'MARFE', in which most of the 
plasma energy is radiated by impurities from a high density, low temperature region 
before it reaches the divertor plate. 

The B2-EIRENE code incorporates a full multispecies treatment of impurity 
transport, drifts, and a time dependent, Monte Carlo calculation of neutral transport 
to simulate plasma detachment, the formation of MARFEs, the effects of drifs, and 
ELMs. Analysis of the edge transport in ohmic ASDEX/U discharges indicates 
that a transport model with the poloidal flux as the dependent variable 
(Qx ~ Xx dT/d\f/) is a poorer fit to the measured temperature and density pro
files than a transport model with minor radius as the dependent variable 
(Qx « Xx 3T/dr). 

Analysis of impurity transport using a multifluid carbon transport model for 
attached and detached discharges to match the spectroscopically measured C II and 
C III distributions in the divertor region indicats that many, if not most, carbon ions 
in the SOL plasma are due to an influx of hydrocabon molecules from both the target 
plates and the walls rather than to physical sputtering of atomic carbon. Successfully 
modelling the formation of MARFEs in ASDEX/U ohmic discharges required gas 
puffing to increase the density and a carbon influx from the wall due to the chemical 
reaction of atomic hydrogen with the graphite wall tiles. In these simulations, the 
plasma detaches, the heat flux on the inner divertor plate drops, and the MARFE 
migrates from the plate to just above the X point on the inside (Fig. 1). Using the 
time dependent neutral transport model, simulations of ELMs by programming 
increases of the edge transport coefficients at the ELM frequency [14] have 
reproduced many of the key features of the heat and particle fluxes on the divertor 
target plates. 

EDGE2D-U/NIMBUS simulations of detached JET discharges, including 
multispecies transport of carbon and Monte Carlo neutral transport, successfully 
reproduce the drop in the ion flux to the divertor plate while the level of Ha radia
tion remains the same or increases, but only when much of the energy in the SOL 
is radiated by carbon. The calculated source of Be from the Be target plates is 
predicted to be small, consistent with the experiments which indicate that the primary 
impurity is carbon from the wall. A major discrepancy between the simulation and 
the experiment is that the code predicts that detachment should occur at an electron 
temperature of around 2 eV, whereas detachment in the experiment occurs for tem
peratures of 5 eV or higher. In addition, the Ha cloud is more diffuse in the 
experiment than in the calculation, indicating that the ionization layer is closer to the 
plate in the simulation than in the experiments. 

High power DIII-D discharges which are 'detached' at the inner strike point and 
attached at the outer strike point have been modelled with the UEDGE code [15]. 
Once corrections are made for radiation from the inner strike point, the code runs 
are reasonably successful in matching the T¡, Te and n<. profiles at the midplane, and 
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FIG. 1. Density contours of a simulated MARFE for ASDEX/U. 

the power flux profile and magnitude on the attached outer divertor plate. Simulations 
of fully detached plasmas have been less successful. In particular, the electron tem
perature at the plate is much lower ( < 1 eV) than is observed in experiments 
( — 5 eV), and the calculated ion flux and plasma pressure near the plate are not 
reduced in the simulation but are in the experiments. 

UEDA code studies of the potential role of poloidal variations of the heat flux 
through the separatrix and of E x B drifts on the measured in/out asymmetries in 
the profile and the magnitude of the heat flux on the divertor plates for high power 
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L mode discharges in JT-60/U indicate that these effects are not sufficient to explain 
the observed asymmetry. 

For attached H mode operation in JET, DIII-D and JT-60/U, the simulations 
indicate that cross-field conductivity and diffusivity are relatively small 
( — 0.2-1 m2/s for the L mode, — 0.05-0.25 m2/s for the H mode), significantly 
smaller than the Bohm values. The divertor simulations have generally been less suc
cessful in matching detached operation than in matching attached operation. The 
codes generally detach with Te ~ 0.5 to 2 eV at the divertor plate, in contrast to the 
experiments where Te — 5 to 15 eV. The calculated density and ion saturation 
current drop at the divertor plate are not as large as that observed. The neutral 
recycling region is generally much closer to the plate in the calculations than in the 
experiments. The density profiles at the midplane are often flatter in the simulations, 
except in the UEDGE modelling, where the detailed profile at the midplane was 
measured and was a starting point of the calculation. The reduction of the plasma 
pressure along the field lines is generally less than that observed in experiments, and 
the calculated density at the plate is too high. 

3. ITER SIMULATIONS 

Potential operating regimes and divertor configurations for ITER have been 
assessed. If the power to the divertor can be reduced from 200-300 to 50-75 MW 
by impurity radiation, the power on the divertor plates can be reduced to an accept
able level of ~ 5 MW/m2 for a divertor plate tilted by 60° for an upstream density 
of - 0 . 5 x 1020 m~3. Higher upstream densities of -(1-1.2) x 1020 nr3 with 
'attached' conditions allow higher powers of 100 to 130 MW to be accepted, but 
these high densities are incompatible with the requirements for main plasma opera
tion. The studies also indicate that hydrogen radiation can radiate only a portion of 
the power, except for extreme operating conditions, so that impurity radiation will 
be essential, as it is in detached divertor experiments. 

The simulations show that control of the recycling neutral atoms and good 
neutral confinement by baffles is important for efficient momentum loss and high 
levels of impurity radiation. The DDC83 code comparisons with a model geometry 
of a 'gas bag' divertor configuration and a long slot indicate that, since the 'gas bag' 
configuration has a uniform neutral flux on most of the divertor column and the nar
row slot configuration confines the neutrals to a region near the divertor plate, 
detachment can be obtained with the 'gas bag' at lower upstream densities than those 
used with the long slot configuration. Studies using a realistic geometry for a 
double-null divertor configuration with the B-2/EIRENE code indicate that a V 
shaped target structure is better than the 'gas bag' in terms of in/out symmetrical 
detachment conditions and recovery from ELMs [16]. Analyses with B-2/EIRENE 
and EDGE2-D/NIMBUS indicate that the achievement of detached plasmas in ITER 
with low to moderate upstream densities ( — 5 x 1019 m"3) will require impurity 
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radiation to radiate most of the heating power. Semianalytic estimates for ITER [17] 
indicate that, for acceptable impurity concentrations, the radiation levels must be 
enhanced above coronal equilibrium with levels of charge exchange recombination 
and rapid recycling of no/iie ^ 10"3 neTrecycle < 4 X 1016 s-nr3. 

For the observed neutral densities of ~ (2-10) X 1019 m~3, the mean free path 
of the dominant hydrogen lines is one centimetre or less. Detailed calculations of the 
transport of this radiation indicate that a significant proportion of the hydrogen radia
tion will be reflected back towards the main plasma and that the ionization-
recombination balance will be affected [11]. 

Future model development and applications will emphasize the experimental 
validation of the codes, improvement of neutral transport algorithms and molecular 
effects, assessment of the effects of hydrogen radiation on the ionization balance, and 
detailed assessments of impurity transport and radiation issues and the effects of the 
divertor configuration. 
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Abstract 

ION CYCLOTRON HEATING AND CURRENT DRIVE SYSTEM IN ITER. 
A minimum auxiliary power of 50 MW is required to ignite the ITER plasma under the current 

global transport scaling laws, impurity scenarios and operating conditions. The ITER auxiliary heating 
system should also be designed with current drive capabilities, for plasma current profile control, 
extension of the pulse length and possibly steady state operation. Ion cyclotron radiofrequency (ICRF) 
heating is at this time regarded as the prime auxiliary heating candidate because it can fulfil ITER 
requirements with a minimum of technological development. ICRF has in fact a record of well demon
strated capabilities in heating high performance plasmas. Moreover, well developed, efficient and cost 
effective power sources and transmission equipment are commercially available. The principal 
approaches to fast wave current drive (FWCD) scenarios are either at a frequency just below ion 
resonances ( — 20 MHz), so as to avoid competitive ion damping, or at 6 T/65-70 MHz, where electron 
damping is also dominant. Although the physics of FWCD is well understood, the experimental database 
is still sparse. However, despite the low damping per pass prevailing in present day tokamaks, which 
causes degradation of the antenna directivity by multiple reflections, fast wave current drive has been 
observed to be consistent with modelling in both Tore Supra and DIII-D. The main challenge for ICRF 
and ITER is the design of a launching array capable of reliably coupling the RF power in the ITER 
environment that can withstand the severe thermal and electrodynamic loads arising from the reactor 
operation and plasma disruptions. In the paper, the features of the ITER ICRF system are outlined and 
some of the key features of the design are discussed. 

1. INTRODUCTION 

ICRF heating is proposed for ITER in order to provide efficient and economic 
plasma heating. This technique has reached experimental and technological maturity 
and is now a reliable routine tool in many present day experiments. 

Despite the sensitivity of the RF power transfer to plasma edge conditions, effi
cient and reliable ICRF heating has been achieved, alone or in conjunction with other 
heating methods in all ITER relevant modes of operation. In particular, the high 
thermal confinement obtained in the VH mode has been accessed with ICRF [1]. 

This progress has been possible thanks to the improved design of the launching 
array, evolved from single current straps to phased four-element arrays; to an 
increased understanding of plasma edge physics and to the use of low Z materials in 
the Faraday screen, which have led to the reduction of impurity influxes to a 
negligible level; and to the technical evolution of the array power control, which now 
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includes the use of multiple automatic tuning techniques and reactive power circula
tion in phased operation. 

New modes of operation and improved performances are extending the ICRF 
heating database. Recently, up to 8 MW of RF power were coupled to Tore Supra 
plasma, leading to a fusion product of n;teTj(0) = 0.5 X 1020 keV-m"3-s, a record 
for TS L mode discharges [2]. Heating at 2Í2T (the principal ITER heating scheme) 
was successfully tested in TFTR D-T operation [3]. L and H mode operation with 
ICRF heating has been obtained in ALCATOR C-MOD, operating with molybdenum 
tiles up to peak densities of 4 x 1020 m~3 at low Zeff [4], and operation up to a level 
of 10 MW was re-established in JET after a major upgrade [5]. Large antenna 
loading resistance with a large separatrix-Faraday screen distance (<5SF) has been 
obtained for 0-TT phasing in JT-60U (12.5 W/m with ôSF = 13 cm at 116 MHz) [6]. 

In the field of fast wave current drive, only a few experiments are equipped with 
multiple phased arrays, and a low damping per pass prevails in present experiments, 

FIG. 1. View of one of two ITER ICRF arrays, integrated in the outer shield/blanket. The array has 
a toroidal angular span of 45° and consists of 18 current straps that can be independently phased and 
matched. 
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TABLE I. ITER ICRF HEATING AND FWCD SCENARIOS 
(frequencies were computed for BT = 6 T at 7.75 m) 

Heating/current Frequency 
drive scenario (approximate) 

2QT = fiHe3 60 MHz Preferred active heating scenario in tritium. Best single pass 
absorption (>85%). High ne prevents formation of energetic 
tails. Very little a absorption. QHe3 is a minority heating 
scenario when tritium is used or low temperature scenarios 
prevail. 

fiD 

fiH = 2QD 

** < ^all ions 

2fiT < Q < 0H 

fi = QHe3 

43 MHz 

90 MHz 

20 MHz 

65-70 MHz 

56 MHz 

Alternative active (minority) heating scenario with maximum 
single pass damping at low D concentrations, nD/nT < 0.3. 

H minority heating for startup or second harmonic D heating 
(not essential). 

Preferred central current drive frequency. Avoids ion cyclo
tron damping. Alfvén resonance close to last inboard magnetic 
surface. Single pass absorption 20-60% depending on k(. 

Alternative FWCD frequency band. Competitive 2QT ion 
cyclotron and a damping, 70 MHz also inboard (q = 1) He3 

minority CD frequency. 

Outboard (q = 1) He3 minority CD frequency for sawtooth 
control. 

which degrades the wave directivity. Nevertheless, both Tore Supra and DIII-D have 
clearly observed the expected fast wave induced current, which is highly peaked in 
the centre as is required for the seed current in a high bootstrap current tokamak. 

In JET, ion current drive has been shown to control the plasma sawtooth. For 
ITER, the projected values of the FWCD efficiency ( -0 .2 X 1020 A-W^-m'2) is 
amply sufficient to provide a central current seed in steady state scenarios, where a 
large fraction of the current is provided by bootstrap current. 

ICRF system definition 

The guidelines for the ITER ICRF system have been defined in accordance with 
the recommendations of Home Team experts gathered at the ITER Technical Meeting 
and Workshop held in Garching in October 1993. 

The amount of auxiliary power required for ignition depends markedly on the 
assumed confinement scaling and varies from less than 50 MW (if RLW scaling is 
assumed) to more than 100 MW needed to reach the H mode threshold at low plasma 
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density. The same power would also be sufficient to provide the central seed current 
in high bootstrap steady state scenarios. An initial value of 50 MW has been defined 
for ITER, with in-vessel components designed for twice the initial value. 

For ICRF, a system of 36 current straps, individually powered, has been 
adopted, based on the availability of 2 MW sources in the whole frequency range. 
The system is thus conservatively capable of satisfying the initial requirements and 
of being upgraded to 100 MW with an increase of the unit power to 3 MW. Current 
drive considerations have defined the pattern of the launching arrays. The 36 straps 
have been grouped into two arrays of 18, located diametrically opposite each other 
in the torus, and covering an angular span of 45° (Fig. 1). The array has a dominant 
toroidal mode at (0,7r,..) phasing of 69 and supports nine wavelengths along the torus 
in phased operation at 20 MHz. The array directivity is in excess of 90%. 

The antenna coupling appears to be adequate, even at a large plasma distance. 
Typical plasma loading values of 3.5 fi/m at 43 MHz and 6.2 £2/m at 60 MHz are 
estimated with the last plasma closed surface at 20 cm. 

The proposed heating and current drive scenarios, summarized in Table I, 
correspond to a frequency range from 20 to 70 MHz, with a desirable extension 
to 90 MHz. 

2. ICRF SYSTEM DESIGN 

The frequency range is too wide to be accommodated by a traditional short 
circuited stripline antenna. A new concept of a multiresonant ICRF antenna with 
enhanced power coupling capabilities in the principal frequency intervals (Fig. 2) has 
been proposed [4] and is being evaluated. Advantages of the scheme are: 

(i) The current strap is supported at both ends and provides support to the feeder. 
Thus the feeder ceramic supports can be recessed behind the blanket. 

(ii) The antenna has self-tuning properties, and a moderate input voltage standing 
wave ratio (VSWR) can be obtained at the harmonic resonances with a suitable 
choice of the feeder tap position. Also, at the antenna resonances, the input 
VSWR varies slowly with the antenna losses (Fig. 3). This would help to 
accommodate rapid transient variations of radiative losses such as those due to 
ELMs. 

The mechanical and thermal design of the Faraday screen is the real challenge 
of the ICRF system design. The antenna structure should be: 

(i) designed to withstand thermal stresses associated with a surface thermal load of 
- 0 . 5 MW/m2 and with an average neutron heating of —20 MW/m3 under 
normal operating conditions and 1-10 MJ/m2 during transient plasma events 
(disruptions, ELMs) with a lifetime comparable to that of the shield/blanket 
first wall; 
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FIG. 2. Coupling properties of the multiresonant antenna over the ITER frequency range 
(20-90 MHz). 

(ii) capable of transferring toroidal disruption currents across the array, to avoid 
current paths at large angle with the toroidal field and stress concentration at 
the interface between shield and array; 

(iii) capable of withstanding the electrodynamic stresses induced by plasma disrup
tions with plasma current decays up to 10 MA/ms; 

(iv) designed to be replaceable, alone or together with the whole blanket module, 
without requiring cutting and rewelding of coolant ducts in areas exposed to 
high neutron flux. 

An important aspect of the design is the selection of the antenna structural 
materials (which should be consistent with the shield/blanket choices) and the adop
tion of joining techniques compatible with the first wall environment. 316 SS and Cu 
alloys (such as Cu-Zr-Cr) with a Be surface coating are considered at present. 
Stresses due to thermal gradients limit the material thickness in the plasma facing 
antenna components to a few millimetres (typically, 3 mm for SS and 6 mm for Cu 
alloys). 

The resistance to bending moments due to electrodynamic stresses imposes 
large cross-sections in the plasma facing components. The structural resistance of the 
antenna to combined loads is being parametrically estimated by 3-D stress analysis. 
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FIG. 3. Antenna input VSWR as a function of radiation resistance (R,), computed for two resonant 
frequencies. The antenna parameters have been optimized for a radiation resistance of 6 Wm. We see 
that the input VSWR is rather insensitive to large variations ofR, (such as those due to ELMs). 

One preliminary but important result is that the minimum 'thickness' of the Faraday 
screen compatible with those acceptable combined stresses (<150MPa) is 
60 mm o.d. The power generation and transmission system is of modular construc
tion and closely follows the architecture of existing systems. Each current strap is fed 
by an RF source that is individually tuned and protected. Tuning and reactive power 
circulation are integrated in a single system which includes multiple two-port net
works linking adjacent antennas. 

Plasma position control will be used to impose an average value of the antenna 
coupling on a slow time-scale (~ 1 s), due to the ITER poloidal field time response. 
Load fluctuations in the range of 10-50 ms will be compensated for by the external 
tuning system(s). Load fluctuations in a time of 1 ms or shorter, such as those due 
to ELMs, if not sufficiently smoothed by the antenna self-matching properties, will 
require novel developments in impedance modulation or RF sources, VSWR tolerant 
over a short time-scale. Dielectric and magnetic impedance modulation schemes are 
at present being investigated under ITER R&D contracts. 
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3. CONCLUSIONS 

The development of the ITER ICRF system is based on the successful 
experience of present day high power ICRF facilities. The proposed system is the 
application of well tested operating scenarios and a modest extrapolation of existing 
systems. It therefore offers the prospective of reliable operation without the need for 
expensive development. The continuing support of today's experiments, in particular 
in optimizing the heating schemes and assessing the potentiality of FWCD, is essen
tial. Testing with plasma of ITER relevant technical concepts such as the operation 
of multistrap arrays and self-matching antenna concepts is also strongly needed. 
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Abstract 

NEUTRAL BEAM AND ELECTRON CYCLOTRON HEATING AND CURRENT DRIVE 
SYSTEMS FOR ITER. 

The proposed Neutral Beam Injection (NBI) and Electron Cyclotron Wave (ECW) Heating and 
Current Drive (H&CD) systems for ITER are discussed. The purpose of the auxiliary heating system 
is to provide the power necessary to reach ignition at an absorbed power of 50 MW (the initial configu
ration, upgradable to 100 MW). A secondary purpose of these power systems would be the exploitation 
of 'advanced' current drive scenarios. The 50 MW, 1 MeV NBI system to be developed would consist 
of four 12.5 MW modules, the design of which is based on a common concept agreed upon by the 
responsible Home Teams together with the ITER JCT. EC waves can be injected into the tokamak at 
a power density of 50 MW per port through a simple launch structure. A single frequency of 170 GHz 
should satisfy the ITER requirements of H&CD. The development of high power CW gyrotrons and 
windows is a critical issue to be resolved in developing an ECW system. 

1. NEUTRAL BEAM INJECTION 

50 MW of 1 MeV D° are to be injected through four ports with the 
beams tangent to the radius 6.25 m, see Fig. 1. These specifications were 
derived at after considering: 

• The minimum power to ignite ITER; 
• Comparison of a mixed D°/T° and pure D° beams; 
• The variation of the current drive efficiency with beam energy and 

tangency radius; 
• The world beam development programme. 

Outline designs of a NBI module for ITER were recently completed by the 
Japanese, European, and Russian Federation Home Teams as an ITER task [1]. 
The ideas incorporated in those designs have been used to derive a "Common 
Reference Concept", which is accepted by the Home Teams and the ITER 
JCT as the basis for the NBI modules. This concept, although based on 
relatively conservative principles, allows for the integration into the design of 
some future developments. The next phase is to finalize the design, 
addressing the various interfaces, and to integrate the NBI modules into ITER. 

Figure 2 shows schematically the composition of one module. The D" 
source is connected to a multi-stage electrostatic accelerator of a type which 
has already accelerated H" to 400 keV [2]. High density alumina is the 
insulator, as with this neither radiation induced conductivity nor electrical 
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FIG. 1. Plan view of ITER showing one of the four NBI modules. 

degradation is expected to be a problem [1]. The ion source is a magnetic 
multi-pole arc discharge source seeded with a small amount of caesium to 
enhance the negative ion yield. Such sources have already produced H" beams 
of>16A[3]. 

The "double door" system shown in Fig. 1 neither impedes the passage 
of the beam nor restricts the pumping of the region in normal operation, yet it 
will allow the beam source to be removed for maintenance. 

The gas (D2) neutralizer is vertically subdivided into 5 channels to 
reduce its conductance. The charged fractions in the beam leaving the 
neutralizer are deflected electrostatically, leaving the neutral beam unaffected. 
Such electrostatic separation of a mixed species beam has been demonstrated 



IAEA-CN-60/E-P9 

o-A 



578 NAGASHIMA et al. 

experimentally [4]. A moveable calorimeter allows beam power 
measurements, injector commissioning, and operation independent of ITER. 

A "fast shutter" at the exit of the injector box prevents tritium entering 
the injector prior to and during plasma formation and termination, and 
following a disruption. The injector vacuum vessel is cylindrical, 3.5 m 
diameter, with cryo pumps lining the walls except for the region occupied by 
the beamline components support and alignment system. The calculated 
tritium accumulation in each module, <1.5 g per week at 50% duty cycle, is 
such that the cryopumps could be regenerated at less than weekly intervals. A 
turbo molecular pump with a speed of 3.5 m3/s is used to avoid He flowing 
out of ITER. 

A "double valve" is located between the injector and the cryostat wall, 
the body of which is connected to the cryostat via bellows. The valve and 
bellows provide the double tritium confinement barrier when the injector is 
vented for maintenance, keeping the torus and cryostat under vacuum. 

The flexible section of beamline between the double valve and the torus 
allows for movement of the torus and prevents undue forces on the port. 

Magnetic shielding is needed to avoid deflection of the beam by the 
field from ITER prior to being neutralized. This is provided by a double mild 
steel shield, and a layer of mu-metal immediately around the sensitive part of 
the beamline. The stray field will be =0.1 T, hence the thicknesses of the 
outer and inner soft iron will be =0.5 m and =0.2 m, respectively, with the 
mu-metal being =10 mm thick. 

2. ELECTRON CYCLOTRON SYSTEM 

A design goal in ITER is to minimize the impact of the ECW antenna on 
the blanket/shield design while fulfilling physics requirements [5]. The main 
features of the optical design are: i) 50 MW of power per port delivered to 
plasma (two horizontal ports for 100 MW injection), ii) minimum size of the 
shield penetration, iii) minimal extension of primary vacuum boundary. 

50 MW of ECW is injected through an elliptical blanket aperture 0.4 x 
0.47 m2 in size corresponding to an average power density of 313 MW/m2 using 
HE11/HE12 mode mixtures in the antenna system. 

The antenna system is mounted into a steel structure supported by the 
cryostat and linked to the vessel through double walled bellows (Fig. 3). The 
waveguides are brought together with mitre bends to form a compact 
waveguide launcher. The power from each waveguide is projected onto a 
parabolic reflector (0.9 m x 1.28 m) which focuses and directs the power 
along a major radius (perpendicular injection for heating) into the plasma, or 
onto a second flat mirror (1.3 m x 0.4-0.53 m). From this mirror the beam is 
reflected at an oblique angle (~35°) into the plasma for current drive 
applications. 

The ECW system (schematically shown in Fig.4) is designed to meet the 
physics requirements for heating and current drive under a wide variety of 
operating conditions [6]. Power at 170 GHz injected into a 6 T ohmic target 
plasma is fully absorbed for toroidal injection angles ranging from 0-40°. An 
on-axis current drive figure-of-merit g in the range of 0.17-0.19 x 1020 

A/W»m2 is calculated for an ignited plasma with central temperatures of 20 to 
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30 keV including the trapped particle effect. Off-axis current drive is also 
possible. Using an "Advanced Steady-State" target plasma with an on-axis 
magnetic field of 4.4 T, the efficiency g of 0.27 x 1020 A/W»m2 is calculated 
for the frequency of 170 GHz. 

Recent results of gyrotron tests have been encouraging [7, 8, 9] and the 
principal aim of the Technical R&D work for the ECW system during the 
EDA is to develop the two critical technologies of high unit power CW 
gyrotron and windows for use both on the tubes and as tritium barriers on the 
torus. The R&D for both tubes and windows is Staged. Staged I tasks for the 
Home Teams are directed at the validation of the technology by independently 
demonstrating 170 GHz, CW performance, high-efficiency (> 50 %), and high 
unit power by the end of 1995. Under Stage II a full performance tube will be 
developed with the goal of simultaneously achieving 170 GHz, 1 MW, CW, 
high-efficiency operation. 
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Abstract 
PLASMA EQUILIBRIUM AND CONTROL IN ITER. 

Design basis, plasma equilibrium and control performance of the ITER poloidal field coil and 
power supply system are presented. 

1. INTRODUCTION 

The ITER poloidal field (PF) system is optimized as an integral part of the 
overall ITER outline design [1]. Design and operational requirements for the PF sys
tem follow from the primary ITER mission objective of 'controlled ignition and 
extended burn in deuterium-tritium plasmas' [2]. Key aspects of the PF system 
requirements [3] include sufficient inductive current drive capability for a 1000 s 
burn pulse and reliable control of the plasma equilibrium throughout the operational 
sequence required to initiate, sustain and terminate each fusion power pulse. Provi
sion of maximum performance of the integrated toroidal field (TF) and PF coil sets 
and maintenance of the in-vessel nuclear shield and plasma facing components also 
weigh heavily in the choice of the PF design concept. This concept is reported in 
Ref. [4], where the elevation section of ITER, the position, the size and the nominal 
currents of the individual PF coils are given. 

The PF system comprises a central solenoid (CS) and six outer PF coils 
(P2, ..., P7). These coils are located external to the bore of the TF coil set and act 
together to inductively initiate, sustain and control a 24 MA plasma current in a single 
null divertor configuration. The CS is bucked structurally against the TF coil to pro
vide maximum flux swing. This leads to layer wound CS consisting of a single sec
tion. The number and position of the PF coils are optimized to minimize their 
currents required for scenario and control, taking into account demands of separatrix 
stabilization and geometrical constraints imposed by maintenance requirements. With 
the present moderate plasma elongation it is possible to avoid in-vessel coils. 

Optimal utilization of the space within the bore of the TF coil is obtained with 
a single null divertor plasma having nominal parameters of RQ ~ 8.1 m, a ~ 3.0 
m, «95 ~ 1.55 and mean triangularity ô95 ~ 0.25. The plasma MHD safety factor 
q95 is about 3.0 at a plasma current of 24 MA (all parameters given during the burn
ing phase). The choice of the nominal plasma elongation < 1.55 follows from con
siderations of optimal use of the in-TF magnetic field volume and from ensuring 
reliable vertical stabilization and operation in single null mode with high l{ plasmas. 
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The vertical instability growth time is increased to about 1 s by the toroidally 
conductive vacuum vessel and in-vessel shield, which when combined have an 
equivalent resistance of approximately 10 fxti. Active stabilization of vertical dis
placement and overall control of the equilibrium configuration are provided by the 
outer PF coils. 

The total PF system flux linkage variation at the plasma axis required for a 
24 MA, 1000 s burn scenario is about 600 Wb. This requirement includes allowance 
for both inductive and resistive fluxes. The resistive flux losses consist of 13 Wb due 
to vacuum vessel eddy currents at breakdown, 122 Wb (0.5 ¡x0ÏR) during plasma 
current ramp-up and 110 Wb during ignition and extended burn. 

2. POLOIDAL FIELD SCENARIO 

Peak current and voltage requirements for the seven individual coils that com
prise the PF system are set by a combination of PF scenario and plasma control 
requirements. The CS size (major radius) and required flux swing are determined by 
a requirement to provide approximately 300 Wb of flux swing: this flux swing is 
obtained with a CS field variation from +13 T at initial magnetization to -12.5 T 
at end of burn (EOB). The remaining 300 Wb of flux swing needed for the PF 
scenario are provided by the outer PF coils. 

2.1. Breakdown and plasma initiation 

The PF system is designed to produce a low error magnetic field at initial mag
netization in a plasma initiation region of 1 m radius centred at R~10 m, in the 
equatorial plane. The field configuration is an octopole, resulting in a poloidal field 
null with iBpJ < 1 mT everywhere within the initiation region. At this low error 
field, breakdown and plasma initiation via a Townsend avalanche will be possible at 
a gas filling pressure between 2-6 mPa and an in-vessel toroidal electric field of 0.3 
V/m (loop voltage ~ 18 V). 

Breakdown is expected after about 1 s from the application of the voltage to 
the PF coils. The delay is due to eddy currents in the passive structures. Supplemental 
electron cyclotron assist in the range 2-10 MW at 140 GHz will increase the 
reliability of gas breakdown and plasma initiation. 

2.2. Current ramp-up and ramp-down 

Expansion of plasma size (minor radius and vertical elongation) during current 
rise with nearly constant edge q is provided to minimize resistive flux consumption 
and avoid MHD instability (resistive tearing modes). The plasma configuration 
remains limiter defined until a current of about 16 MA is obtained. During the ramp-
up phase, the plasma shape is kept nearly circular up to 4 MA. The elongation then 
increases gradually, up to 1.25 at 8 MA and 1.55 at 16 MA. 

The average rate of current rise is determined by current penetration physics, 
where modelling and extrapolation of data from present experiments show that the 
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optimal average current rise rate should be about 0.15 MA/s. The PF system is 
designed to allow a ramp-up rate of up to 0.3 MA/s. The optimal waveform for cur
rent ramp-up (within the 0.24 MA/s nominal rate) is to be determined in future 
studies. At EOB the burn termination phase starts, during which the plasma current 
drops from 24 to 20 MA in 100 s, followed by the current ramp-down phase with 
plasma aperture compression lasting 200 s. 

2.3. Plasma profile parameter variation during flat-top 

In evaluating the maximum PF current requirements, the effects of variations 
in the plasma profile (/¡) and pressure (/3p) are considered. To sustain an acceptable 
plasma current and shape as /¡ and /3p change it is necessary to vary the PF coil 
currents. Transport modelling [5] shows that during current ramp /¡(3) = 0.7-0.9 
and jSp = 0.1, whereas during flat-top /¡(3) is in the range of 0.7-1.1. During heat
ing and burn, /3p increases from 0.1 to 0.7. The required PF current variations are 
taken into account to establish the PF coil nominal currents reported in Ref. [4]. 

3. SHAPE CONTROL AND VERTICAL STABILIZATION 

3.1. Shape control 

The seven PF coils leave six degrees of freedom for shape control in addition 
to plasma current control. During the phase when the plasma has reached full size, 
plasma boundary proximity to the first wall and separatrix location in the divertor 
region must be controlled and prevented from exceeding critical limits. Six reference 
distances (gaps) as shown in Fig. 1 are sufficient to define the plasma shape. The 
figure also shows the required accuracy of control. 

Since the control of plasma position and that of shape are closely coupled, an 
integrated multivariable control concept and individual power supplies dedicated to 
each PF coil are chosen as the reference design concept. In the present analysis, per
formed at EOB, a linear time invariant model for the coupled system plasma-passive 
structures-PF coils has been derived from the perturbed equilibrium approach [6]. 

As a guideline for the design, the control system must be able to recover initial 
offsets for each gap within 1-5 s. With a control voltage of Vmax = ±7 V per turn 
on each outer PF coil, gaps displacement of about 20-30 mm can be controlled. 

The control of the gap g5 is equivalent to vertical position control since the 
transfer functions mapping the input voltages and the top gap are almost identical 
with the ones mapping the control voltages to the vertical position of the plasma cur
rent centre. 

3.2. Plasma vertical displacements and beta drop 

Figures 2 and 3, respectively, show the control system response to an initial ver
tical displacement and to a loss of 20% plasma pressure. The control voltages are 
limited by ±7 V. Figure 2 shows the transient responses of all gaps after an initial 
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FIG. 1. Location of the gaps gl to go on the plasma boundary. 

upward shift of 200 mm of gap g5 associated with the vertical unstable mode. The 
initial displacements of each gap are recovered, with about 50% overshoot, within 
4-5 s. 

The pressure drop is simulated by decreasing the kinetic pressure at the mag
netic axis without changing the pressure profile. Figure 3 shows the transient gap dis
placements and the control voltages after a sudden j3p drop of 20% from the 
reference value (j8p = 0.7) at t = 0. 

These calculations assume a linearized plasma displacement; this assumption is 
appropriate to small configuration excursions where plasma-wall interaction and cur
rent profile modification are negligible. Modelling of plasma-wall interaction 
effects, including poloidal ('halo') current flow, is presently in progress. However, 
definitive assessment of halo current effects will require model validation against data 
from present tokamaks. 
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Gap dynamics after 20 cm initial offset on g5 (Feedback switched on at t = 0.0 s) 

0.05 

-e o 

I -005 

S -o-i 

-0.15 

-0.21-

-0.25 

1 

- \ 

• J " ' — j - - T i 

: j j % J 

^ ^ 

! N \ 1 V l ; 
\\ N4,/;/ 

¡\g/| 
¡ I i 1 

••/• ^.-.f-.»X....j i 

jr,-'"'~ ': " ~- i S v _ '•'"•^* 

T ¡ ••••-'''\:^\ 

i i i. -i. 

-3 -2 -1 0 1 2 3 4 5 6 

Time (s) 

FIG. 2(a). Initial displacement on g5: gaps displacements for control PF voltage saturation of ±7V. 

Control voltages after 20 cm initial offset on g5 (Feedback switched on at t = 0.0 s) 
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4. CONCLUSIONS 

The ITER PF coils and power supply system of the outline design meet all fore
seeable operational requirements for plasma equilibrium and shape control with 
ignited extended burn plasmas. The one turn PF coil voltage needed for scenario and 
control is about 15 V for the central solenoid and about 40 V for the outer PF coils. 
These values are compatible with the insulation design of the PF coils. The total 
installed power of PF converters is about 3600 MVA [7]. This power allows reliable 
control of small displacements throughout the operational scenario and also provides 
an additional control margin. This is expected to be useful for alternative operation 
scenarios (e.g., high j3p/reduced current) and for control during the current quench 
phase of a disruption. However, further studies and validation of physics models are 
necessary to quantify the degree of control provided in an off-normal or disruptive 
situation. 
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Abstract 

SUPERCONDUCTING MAGNETS: MAJOR DESIGN AND R&D ISSUES FOR ITER. 
The coil systems for ITER will use Nb3Sn superconductors in cable in conduit form at current 

levels of 40-60 kA and field levels up to 13 T. The scale of the coils is unprecedented. The selection 
and verification of the design criteria for the conductor and other components such as insulation, and 
shear keys between the Toroidal Field (TF) coils are major design and R&D issues. Manufacturing 
development will be addressed in a Model Coil programme and in construction of prototypical sections. 
The paper outlines several design issues and the status of the R&D activity that is currently under way. 

1. INTRODUCTION 

ITER is being designed to operate for about 20 years, during which the 
magnets must reliably withstand the electro-mechanical forces associated with 
plasma operation. The Toroidal Field (TF) coils will experience self-field loads that 
are essentially static from a mechanical standpoint. They will also be subjected to 
shear load cycles, due to the overturning moments from their interaction with the 
Poloidal Field (PF) coils. The Central Solenoid (CS) will experience a number of full 
field cycles equal to twice the number of machine pulses. 

The TF coils will be exposed to significant radiation doses. At the innermost 
layers the integrated dose due to neutrons and gamma rays is about 10^ rads. At this 
level, the degradation of electrical insulators is an issue. Magnets are nevertheless 
considered as quasi-permanent components of the machine, since replacement of any 
of them would interrupt operation for extended periods. 

The ITER magnet design effort is supported by an R&D program that 
focuses on component development, verification of component performance, and 
model coils. There is also an emphasis on manufacturing feasibility studies and 
programs to develop fabrication techniques and quality assurance procedures 

The characteristics of the ITER coil systems and the basis for selecting some 
of the design alternatives have been outlined by Huguet [1]. Further information may 
be found in the papers referenced in [1] and will not be repeated here. Additional 
information on the R&D program may be found in [2]. 

2. SELECTED DESIGN ISSUES 

The fundamental component of the coil systems is the conductor, which will 
be composed of a cable of Nb3Sn strands in a thin walled tube for the TF coils, or in 
a heavy-walled square jacket for the CS coil. A major design requirement is to 
provide sufficient margin for performance from the standpoint of stability, coil 
protection, and cooling capacity to support, for example, AC losses and nuclear 
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heating. Design criteria have been selected (see reference [3] in [1]) that will be 
verified in small scale and full size conductor tests and by tests in a Model Coil 
program. The issue of developing the manufacturing program and QA for the 
conductor will be covered in the process of providing the strand for the Model Coils. 

The selection of electrical insulation materials and application methods for 
the turn to turn, layer to layer, and ground insulations are another important design 
and cost issue. Screening tests will be performed on candidate materials under 
simulated load conditions, to be followed by tests integrated with critical component 
configurations (see shear keys below). Cost effective application methods will be 
developed as part of the Model Coil program and further evaluation of fabrication 
details around joints or leads may be done on full scale winding segments. 

2.1. Shear Keys 

Three types of shear keys will be needed between TF coils to transmit the 
loads that result between coils because of the TF coil current interaction with the 
poloidal field coils. The keys pass the loads through a steel liner and, in turn, through 
ground insulation, to the steel shear plates within the TF coils. The details of the key 
and keyway designs, and the material selections can have a strong effect on lifetime 
operation and on the coil assembly process. Hence they are a major area of design 
activity and performance will be verified in the R&D program. 

2.2 Model Coil Program 

The Model Coil program will demonstrate the ability to produce significant 
quantities (about 30 tonnes) of qualified, full size Nb3Sn conductor in the two cable 
and jacketed forms required for the ITER magnet systems. It will also fulfill the 
major goal of developing the manufacturing methods to demonstrate the ability to 
fabricate coils in the significantly different designs of the Central Solenoid and the 
Toroidal Field coils, together with their components (e.g., Toroidal Field coil shear 
plates). The program will allow the demonstration of some of the performance 
characteristics of the coils before the end of the Engineering Design Activity (EDA). 
An extended test program that would involve, for example, testing for a large number 
of cycles is also under consideration, but will require testing beyond the end of the 
EDA. 

3. R&D PROGRAM OVERVIEW 

The ITER R&D program is organized through task agreements with the four 
Parties (European Community, Japan, Russian Federation, and United States) who 
perform the effort in support of the design activity by the Joint Central (JCT) and 
Home Teams (HTs). The following outlines the status, background and strategy in 
some of the key R&D areas for the ITER superconducting magnet program: 

3.1. Model Coil Program 

Objectives: 

• Upgrade production capacity for conductors, develop QA methods 
and equipment; 

• Use full scale joints, terminations and helium connections; 
• Develop and demonstrate manufacturing processes, including QA 

methods and equipment; 
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• Validate performance of significant lengths of full size conductors 
under relevant conditions of field, field change, current density, and 
mechanical strain. 

Approach: 

• TF Model Coil and CS Model Coil programs drive development of 
the different conductors, joints terminations, structures and 
manufacturing methods. 

CS Model Coil Insert Coils test CS, TF and PF conductors under full 
scale coil operation conditions. 

Outline ofNb3Sn Strand Task Agreements for the Model Coils 

Seven Suppliers: 

Four for a bronze process material: 

• "low" AC loss; "low" current density 

• 9.5 tonnes total for the model coils 

Three for an internal tin process material: 

• higlTcurrent density; "high" AC loss 

• 16.5 tonnes for the model coils 

Four Stages per Supplier: 

Stage 1 - QA manual complete 
Stage 2 - trial run (~ 0.5 tonnes) complete 
Stage 3 - verification run (~ 0.5 tonnes) underway 
Stage 4 - final run (2.5 - 6 tonnes) 
6.5 tonnes for Model Coils from each Party: 
EC: 2 suppliers 
JA: 2 suppliers 
RF: 1 supplier 
US: 2 suppliers 

Conductor Production for the Model Coils 

Two types of internally cooled conductor: 

• Central Solenoid type-round cable in square, heavy walled conduit 
• Toroidal Field coil type-round cable in thin walled conduit 
Allocation of Tasks Among Parties: 

JA: Cable 1000 m of dummy copper cable for jacketing and winding 
trials, then cable approx 1/4 of material for the Model Coils 
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EC: Cable approx.3/4 of the material for the Model Coils; 
Jacket CS type of conductor 
12 m length of stainless steel full size jacket (has been welded, 
compacted, and spooled as test sample) 

RF: Jacket TF type of Conductor 
35 m dummy full size cable (has been jacketed and compacted in 
welded Ti and spooled as test sample) 

US: Provide Incoloy for CS and TF conduits 

3.4. Model Coil Program Status 

October 1992 - December 1993: 

CS and TF Model Coil options assessed by group from HTs and JCT 

October 1993: 

General scope and Task Allocations adopted by HT Leaders 

• CS Model by US and JA 
• TF Model by EC and RF 
December 1993: Task specification issued for MC's (prepared by HTs and 
JCT) 

Task Agreement preparation underway 

3.5. Shear Key R&D 

Three types of shear keys are required between the TF coils: 

TF inboard leg "scissor" keys 
TF curved section triangular keys 
TF vacuum vessel support region truss keys 

• Designs are underway by the JCT and Home Teams; lifetime 
performance will probably be governed by keyway insulation (see next 
section) and liners. 

• Configurations for the scissor keys and triangular keys have progressed 
to the point where mock-up and testing can begin. 

• Full size keys (but not full TF coil depth) will be incorporated in the 
testing after the initial screening and testing of keyways and liners. 

• Improvements in insulating materials or methods of application for the 
keyways will be covered in additional tests up to the final Design Report 
for the EDA. 
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3.6. Insulation R&D 

Task Agreements are underway for: 

• Survey of available materials for turn to turn, layer to layer, and ground 
insulation. 

• Electrical and mechanical screening tests for the most promising 
candidates. 

• Preparation and test of 3 keyway insulation samples (full cross-section, 
partial length) representative of TF inboard leg. 

• Irradiation and test of insulation samples. 

Insulation Selection Process: 

A Coordination Committee has been formed with representation from all 
HT industrial partners and the JCT. The Coordination Committee is 
scheduled to: 

• Select materials at the end of 1994 for use in the Model Coils; 

• Recommend a parallel program to continue development of promising 
candidates; 

• Select the materials to be specified for the full scale coils by the end of 
1996 on the basis of electrical, mechanical, and irradiation performance 
tests, as well as manufacturing requirements. 

3.7. Joint Development R&D 

• Subscale experiments to aid design are underway. 

• Task Agreements have been issued for the design and preparation of one 
full scale joint from each Party to be tested in a US facility. 

• Full scale conductor and joints will be used in the TF and CS Model 
Coils to gain factory fabrication experience and to confirm operating 
performance. 

3.8. Structural Component Development & Material Irradiation 

Materials screening and performance testing of selected materials and 
structural components are underway for: 

Irradiation and test of: 

Insulation samples at 5K by the EC 
Insulation samples at 77K by the RF 
Sample preparation and benchmarking by the US 
Nb^Sn superconducting strands at 5K by the EC 
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Inflatable shim (bladder) development for use at interfaces to fill assembly 
tolerances (e.g., TF Coils to mechanical structure and possibly TF to CS or 
BC to CS interfaces). 

Low friction material assessment (e.g., for use at TF/CS interface, 
TF/mechanical structure interface, PF/PF clamp interface). 

Shear key materials and manufacturing techniques. 

3.9. Full Scale Prototype R&D 

Activities will fall in two major categories: 

• Structural prototypes: 

Primarily metal fabrication development tasks; e.g., shear plates or 
sections of the mechanical structure fabricated to assess manufacturing 
tolerances and process variables. 

• Full scale winding prototypes: 

Primarily winding fabrication development, e.g., wind three layers of a 
full scale TF coil and 1/5 scale Central Solenoid coil with dummy 
conductor to develop tooling and fixturing, consistent with full size coil 
requirements. 

4. CONCLUSIONS 

The R&D program has been developed, and is evolving to address design 
issues through a combined effort by the ITER Joint Central Team and the Home 
Teams. Task Agreements with the Parties have been developed for items as large as a 
Model Coil or as small as a series of component performance tests. Typically, a 
coordinating group is formed for a particular area to develop the program schedule 
and organize the contributions from the Home Teams for any agreement involving 
more than one Party. The result is the need for extensive communication and 
cooperation. The means for implementing the R&D program are developing and will 
benefit all Parties. 
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Abstract 

ITER NUCLEAR ENGINEERING: FIRST WALL, BLANKET, SHIELD DESIGN AND R&D 
PROGRAMME. 

The ITER first wall, blanket and shield system is designed for 1.5 ± 0.3 GW of fusion power, 
0.5 MW/m2 peak surface heat flux, and 3 MW-a/m2 average neutron fluence for the permanent com
ponents (vacuum vessel and toroidal field coils). The peak pressure loads on the first wall are 1.0 and 
1.5 MPa for the outboard and inboard sections, respectively, during the plasma disruptions. In the Basic 
Performance Phase (BPP) of ITER operation, the shielding blanket has austenitic steel structure and 
water coolant at low pressure and low temperature. The first wall is austenitic steel with beryllium 
coated copper alloy heat sink material. For the Enhanced Performance Phase (EPP), a breeding blanket 
is being designed to satisy the technical objectives of the Test Program. The breeding design is a self-
cooled liquid lithium system with vanadium structural material with self-healing electrical insulator to 
reduce the MHD pressure drop in the system. Critical design issues of the two designs have been identi
fied and an R&D programme to examine these issues, to generate the missing data for the design 
activity, to test the suggested design solutions and to qualify the designs has been started. Design 
features and R&D programme of both blankets are discussed in this paper. 

1. INTRODUCTION 

In the Basic Performance Phase (BPP), the shielding blanket has three main 
functions: (1) to remove the surface heat flux without exceeding allowable tempera
ture or stress limits; (2) to reduce the nuclear responses in the vacuum vessel struc
tural material to qualify it as a safety barrier and permit its rewelding during ITER 
lifetime; and (3) in combination with the vacuum vessel, to protect the toroidal field 
coils from excessive nuclear heating and radiation damage. In the EPP, tritium 
breeding is needed to meet the technical objectives of the ITER Test Program. Two 
blanket designs have been developed to perform these functions, based on ITER 
design requirements. Critical issues of the two designs have been identified and 
solutions proposed. An R&D programme has been instituted to examine design 
issues, to provide necessary data for the design process, to test suggested design solu
tions, and to qualify the designs. 
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FIG. 1. Inboard shielding blanket module. 
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3. BLANKET DESIGNS 

The shielding blanket has a separately cooled first wall and a modular construc
tion with the modules connected in the poloidal direction to form a sector. Each 
module has ~ l m 2 first wall surface area. The sectors are installed and removed 
through the vertical ports between the toroidal field coils except for the lower section 
under the horizontal ports that are used for blanket testing and plasma heating. The 
installation and replacement of blanket sectors or modules do not require cutting or 
rewelding the backplate, as shown in Fig. 1. To minimize the electromagnetic loads 
during plasma disruptions, the blanket sectors are electrically connected in the 
toroidal direction and structurally connected through the backplate. Individual 
blanket modules are designed to withstand the electromagnetic shear loads without 
the electrical connection at the first wall. 

The blanket module structure is austenitic steel cooled by water at low tempera
ture and low pressure. A copper alloy heat sink is used for the first wall to reduce 
thermal stresses and to provide a design margin for unexpected surface heat flux 
peaking. The copper is coated with a renewable layer of beryllium. The blanket 
shielding performance permits rewelding the vacuum vessel during the lifetime 
of ITER. 

The conversion of the shielding blanket to a breeding blanket and an advanced 
breeding blanket design are being considered for the EPP. The advanced breeding 
blanket design is based on a self-cooled liquid lithium system with vanadium alloy 
(V-~4Cr—4Ti) structural material. Vanadium alloy has high heat load capability, 
good mechanical properties at high temperatures, low degradation under neutron 
irradiation, good compatibility with liquid lithium, low decay heat, good waste dis
posal rating, and adequate strength to accommodate the electromagnetic loads during 
plasma disruptions. Liquid lithium is the tritium breeding material and coolant to 
alleviate issues of coolant-breeder compatibility and reactivity. Tritium recovery 
from the lithium breeder is attainable by several methods while maintaining a low 
tritium inventory (~1 appm). A self-healing electrical insulator (A1N, CaO or 
Y203) is used to reduce the MHD pressure drop in the system to < 1 MPa. Beryl
lium is incorporated to improve shielding performance and to ensure tritium self-
suffiency. Shielding material at the back of the blanket provides adequate radiation 
attenuation to allow rewelding of the vacuum vessel material during the ITER life
time. Reactor relevance, low tritium inventory, low activation material and a tritium 
self-sufficiency goal are the main features of this design. 

3. BLANKET R&D PROGRAMME 

The R&D requirements of the shielding blanket have been defined and a 
programme that addresses these requirements is under way. The programme includes 
the following R&D tasks: 



600 GOHAR et al. 

• Development of methods to join beryllium/copper alloys/austenitic steel. 

The development, characterization and testing of techniques for joining copper 
alloy to stainless steel and beryllium to copper alloy for the first wall will be accom
plished in the following steps: 

(1) Development of suitable techniques for joining copper alloy to stainless steel. 
Hot isostatic pressing (HIP), explosive bonding, diffusion bonding, casting, or 
a combination of these techniques will be assessed. 

(2) Development of reliable joints between beryllium and copper alloys. 
(3) Development of non-destructive testing methods for the joints. 
(4) Thermal and mechanical tests with and without irradiation. 

• Mechanical properties of irradiated beryllium, copper alloys and austenitic 
steel for ITER operating conditions (temperature, fluence and He/dpa ratio) 

Beryllium R&D will concentrate on establishing an expanded database for the physi
cal, thermal and mechanical properties of unirradiated and irradiated samples that 
have been fabricated by both melting and non-melting processes. 

(1) Define and prepare specifications for beryllium samples joined to different 
copper alloys. Investigate and compare different grades of beryllium and deter
mine candidate materials. Perform materials fabrication, neutron irradiation 
and post-irradiation tests, and mechanical tests. 

(2) Unirradiated properties include density, crystal structure, grain size, specific 
surface area, surface roughness, thermal conductivity, specific heat capacity, 
thermal expansion coefficient, tensile strength, bending strength, compatibility 
with structural material up to 800°C and fatigue resistance. 

(3) Investigate mechanical properties following neutron irradiation to 3, 5, 10 and 
30 dpa at different temperatures. 

(4) Post-irradiation examinations will be performed. The microstructure of the 
beryllium samples will be examined, and tritium release measurements as a 
function of temperature will be performed. 

The existing database on irradiated high strength copper alloys and copper 
bonded structures is extremely limited. Neutron irradiation data are needed for tem
peratures in the range of 100-500°C on different alloys of copper and on copper 
alloys-austenitic steel joints. The main alloys to be studied include Cu-Cr-Zr and 
Cu-Al203. This task will be carried out in two phases: 

1. Determination of the main properties of the copper alloys and duplex joints 
irradiated to fluence levels from 1 to 5 dpa at temperatures between 50-500°C. 
Tensile properties, thermal conductivity, electrical conductivity, swelling and 
effect of annealing at 300 and 500°C will be determined. 

2. Irradiation of the alloys and duplex joints to fluence levels of 40 dpa at tempera
tures between 50-500°C to determine the effect of transmutations, helium 
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generation and radiation damage on tensile strength, fatigue, fracture tough
ness, creep, cyclic strength (low and high cyclic fatigue); and crack propagation 
parameters, swelling, thermal and electrical conductivity. 

Austenitic stainless steel and Inconel 625 are proposed for ITER structural 
materials. Information is needed to supplement the existing database and to fully 
qualify these materials for ITER construction and licensing. Critical issues include 
low temperature embrittlement, high tempeature swelling, radiation enhanced stress 
corrosion cracking susceptibility, low level plasticity of welds, and welding charac
teristics of materials following neutron irradiation. 

Austenitic stainless steel base material and welded samples will be irradiated to 
fluences up to 40 dpa in the temperature range of 50 to 500°C with most data gener
ated in the temperature range of 100 to 250°C. Inconel base material and welded 
samples will be irradiated to a level of ~ 5 dpa in the temperature range of 50 to 
200°C. Irradiated samples will be welded and tested to determine the reweldability. 

• Evaluation of aqueous stress corrosion, irradiation assisted corrosion 
cracking, corrosion fatigue tests of stainless and copper alloys under ITER 
operating conditions 

Out of pile corrosion fatigue testing of annealed, cold worked and welded stain
less steel specimens in water with chloride impurities will be performed at 320°C and 
up to 105 cycles. Impurity effects (e.g. chloride, copper) on stainless steel stress 
corrosion cracking with slow strain rate testing and constant deformation testing in 
water with hydrogen and in water with oxygen and hydrogen peroxide will be inves
tigated. Effects on stress corrosion cracking due to changing from liquid water at low 
temperature to steam at 300°C for baking (e.g. impurity concentration, surface oxide 
formation) will be investigated. Galvanic coupling effects between 316 L or 
316 LN SS and Cu based alloys will be assessed. 

Perform in-pile irradiation assisted stress corrosion cracking testing on constant 
deformation samples of irradiated stainless steel at 200 °C in water with hydrogen and 
in water with oxygen and hydrogen peroxide. 

Perform out-of-pile testing erosion-corrosion tests of copper alloys under 
isothermal conditions at 200 °C and at high coolant velocity (up to 10 m/s) in water 
with hydrogen and in water with oxygen and hydrogen peroxide. 

• Investigation and testing of electrical connectors for the blanket sectors at the 
first wall. 

• Fabrication and testing of shielding blanket mock-up under normal and 
abnormal conditions. 

The objective is to assess the feasibility, reliability and performance of the 
blanket module, to demonstrate the fabrication procedure, and to test shielding mock-
ups under different loading conditions in the following steps: 
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(1) Demonstrate fabrication procedures for small to mid-scale mock-ups of the 
shieldidng blanket module. 

(2) Perform non-destructive examinations to confirm the fabrication techniques. 
(3) Prepare and modify test facilities to simulate expected normal and abnormal 

operating conditions in ITER. 
(4) Assess the feasibility, reliability and design performance under different condi

tions to recommend design improvements. 
• Demonstration welding, cutting and re welding the shielding blanket module 

to the backplate. 
• Validate nuclear heating, shielding performance and induced radioactivity 

for the shielding blanket. 

An R&D programme has also been established to examine critical issues for the 
breeding blanket and to generate the required engineering database. The development 
of thermodynamically stable insulator coatings on surfaces of structural materials in 
contact with flowing lithium coolant has been started. This coating would regenerate 
in situ if flaking or cracking occurred during operation. Also, it should maintain 
acceptable electrical resistivity under the combined effects of neutron irradiation and 
electrical field. An R&D programme has been started to qualify candidate vanadium 
alloys, concentrating on assessing the material properties and performance of 
V—4Cr-~4Ti . Corrosion, irradiation, fabrication, beryllium-vanadium joining 
techniques, welding and interactions with hydrogen, oxygen and nitrogen are being 
performed over a variety of temperature conditions. MHD performance tests of high 
temperature insulator coating are carried out for determining pressure drop, velocity 
and temperature distributions in ITER relevant conditions. Lithium purification 
methods, cold and hot trapping, and chemical methods for removal of impurities are 
also being tested. 

4. CONCLUSIONS 

The design and development of the ITER blanket designs which satisfy the 
programmatic objectives of ITER are progressing. An R&D programme has been 
started to provide the data required for the design and to qualify the proposed 
blanket designs. 
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Abstract 

ALTERNATIVE DESIGN OF ITER FIRST WALL, BLANKET AND SHIELD. 
Design options of ITER first wall, blanket and shield are described. A layered configuration com

posed of separate first walls, blanket modules and separate backplates has been proposed in order to 
realize reliable assembly and maintenance schemes as well as to provide reliable component designs 
under high surface heat loads, high neutron wall loading and electromagnetic loads during disruptions. 
The outline of the structural design and the results of thermal, mechanical and electromagnetic analyses 
are described. 

1. INTRODUCTION 

The International Thermonuclear Experimental Reactor (ITER) is designed to 
generate a fusion power of 1.5 GW as a nominal value with a surface heat flux of 
0.2 MW/m2 and a neutron wall load of 1 MW/m2, on average. Higher heat fluxes 
of up to 0.5 MW/m2, or more, are anticipated at hot spot regions near the X point 
and in the ripple loss regions. A shielding blanket made of austenitic stainless steel, 
mainly devoted to radiation shielding, is to be installed for the first decade of the 
ITER operation, and major design efforts have been made on the shielding blanket 
design by both the Joint Central Team (JCT) and the Home Teams. 

In this paper, alternative design proposals of the ITER first wall and shielding 
blanket are described. These design activities are being conducted by the Japan Home 
Team in close interaction with the JCT. For the design proposal, attention has been 
paid to consistency of design in order to meet the operation parameters and design 
requirements given by the JCT. In particular, design efforts have been made not only 
on the thermal, mechanical and electromagnetic (EM) performances of these compo
nents but also on integration issues such as maintainability and electrical connection 
of these components to form a current path in the toroidal direction. 
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Separate first wall 

FIG, 1. Schematic view of layered blanket configuration composed of separate first walls, blanket mod
ules and separate backplates. Each component is cooled by an individual water-line with a pressure of 
2 MPa and inlet/outlet temperatures of 150/200°C. The configuration of the backplate separate from 
the blanket modules has the advantages of providing enough space for the access of welding machines 
and supporting fixtures to the space within the vacuum vessel, resulting in reliable welding of thick back-
plates and good alignment. 

2. CONFIGURATION 

A layered configuration composed of separate first walls, blanket modules and 
separate backplates has been studied in order to realize reliable assembly and main
tenance schemes as well as to provide reliable component designs under high surface 
heat loads of up to 0.5 MW/m2, a neutron wall loading of 1 MW/m2 and EM loads 
of up to 1.5 MPa during disruptions. A schematic view of the layered blanket config
uration is shown in Fig. 1. 

Modular shielding blankets with a common manifold and a structurally separate 
backplate, supported by the shelves extruding from the vacuum vessel, are being 
examined. The blanket modules have modular structures in the toroidal and poloidal 
directions and are welded to the common manifold. Bolt connection and other fixing 
options are now being examined. 

Two design concepts for the separate first wall have been proposed: one is a 
separately cooled option mechanically integrated with the blanket module, and the 
other one is a separately cooled and independently demountable option. The former 
option employs a hot isostatic pressing (HIP) bonded structure made of copper alloy 
and steel with rectangular channels embedded within the first wall. The latter option 
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employs fail-safe quilting structures, made of steel and Cu alloy, to assure a highly 
reliable structure. It has a double walled structure sandwiching mesh inserts for in-
service inspection. 

3. BLANKET MODULE AND BACKPLATE 

The current blanket design utilizes the idea of a strong backplate, 70 to 100 mm 
thick, welded together to form a rigid axisymmetric structure for supporting large 
EM loads on the blanket modules and to provide a path of eddy currents induced dur
ing the disruptions. In the case where conventional welding methods such as tungsten 
inert gas (TIG) are applied to the connection of the backplate, large welding deforma
tion is expected, and a rigid fixture may be needed during the welding process in 
order to suppress excessive deformation. A configuration separate from the blanket 
modules enables enough space to be provided for the access of support fixtures within 
the vacuum vessel, and highly reliable welding of 70-100 mm thick backplates and 
good alignment can be assured. 

Another option is the application of electron beam welding (EBW), which has 
a number of attractive features such as much better accessibility from the plasma 
region, much smaller welding deformation and much higher welding speed, while 
weldability at overhead position and gap control between the modules are key issues 
to be examined by R&D. In this case the backplate can be integrated with the blanket 
modules because less space is required for access and the welding deformation is 
slighter. 

The blanket has a modular box type structure made of steel, as is shown in 
Fig. 2. The blanket module is separated into 2 m long modular units in the poloidal 
direction. The blanket module is fixed to the backplate by a number of bolts made 
of steel or Cu alloy. Thermal analysis of the bolt fixing region shows that the maxi
mum temperature of the bolt is less than 230°C, even if thermal contact between the 
bolt-to-blanket and the blanket-to-backplate is lost. 

A two dimensional stress analysis of the blanket module has been carried out 
under the coolant pressure load conditions of 2 MPa and EM forces of 1.5 MPa. The 
maximum deformation and Tresca stress obtained are 9.1 mm and 263 MPa, respec
tively. Three dimensional EM and structural analyses of the inboard blanket have 
also been performed under the conditions of centred disruption of 24 MA, with a cur
rent quench time of 10 ms, and with electrical connection at the backplate and no con
nection at the first wall. The induced current on the first wall, the EM forces on the 
side wall and the maximum von Mises stress of the blanket modules are 12 MA, 
50 MN and 160 MPa, respectively, which suggests that no electrical connection is 
required at the first wall although further examination is needed in order to take a 
variety of disruption conditions, vacuum deposition equipment (VDE) and halo cur
rent effects into account. 
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Blanket module fixed to separate backplate 

FIG. 2. Blanket modules integrated with the first wall made ofCu alloy and steel by HIP bonding. Each 
blanket module has a common manifold at its rear part, forming a poloidally continuous structure; cool
ing water for the modular unit is fed from this manifold. The blanket module is fixed to the backplate 
by a number of bolts made of steel or Cu alloy. 

4. SEPARATE FIRST WALL 

For the design of the first wall, two options have been examined. One is a 
separately cooled first wall integrated with the blanket modules. In this option, the 
first wall is composed of a 2-5 mm beryllium layer, a 5-10 mm Cu alloy layer, 
rectangular cooling channels of 2 mm wall thickness and a 10 mm rear layer; the two 
latter components are made of 316SS; the first wall is integrated with the blanket 
module as is shown in Fig. 2. HIP bonding is the method proposed for the fabrication 
of this first wall, based on trial fabrication experience [1]. Cooling water is fed from 
the common manifold region, flows along the toroidal channels and returns to the 
manifold. A thermomechanical analysis of the first wall shows that the maximum 
temperature and the Tresca stress are 293 °C at the surface of the beryllium layer and 
290 MPa at the corner of the cooling channel, respectively, under a surface heat flux 
of 0.5 MW/m2 and nuclear heating corresponding to the neutron wall loading of 
1 MW/m2. 

The other option is a separately cooled and independently demountable first wall 
panel, typically 2 m long and 1 m wide, with a fail-safe quilting configuration. 
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FIG. 3. Cross-sectional view of a separately cooled and independently demountable first wall panel 
made of double walled fail-safe quilting structure. The double walled structure sandwiching a metallic 
mesh enables in-service inspection, resulting in no water leakage as well as a fracture of the first wall. 
The quilting panel structure can accommodate high heat load and large EM loads; it is bolt connected 
to the blanket module. 

A cross-sectional view of the fail-safe first wall panel is shown in Fig. 3. It has a dou
ble walled structure sandwiching a metallic mesh, which enables in-service inspec
tion [2]. This idea was well developed for heat exchangers of fast breeder reactors. 
The separate first wall has attractive features such as relaxed thermomechanical con
ditions. In particular, independently removable features maximize the advantages of 
the separate first wall concept in terms of maintainability, electrical connection and 
reduced amount of radioactive waste. A series of thermomechanical analyses of this 
panel were conducted under a surface heat flux of 0.3-1.0 MW/m2, together with 
nuclear heating and coolant pressure. The maximum stress of the first wall panel is 
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Surface Heat Load (MW/m2) 

FIG. 4. Thermomechanical performance of double walled fail-safe first wall panel. The maximum 
stress obtained by 3-D finite element method analysis is plotted at several locations shown in the figure 
under a surface heat flux of 0.3-1.0 MW/m2, together with nuclear heating and cooland pressure. A 
combination of Cu alloy and SS316 has been proposed for the high surface heat load region of more 
than 0.5 MW/m2. 

summarized in Fig. 4 as a function of surface heat flux, and the combination of Cu 
alloy and SS316 has been proposed for a surface heat load region higher than 
0.5 MW/m2. 

5. CONCLUSIONS 

Alternative options of the ITER first wall, blanket and shield design have been 
examined by the Japan Home Team, and a layered configuration composed of 
separate first wall, blanket modules and separate backplates has been proposed to 
provide reliable assembly and maintenance schemes as well as to realize reliable com
ponent designs. The proposed design is based on technologies well tested in the 
industry, and thermal, mechanical and EM analyses have shown satisfactory perfor
mance of the proposed option under the design conditions although further optimiza
tion and detailed design efforts are needed to provide merging into the reference 
design now being developed by the JCT. 
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Abstract 

CONCEPTUAL DESIGN OF JT-60 SUPER UPGRADE. 
A conceptual design of a steady state tokamak, JT-60 Super Upgrade (JT-60SU), has been devel

oped. The existing JT-60 facility will be fully utilized for this upgrade. The mission of JT-60SU is to 
establish an integrated basis of physics and technology for steady state tokamak reactors. For demonstra
tion of the advanced tokamak operation concept, it is essential to sustain high performance discharges 
with high confinement, full current drive, good stability, and high efficiency of heat and particle exhaust 
for a time much longer than the characteristic time-scales. JT-60SU would play an essential role in mak
ing significant progress in the study of steady state operation relevant to the reactor regime. The technol
ogy development for long pulse operation and research for fusion safety improvement will also be 
pursued. Through these research and development efforts, advanced tokamak experiments are to be con
ducted in JT-60SU for progress towards steady state tokamak reactors. These studies will also contribute 
to the extended burn of ITER as well as to achieving steady state as an ultimate goal. 
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1. INTRODUCTION 

SSTR [1] and ARIES [2] have been proposed as compact and economical steady 
state tokamak reactors. Significant progress has been made in JT-60U to establish the 
physical basis of such advanced steady state tokamak reactors [3, 4]. For example, 
a discharge with /3p « 2.6, /3N « 2.9 and H factor « 2.5 was sustained for about 
0.5 s in JT-60U under the full current drive condition (bootstrap current « 78%, 
beam driven current « 36% at Ip = 1 MA, ñ, = 2.5 X 1019 nr3) [5]. Here (3p is 
the poloidal beta, /3N is the normalized beta and the H factor is the confinement 
enhancement factor defined by H = rE/T¿TER89P. In addition, current drive and 
current profile control by LH in a bootstrap current dominated discharge were 
demonstrated successfully (Ip = 0.7 MA, ñe = 1 x 10" m-3) [6]. However, the 
plasma current, density and pulse length are still low in comparison with those of 
steady state tokamak reactors, and therefore it is necessary to perform advanced toka
mak experiments in longer pulse, higher current and higher density regimes. 
To attain these goals and to perform the advanced research and development for a 
DEMO reactor according to the Third Phase Basic Program of Fusion Research and 
Development laid down by the Atomic Energy Commission of Japan, JT-60 Super 
Upgrade (JT-60SU) is designed with full utilization of the existing JT-60 facilities 
[7, 8]. This paper deals with the objectives of JT-60SU and an overview of the device 
and its design features. 

2. OBJECTIVES 

The mission of JT-60SU is to establish an integrated basis of physics and tech
nology for steady state tokamak reactors. To fulfil this mission, JT-60SU has set up 
its goals in physics, technology and fusion safety improvement. The main issues are 
as follows: 

(a) Physics. Simultaneous achievement and sustainment of high /3p, high (3N, full 
non-inductive current drive, high confinement, and divertor heat and particle 
control. 

(b) Technology. Long pulse operation with superconducting magnets, development 
of high heat conductivity materials for divertor plates and establishment of sys
tem integration. 

(c) Fusion safety improvement. Low activation materials to reduce activation, 
neutron/secondary y ray shielding, tritium processing and remote handling. 

To achieve these goals, advanced tokamak experiments are to be conducted in 
JT-60SU for development of steady state tokamak reactors. These studies will also 
contribute to the extended burn of ITER and to achieving steady state as an ultimate 
goal. 
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3. THE JT-60SU DEVICE 

The design study of JT-60SU is based on the experimental results on JT-60U 
and technology development at the Japan Atomic Energy Research Institute (JAERI). 
The experimental results of JT-60U demonstrated the advantage of high safety factor 
operation [3, 9]. These are: (1) high H factor can only be obtained in the range 
q95 5: 4 in both the L mode and the H mode; (2) the /3p limit increases with q95; 
(3) the disruption probability drops with increasing q95; (4) the maximum heat load 
on the divertor plates decreases with increasing ñeq95; and (5) the particle recycling 
flux at the divertor rises with r^q^. On the basis of these experimental results, the 
best global performance of a tokamak plasma would be obtained at q95 = 4-5 
(qeff = 5-6). Therefore, the JT-60SU design aims at a high toroidal field to permit 
high safety operation. 

We assume the ELMy H mode as a candidate for steady state operation and an 
H factor of 2.1 is used as a standard value for the confinement evaluation. Density 
and temperature profiles are given here along ITER physics guidelines and Zeff is 
assumed to be 2. 

Negative ion based neutral beam injection (N-NBI) with a beam energy of 
500 keV and an input power of 10 MW is now being developed for JT-60U [10]. 
Extension of this beam technology will enable us to provide a beam system of 65 MW 
for plasma heating and current drive in JT-60SU. JT-60SU also aims at good profile 
control because profile control is essential for attaining highly integrated perfor
mance. The profile control in JT-60SU is to be achieved by beam energy and beam 

TABLE I. MAIN MACHINE PARAMETERS OF JT-60SU 

Toroidal field B, at 4.8 m 6.25 T 

Plasma current Ip 10 MA 

Major radius Rp 4.8 m 

Minor radius ap 1.3-1.5 m 

Aspect ratio 3.2-4 

Elongation K 1.8 

Triangularity <5 0.4 (SN)/0.8 (DN) 

Number of toroidal field coils 18 

Field ripple at plasma surface 0.9% 

Total volt-seconds 170 

Pulse length 2:2000 s for full CD 

Neutral beam 65 MW/500-700 keV 

Lower hybrid 20 MW/3.7 or 5 GHz 

ECH power for breakdown 1 MW/140 GHz 
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FIG. 1. Cross-sectional views ofJT-60U and JT-60SU. 

injection angle control and/or LHRF. ECH with an input power of 1 MW is used for 
plasma breakdown. A Nb3Al magnet is used for the toroidal field coils, which are 
based on technology development at JAERI. 

The basic design parameters of JT-60SU currently being investigated are shown 
in Table I. The maximum toroidal field Bt at Rp is set at 6.25 T to obtain a high 
safety factor q95 = 4.1 at Ip = 10 MA and q95 = 6.8 at Ip = 6 MA in a single null 
divertor configuration. The double null configuration is considered as a future option. 
Cross-sections of the JT-60SU device and of the existing JT-60U are compared in 
Fig. 1. 

4. PHYSICAL CAPABILITY OF JT-60SU 

4.1. Full current drive and long pulse operation 

The plasma current and current drive product (IpCDRpñe) required in SSTR are 
12 MA and -300 x 1019 MA/m2, respectively. Present experimental results are a 
maximum plasma current of 3.6 MA with LHCD (JT-60U) and ~ 1 MA with NBCD 
(JT-60U, TFTR). The driven current predicted by the 2-D current drive simulation 
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TABLE IL PLASMA PERFORMANCE IN JT-60SU 
(Rp = 4.8 m, H factor = 2.1, beam energy = 500 keV) 

Ip (MA) 
B,(T) 
ap(m) 
P (MW) 

Q95 

ñe (1019 m"3) 
Te(0) (keV) 
rE(s) 

^P 

J8N 

IBS/Ip 

Full CD case I 

6 
6.25 
1.5 
65 (NB) 

6.8 
7 
12 
1.1 
0.9 
1.2 
0.37 

Full CD case II 

10 
6.25 
1.5 
45 (NB), 
20 (RF) 
4.1 
6 
21 
1.6 
0.5 
1.2 
0.23 

High IBS/Ip case 

3.5 
6.25 
1.5 
65 (NB) 

11.7 
10 
5 
0.71 
1.7 
1.3 
0.75 

High /3p, |8N case 

2.5 
3 
1.2 
65 (NB) 

5.1 
10 
5 
0.42 
2.3 
3.5 
0.75 

TABLE m. CHARACTERISTIC TIME-SCALES (s) 
OF JT-60SU 

Energy confinement ~ 1.4 
Impurity confinement —1-4 
Divertor heat removal ~ 10 
Particle pumping — 10 
Particle saturation of wall ~ 30-60 
Diffusion of plasma current ~ 100-200 
First wall temperature saturation -500-1000 

code ACCOME [11] is shown in Table II. The maximum value of Ip under full non-
inductive current drive is 6 MA in the N-NBI case and 10 MA in the case of N-NBI 
plus LHRF. A high bootstrap current fraction (IBS/Ip >: 0.75) is expected at 
Ip = 3.5 MA. It is noted that current drive experiments in a high /3N and high /3p 

regime (|SN ^ 3.5, ¡3V > 2.3) are naturally possible if the plasma current and toroi
dal field are reduced (e.g. Ip « 2.5 MA and Bt » 3 T). The above values of 
driven current were calculated by assuming an H factor of 2.1. When an H factor 
of 3 is assumed, the maximum Ip with 75% bootstrap current fraction increases up 
to 5 MA. Current drive products of beam and LH driven currents are (120-220) 
X 10l9 MA/m2. The current drive efficiency (r)CD = I^R^/Pco) in these dis
charges is estimated as (2-3.5) X 1019 A-m"2-W_1. 
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FIG. 2. Predicted fully driven non-inductive current plotted against pulse length in JT-60U. 

The characteristic time-scales of JT-60SU are shown in Table III. For the 
demonstration of the advanced tokamak operation concept, it is essential to sustain 
discharges with integrated performance of high confinement, full current drive, good 
stability, and high efficiency of heat and particle exhaust much longer than the 
characteristic time-scales. This type of operation is difficult in the present tokamaks. 
Thus the pulse length of JT-60SU is set at 2000 s under the full current drive condi
tion, and this pulse length is sufficiently longer than the characteristic time-scales. 
With such a long pulse operation capability, JT-60SU would contribute to progress 
in steady state advanced tokamak research beyond the present experiment and 
towards steady state tokamak reactors, as shown in Fig. 2. 

4.2. Profile control 

Current profile control in bootstrap current dominated plasmas with a long cur
rent skin time is one of the important issues for ensuring an MHD stable current pro
file, because the bootstrap current profile has a hollow shape and is determined by 
the pressure profile, the control of which is difficult in experiments. Current profile 
control is also important for obtaining high confinement performance because the 
H factor increases with the peaking of the current profile. 



IAEA-CN-60/F-1 619 

FIG. 3. Current profile control (a) with change of beam energy, and (b) with LHCD (PNB = 40 MW, 
Pw = 13 MW, Im = 0.75 MA, IBS = 2.7 MA, Iw = 0.55 MA) and without LHCD (PNB = 62 MW, 
INB = 1.25 MA, IBS = 2.75 MA). 

It is planned to control the current profile in JT-60SU plasmas by N-NBI and/or 
LHRF. In the 3.5 MA discharges (IBS/Ip « 0.75), a weak negative magnetic shear 
is expected in the central region with standard NBCD at 500 keV. The central shear 
can be modified by an increase in the NB acceleration energy (positive central shear) 
and with edge current drive by LHCD (steeper negative shear), as shown in Fig. 3. 
Through these profile control studies, the optimization of the current profile can be 
achieved for the sustainment of high confinement performance at high j8 with a suffi
cient MHD stability margin in steady state, and this is expected to contribute to the 
establishment of the advanced reactor concept. 

4.3. Cold, dense and radiative divertor 

Heat and particle control under high heating power is another crucial subject for 
steady state operation. In JT-60U, a confinement improvement has been achieved by 
decreasing the particle recycling flux at the divertor. This result indicates that the 
tokamak confinement is improved by decreasing the backflow from the divertor to 
the main plasma. The particle backflow should be less than ~ 1022 n/s to obtain 
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good confinement in JT-60U. To obtain a cold and dense divertor plasma, the particle 
flux to the divertor plate should be larger than ~ 1024 n/s. An optimized closed 
divertor is necessary to satisfy these two conditions, because the particle backflow 
of an open divertor is estimated to be ~ 1023 n/s. Heat and particle control in a high 
confinement mode requires simultaneous achievement of the reduction of particle 
backflow, the formation of a cold and dense divertor plasma, and remote radiative 
cooling. Optimization of the divertor geometry and the pumping system is another 
important objective of JT-60SU. Such optimization of the divertor with the pumping 
system is under investigation using the code presented in Ref. [12]. 

The compatibility of plasma performance and newly developed plasma facing 
materials is also important. According to the progress of divertor experiments and 
plasma facing materials development, the improvement of divertor geometry and/or 
plasma facing materials will be possible in the JT-60SU programme, which would 
be difficult in ITER because of its DT operation at a high rate. 

4.4. High energy particle behaviour 

In addition to the advanced tokamak studies, TAE and a particle studies are 
important for JT-60SU. The n = 1 fixed boundary TAE is unstable in the density 
regime of ñ̂  â; 4 X 1019 m~3 for the standard 6 MA full CD discharges. The TAE 
will be investigated in JT-60SU in order to understand its effect on current drive effi
ciency and stabilization by current profile and/or pressure profile control. These 
studies will contribute further to the operation scenario of DT tokamaks. 

The a particle Larmor radius pa normalized to ap in the 10 MA case is 0.2 in 
JT-60SU, which is similar to the value for SSTR (pa/ap « 0.17). Thus we can 
study a particle behaviour under conditions of pJo.p similar to those of SSTR if DT 
discharges are introduced at the end of the JT-60SU operation phase. 

5. DESIGN OF COILS AND VACUUM VESSEL 

The toroidal field coils are designed with a new concept [13]. A modified three-
in-hand grading with circular Nb3Al and NbTi cable-in-conduit conductors is 
employed to improve the cost performance, as shown in Fig. 4. In addition, the 
Nb3Al conductor has better stability against strain than the Nb3Sn conductor [14]. 
To realize the modified three-in-hand grading structure and to improve the force 
transmission to the structure material, the toroidal field coils are designed with an 
advanced disc structure. The conductor diameter is about 6.3 m and 10 m. The num
ber of toroidal field coils is selected to be 18 to reduce the field ripple at the plasma 
surface to 0.9%. The maximum field is 11 T, assuming the present superconductor 
technology. 

The total volt-second capability is 170 V-s to permit 10 MA discharges. A flat
top length of 200 s can be obtained at 10 MA with this volt-second capability. To 
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FIG. 4. Advanced disc structure in JT-60SU. 

realize this, a maximum field of 9 T is required for the centre solenoid coils. Thus 
the (NbTi)3Sn conductor is used in the centre solenoid coils and the NbTi conductor 
in the other poloidal field coils. A double pancake is selected for the winding. 

TÍ-6A1-4V alloy is the major candidate material for the vacuum vessel because 
of its low activation property. A vacuum vessel made of TÍ-6A1-4V allows human 
access after about one year of cooldown [15]. The dose rate is 2-15 mrem/h one year 
after shutdown (Fig. 5). On the other hand, if SS-316 or Inconel-625 is employed for 
the vacuum vessel, the dose rate will remain at a high level of 400-700 mrem/h one 
year after shutdown, even with a cobalt concentration of 0.01 %. A double skin struc
ture with the poloidal and toroidal ribs is selected for the vacuum vessel, which is 
based on development of the JT-60U vacuum vessel. The total thickness of the skin 
is 40 mm and the one turn resistance of the vacuum vessel is 60 mW. The shell effect 
ns of this vacuum vessel is ~ 1.6 and the growth rate of the vertical instability is 
~50 s-1. The eddy current induced by a 10 MA disruption is up to 9.4 MA because 
its time constant is sufficiently longer than the disruption decay time. An initial analy
sis shows the maximum stress is about 150 MPa. A new stress analysis is currently 
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FIG. 5. Dose rate inside the vacuum vessel versus months after shutdown. 

under way that takes into account the effect of the (v X B) term in Maxwell's equa
tions [16]. The vacuum vessel is required to reduce the nuclear heating of 
the superconducting toroidal field coils by shielding them from DD neutrons 
(maximum of 1 x 1018 n/s in the JT-60SU case). The double skin structure, with a 
25-40 cm separation, is filled with boron (1 % of l0B) doped water to reduce the 
nuclear heating. The nuclear heating rate is 1 mW/cm3 at the surface of the toroidal 
field coils and the total nuclear heating of the toroidal field coils is 11 kW in the case 
with boron doped water [15]. If only pure water is applied, the total nuclear heating 
of the toroidal field coils becomes 60 kW. When DT discharges are planned, the 
shielding thickness and materials will be changed. 

The development of high heat conductivity materials is required for plasma fac
ing components, especially for divertor plates. The power flow to the outer divertor 
is estimated to be an average divertor heat flux of 10 MW/ra2 and a peak heat flux 
of 15 MW/m2. To handle this heat flux during long pulse operation, CFC armours 
attached to a copper alloy swirl tube are chosen. 

JT-60SU will be assembled after the disassembly of the existing JT-60U device. 
The expected JT-60SU schedule is as follows: start of fabrication around 1998, after 
the shutdown of JT-60U, and start of experiments around 2001. 
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6. CONCLUSIONS 

Significant progress has been made in JT-60U towards establishing the concept 
of advanced steady state tokamak reactors. However, experiments with reactor rele
vant conditions and development of engineering related to steady state operation are 
still required to prove the concept. To establish an integrated basis of physics and 
technology for advanced steady state tokamak reactors and to contribute to ITER, 
JT-60SU is designed to utilize the full capability of the existing JT-60 facilities. 
JT-60SU would sustain high performance discharges with high confinement, full cur
rent drive, good stability, and high efficiency of heat and particle exhaust much 
longer than the characteristic time-scales at high Ip (6-10 MA). These achievements 
are essential to demonstrate the advanced tokamak operation concept. The toroidal 
field coils are designed using a new concept for an advanced disc structure to improve 
the force transmission to the structure material. A modified three-in-hand grading 
using circular Nb3Al and NbTi cable-in-conduit conductors is also adopted. The 
25-40 cm thick water tank type vacuum vessel made of TÍ-6A1-4V alloy and with 
boron (1 % of 10B) doped water is chosen for the DD phase to allow human access 
to the vacuum vessel after about one year of cooldown and to increase DD neutron 
shielding. Further design study is planned for DT operation. Through these studies, 
we plan to conduct advanced tokamak experiments in JT-60SU that are relevant for 
steady state tokamak reactors. These studies will also contribute to the extended burn 
of ITER. 
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DISCUSSION 

R.J. GOLDSTON: How many DD neutrons can you produce per year given site 
constraints? 

H. NINOMIYA: The number of DD neutrons is 1022 n/s. 
R.J. GOLDSTON: How many seconds of full power operation does this cor

respond to? 
H. NINOMIYA: That depends on the plasma performance. 
A. GIBSON: What do you estimate to be the total cost of JT-60SU and its 

associated heating systems? 
H. NINOMIYA: The cost is still being estimated. 
F.W. PERKINS: What plans or methods do you have for control of the density 

and the density profile? In a high bootstrap fraction tokamak, control of the density 
profile provides a way of controlling bootstrap current density. 

H. NINOMIYA: Density and density profile control is an important subject. 
One method would be pumping from the divertor chamber and a fuelling system such 
as a shallow pellet injector. More investigation is required to design methods. 
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Abstract 

PHYSICS DESIGN OF THE TOKAMAK PHYSICS EXPERIMENT. 
The physics approaches to improved, steady-state tokamak reactors, as evolved through reactor 

design studies, ideas based on experimental results, and better theoretical understanding, are the founda
tion for the mission and physics design of the Tokamak Physics Experiment (TPX). The mission of TPX 
is to develop the scientific basis for cost-competitive, continuously operating tokamak power plants. The 
paper reports the design status of TPX, a device optimized to achieve improved performance through 
strong plasma shaping, recycling control, and current profile shaping, while operating continuously. 
The design incorporates poloidal field flexibility for a wide range of operation in normalized beta and 
internal inductance, a double-null "Vee" divertor configuration for power and particle control, internal 
and external n # 0 coils, as well as passive stabilizers, for control of MHD activity, and remote main
tenance for continuous high-power operation in deuterium. Having superconducting poloidal and 
toroidal coils, the TPX device itself is capable of continuous operation, although initially auxiliary 
equipment limits the pulse length to 1000 s. 

* Work performed under the auspices of the US Department of Energy by Lawrence Livermore 
National Laboratory under contract W-7405-ENG-48. 
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1. Introduction 

The physics approaches to improved, steady-state tokamak 
reactors, as evolved through reactor design studies, ideas based on 
experimental results, and better theoretical understanding, are the 
foundation for the mission!1] and physics designt2] of the Tokamak 
Physics Experiment (TPX). 

The ARIES series of reactor designst3! and the SSTR study!4] 
investigated the potential benefits of advanced physics assumptions 
(confinement enhanced over H-mode, reliance on bootstrap current) 
to reduce the projected cost-of-electricity (COE) from steady-state 
tokamak reactors. More recently, systems-code work by Galambos et 
alt5] showed that if the standard first-stability limit on beta (PN = PaB/lp 
~ 3) can be exceeded, dramatic reductions in cost-of-electricity are 
possible. Parameters such as the Troyon limit, edge safety factor q, 
and net electric power were specified in this study, while the machine 
dimensions, current, toroidal field, and other parameters were varied 
in order to minimize the resulting COE. Values of PN ~ 5, combined 
with moderate enhancements in confinement scaling over L-mode, 
e.g. , H = 2 - 3, were found to reduce the cost of electricity by a factor 
of two compared to a demonstration reactor operating at PN = 2.5, H = 
2. To achieve acceptable non-inductive high-Q operation requires 
both high power density and high bootstrap fraction, which are 
achieved by raising both PN and cio-

The evolving basis in theory and experiment for attractive 
regimes of steady-state, advanced tokamak operation was recently 
reviewed by Goldstonl6!, and general implications for the design of 
steady-state advanced tokamaks were outlined. The specific 
fulfillment of these requirements in the TPX design are discussed in 
ref.m. 

The TPX design incorporates high elongation, KX = 2, and high 
triangularity, Ôx = 0.8, as well as high aspect ratio, R/a = 4.5 and a 
double-null divertor. The dimensions of the device provide 
confinement capability, nTx °c (IpR/a)2, comparable to present front
line experiments: R = 2.25 m,B = 4T, lp = 2 MA. TPX will be able to 
operate over a range of PN values (up to 5 at q=3 and 7 at q=5) and 
current profiles [internal inductance 0.4 < £¡3 < 1.2 (q=3) or 1.5 (q=5) J 
with shaping and profiles such as those developed for ARIES-lt8l, 
those required for operation at high if.Q\ or those associated with 
shear reversait10'11] in the core of the plasma. 

A variety of auxiliary sources is provided for heating, current 
drive, and plasma rotation. The mix chosen for TPX provides for 
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peaked on-axis, peaked off-axis, and broad driven-current profiles 
using, respectively, 8 MW of fast wave current drive (FWCD), 1.5 MW 
lower hybrid current drive (LHCD), and 8 MW of neutral beam current 
drive (NBCD) at 120 keV. The machine is designed to accommodate 
up to 45 MW of input power, with up to 18 MW of FWCD, 24 MW of 
NBCD, and 3 MW of LHCD. The LHCD power can be further 
increased in increments of 3 MW at the expense of increments of 
either 8 MW of NBCD or 6 MW of FWCD. 

2. Operating Scenarios 

A range of attractive, steady-state operating scenariost7-12! has 
been generated for TPX, both using the initial heating and current 
drive systems and assuming potential upgrades. For example, 
assuming deuterium fuel and typically H ~ 3, B ~ 3T, the initial power 
complement can support MHD stable current profiles in the reversed-
shear model13] that reach PN values in the 4-5 range, with high 
bootstrap fractions (~ 70 - 90%). Within the framework of ideal MHD 
theory, a conducting wall at b/a ~ 1.3 is required for stability of the 
external kink in these cases, but experiments in Dlll-Dt14] indicate that 
stability is obtained with resistive walls for times much longer than the 
L/R decay of wall response currents. Theories^] invoking toroidal 
rotation and mode coupling may explain these results, requiring a 
rotation speed of ~ 5% of the Alfven speed. 

Figure 1 shows an example of how the baseline TPX heating 
and current-drive system can be used to sustain a 75% bootstrap 
fraction, lp = 1.63 MA, Teo = T¡o = 14 keV, reversed-shear plasma. A 
modest fraction of the fast wave system is used to drive a negative 
current, in opposition to the central portion of the NB driven current, 
but the full FW power is used for electron heating. The off-axis LHCD 
helps to move the reversed shear point outwards. A deeper 
minimum, displaced to larger minor radius, can be achieved by 
increasing the LH power from 1.5 to 3 MW, while allowing the total FW 
power to be reduced from 8 to 6 MW, an option being considered by 
the design team. 

Fully time-dependent versions of these scenarios are currently 
being developed, and must be kept self-consistent with MHD stability, 
transport, and both power deposition and current-drive from the 
available auxiliary systems. Self-consistent time-dependent 
calculations of feedback control of these modes have been carried 
out by Houlbergt16] , for advanced reactor scenarios. Time-
dependent calculations of the evolution from startup to equilibrium in 
TPX are in progress by the TPX physics team. 
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FIG. 1. Example of reverse-shear mode profiles, using the ACCOME code and the initial TPX power 
mix, but without regard to stability or transport. 

3. Steady State Power and Particle Control 

At power levels up to 18 MW the divertor targets in TPX will 
handle the expected heat load (4-6 MW/m2), assuming divertor 
plasma conditions similar to those of present experiments. However, 
at 45 MW, using fluid and Monte Carlo codes to model conditions in 
the scrape-off and divertor plasma regions, a peak heat flux 
exceeding 15 MW/m2 is predicted, and scaling from experiments 
suggests values above 10 MW/m2. A factor of 2.5 reduction (higher 
is desirable for reactor extrapolations) in the peak divertor heat flux 
will therefore be required in order to stay safely below the power 
handling limits (7.5 MW/m2) of the cooled target structure. This will 
be accomplished by increasing the radiative losses in the edge, 
scrape-off layer, and divertor plasmas through impurity plus 
deuterium gas fueling in the divertor region. 

Significant heat flux reduction by gas injection has already 
been demonstrated in a number of divertor tokamaks^ô]; neon and 
argon are expected to be efficient radiators at the low temperatures 
expected in the divertor region, but poor radiators in the very high 
temperature core plasma (Te(0) ~ 15keV). In TPX it will be 
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necessary to also maintain good core energy confinement and 
current drive efficiency (low Zeff and high Te) in steady state. Recent 
experiments on Dlll-D have shown that, at a given argon puffing rate, 
the combination of divertor pumping and midplane fueling can reduce 
core plasma impurity contamination by factors of three or morel"19]. 
The TPX "Vee" divertor geometry is designed to minimize the flow of 
gas and impurities back to the main plasma, as required for core 
density and impurity control under highly radiating conditions. 

Core fueling in TPX will be provided by neutral beam injection 
(1021 atoms/s initially). Pellet injection can be added later for density 
profile control. Gas injector arrays in the midplane and divertor 
regions will provide flexibility in supplying fuel and impurities to 
optimize radiative-divertor conditions. Particle balance experi-
mentst20] in Tore Supra and Dlll-D indicate that conditioned walls 
continuously pump energetic particles and release thermal particles 
into the scrape-off layer. These are exhausted from the system by 
pumped limiters (or pumped divertors), enabling the walls to continue 
pumping. The TPX will use 350 C bakeout and overnight glow 
discharge cleaning to pre-condition the walls, and then continuous 
divertor pumping to maintain steady-state particle exhaust. The 
pumping system provides a variable pumping speed up to 88 m^/s 
with external cryopumps connected to the divertor region through 16 
large-diameter ducts. In addition, turbomolecular pumps with up to 
20 m3/s are available to test helium exhaust scenarios. 

4. Plasma Control 

Active control of the plasma operating conditions is a key 
requirement needed to reliably sustain operating scenarios with 
enhanced beta and confinement, as well as for efficient current drive 
and high plasma purity. 

Control of the current profile to maintain stability of high-beta, 
bootstrap-dominated configurations is a central element of the TPX 
strategy. The three heating and current-drive systems provide control 
of the current profile, while simultaneously heating both electrons and 
ions and maintaining rotation. A close-fitting conducting structure, 
shown in Fig. 2, provides passive stabilization of both n=0 and low n 
* 0 MHD modes. Both inboard and outboard structures are required 
for vertical position control over a wide range of profiles. The outboard 
structure stabilizes external kink modes associated with high beta and 
bootstrap currents. Vertical conductors connecting upper and lower 
toroidal conductors form a "cage" structure that provides paths for 
eddy currents needed to stabilize helical MHD modes. Preliminary 
analysis indicates that this structure is sufficient to stabilize low-n 

modes in a reverse-shear configuration with £N up to 5.0. Co-injected 
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FIG. 2. Cage passive conducting structure designed to stabilize MHD modes. 

neutral beam power will provide toroidal rotation. Motivated by 
theoryl21! and experiments on several machines!22] on the role of 
field errors in mode locking (which can diminish the effectiveness of 
passive stabilization), modular external coils are provided on TPX for 
field-error compensation. The currents in these coils will be able to 
track the poloidal field coil currents providing dynamic control of field 
errors. 

Resistive control coils internal to the vacuum vessel are used in 
conjunction with the passive structure for fast feedback control of the 
vertical and radial position. To control the vertical instability in the 
presence of system and plasma-induced noise, the coils and power 
supplies are designed for random fluctuations in vertical position with 
a root-mean-square amplitude of 1 cm and bandwidth equal to the 
vertical instability growth rate. To maintain good plasma-antenna 
coupling for continuous radiofrequency power flow, the coil systems 
can restore radial position to nominal in 20 ms (much less than an 
energy confinement time) following a sudden 20% drop in stored 
energy. Each coil is divided toroidally into four segments. While these 
segments will be connected in series initially to perform axisymmetric 
control functions only, at a later time they can be configured (with the 
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addition of new power supplies) to implement fast feedback control of 
n=1 external modes. 

Accurate control of the position of the SOL with respect to in-
vessel components (radiofrequency launchers, the passive structure, 
and the divertor pump opening) is needed in order to maintain good 
coupling of RF power to the plasma, to control local heat fluxes, and to 
control the particle exhaust rate. This high level of control must be 
maintained over TPX's wide operating space in ¿¡3 and pp, and in the 
face of significant MHD activity, in order to provide the flexibility to test 
a range of promising operating modes. Because of the low-power, 
open inboard divertor configuration, the inboard shape and strike-
point location can be allowed to vary, permitting flexibility to 
accommodate changes in the SOL width due to variations in divertor 
operating mode or ¿¡3, at reduced cost for the poloidal coil system. 
The full range of equilibrium flexibility can also be accessed in the 
single-null configuration, with modest improvements to the PF power 
systems, but the peak heat flux to the flat inner divertor plate may be 
unacceptable at high power levels. 

5. Summary 

Experimental and theoretical results from around the world 
point to the possibility of improved modes of tokamak operation, 
which can lead to substantial reductions in the cost of electrical power 
from fusion. A capable and flexible design has been developed for 
TPX, which will support experiments extending previous results to the 
highest performance achievable and holding these high-performance 
regimes in steady state, through active, detailed plasma control. 
Results from TPX, in combination with results from ITER and 
elsewhere, will permit the world to harness fusion as an attractive and 
cost-competitive energy source for the future. 
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DISCUSSION 

Y. KAMADA: Is the high bootstrap fraction plasma with large negative shear 
stable against resistive pressure driven/current driven instabilities? 

K.I. THOMASSEN: The profile shown, where qmin « 2.1, was not analysed 
with resistive MHD codes but does avoid the double tearing mode that is expected 
with two q = 2 surfaces in the machine. We have used the PIES resistive MHD code 
for similar profiles (but qmin > 2.5) and found them to be stable. 

Y. KAMADA: Have you considered active pressure profile control in TPX? 
K.I. THOMASSEN: We are not assuming pressure profile control in detail but 

we will explore what possibilities there are with available fuelling and pumping 
current profile control. 

J.A. WESSON: How important is wall stabilization in this scenario? What is 
the impact on electricity cost if there is no wall stabilization? 

K.I. THOMASSEN: The cost drops by a factor of ~2 from a pulsed, 
/3N ~ 2.5 reactor to a steady state reactor with /3N of 5-6 and enhanced confine
ment. Wall stabilization is required for the highest values of /3N, but is in principle 
possible. Attractive reactors at /3N values consistent with no wall stabilization are 
possible as well, since there is still a substantial cost reduction in raising /3N from 
2.5 to 3.5. 



IÂEÀ-CN-60/F-3 

STEADY STATE SPHERICAL TOKAMAKS 
AND FUTURE APPLICATIONS 

R. BUTTERY, G. COUNSELL, M. COX, 
T.C. HENDER, P.J. KNIGHT, M.R. O'BRIEN, 
D.C. ROBINSON, G.M. VOSS1, H.R. WILSON 
UKAEA-Euratom Fusion Association, 
UKAEA Government Division, Fusion, 
Culham, Abingdon, 
Oxfordshire, United Kingdom 

Abstract 

STEADY STATE SPHERICAL TOKAMAKS AND FUTURE APPLICATIONS. 
The possibility of steady state operation in tight aspect ratio (R/a S 1.6) 'spherical' tokamaks 

is examined. The current drive requirements are deduced for MHD stable equilibria, including self-
consistently calculated neoclassical bootstrap currents and diamagnetic currents. Numerical models indi
cate that a neutral beam injection system can be tailored to drive the required current (in profile and 
magnitude) for powers consistent with a modest enhancement in energy confinement times, for a range 
of devices from projected near term experiments to a power plant. Examples of steady state operation 
described are for a moderate size device (Ip ~ 0.7 MA), a materials test facility (Ip ~ 7 MA) and a 
1 GW(e) power plant (Ip ~ 27 MA). Key advantages for future technology test facilities and power 
plants based on the steady state spherical tokamak are the relatively small size and capital cost, particu
larly when the ability to access second stability is exploited. 

1. INTRODUCTION 

The tight aspect ratio (R/a ~ 1.4) tokamak START [1] has demonstrated a 
number of promising properties in low aspect ratio operation: 

— Resilience to current terminating disruptions; 
— Good natural vertical stability; 
— Potential for a natural divertor with no explicit divertor coils. 

These benefits combined with power plant studies [2] indicate the possibility of pro
ducing low capital cost units, making the tight aspect ratio tokamak a very promising 
line to pursue. For both medium term technology applications (such as a neutron 
source for materials/component testing or a divertor test facility) and longer term 
power plant applications, steady state operation is desirable; this is particularly 
important at tight aspect ratio where the small central aperture makes the provision 
of significant flux from a solenoid difficult. In the next section, possible steady state, 
MHD stable scenarios including self-consistently calculated bootstrap and neutral 

1 AEA Technology, Culham, Abingdon, Oxfordshire, United Kingdom. 
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beam driven currents are investigated for devices ranging from near term experi
ments to a power plant. In the following section future applications of the steady state 
spherical tokamak as a materials test facility (MTF) and as a modest cost power plant 
are discussed in more detail. For both of these applications the tight aspect ratio toka
mak, which is naturally compact and has the capability of very high /?, is ideally 
suited. 

TABLE I. PARAMETERS FOR A NEAR TERM EXPERIMENT, AN MTF AND 
A 1 GW(e) POWER PLANT BASED ON STEADY STATE TIGHT ASPECT 
RATIO EQUILIBRIA 

Parameter Experiment MTF Power plant 

Geometric axis (m) 

Aspect ratio 

Elongation 

Triangularity 

Central temperature (Te = T¡) (keV) 

Vol. average temperature (keV) 

Central electron density (X 1020 nT3) 

Vol. av. electron density (x 1020 m~3) 

Plasma current (MA) 

Bootstrap current (MA) 

Diamagnetic current (MA) 

Pfirsch-Schliiter current (MA) 

NBI driven current (MA) 

Toroidal field current (MA) 

Stored energy (MJ) 

Central q 

Edge q 

0 = 2/*0<P>/<B2> (%) 

j8n = |3/(I(MA)/a(m)B(T)) 

A 
HRL 

HLG 

HlTER-89P 

Neutron wall load (MW-m~2) 

NBI power (MW) 

0.7 

1.4 

2 

0.3 

1.75 

1.21 

0.8 

0.33 

0.675 

0.377 

0.039 

-0.008 

0.267 

3.0 

0.16 

1.02 

22 

4.1 

2.6 

0.94 

2.05 

1.67 

2.2 

N/A 

5 

0.57 

1.6 

2.3 

0.5 

20 

14 

2.4 

1.9 

6.8 

1.9 

0.7 

- 0 . 1 

4.3 

7.2 

4.5 

1.5 

3.2 

22 

2.9 

0.44 

2.4 

2.9 

3.6 

1.4 

24 

3.1 

1.3 

2.3 

0.5 

18 

16 

1.5 

1.2 

27 

15 

7 

- 3 

8 

16 

698 

2.9 

5.5 

87 

7.7 

0.66 

0.39 

5.1 

3.2 

4.0 

72 
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FIG. 1. For the near term experiment case, normalized pressure gradient a (= — (2iior2/RBg)dP/dR 
on outboard midplane) versus normalized poloidal flux. Solid line: stability boundary (above this line, 
there is instability); +: actual equilibrium values. 

2. STEADY STATE SOLUTIONS 

Many steady state scenarios have been proposed for conventional aspect ratio 
(A ~ 2.5-5) tokamaks which are often based upon optimistic physics assumptions 
regarding plasma stability and profile tailoring. Here, we describe steady state solu
tions for a near term experimental tight aspect ratio tokamak, an MTF and a 1 GW(e) 
power plant, which satisfy the constraints imposed by MHD stability (including 
maintaining monotonie q profiles to avoid possible problems with double tearing 
modes), confinement and current drive efficiency. The main properties of these 
devices are described in Table I. The neutral beam current drive requirements are 

i r 
Equilibrium + 

Stability boundary -*-
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Near term Power plant 

0.2 0.4 0.6 0.8 1.0 1.2 
R{m) 

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

FIG. 2. Equilibrium profiles for near term experiment (first stability) and advanced power plant 
(second stability). The driven current profile is that deduced from the equilibrium code to match the total 
current but is indistinguishable from the calculated NBI current profile. 
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deduced by using a Monte Carlo code for the particle depositon with the full numeri
cal equilibria, coupled to a Fokker-Planck solver. For the near term experiment two 
40 keV beams (one above the symmetry plane (2.75 MW) and one below 
(2.25 MW)) are employed to drive the current in order to obtain a broad current pro
file and so avoid a q = 1 surface in the plasma. The total 'shinethrough' is then 
predicted to be less than 0.5% and the 5 MW of beam power is consistent with the 
assumed /3, provided an improved confinement regime can be achieved (the confine
ment enhancement H relative to the Rebut-Lallia, ITER-89P and Lackner-Gottardi 
L mode scaling laws which are compatible with START results is given in Table I). 
For the MTF a total of four beams (0.11 MeV and 0.3 MeV) is used. All are aimed 
tangential to the magnetic axis, with two entering at the midplane and two near the 
plasma top. For the power plant, two beam locations are used, with one entering at 
the midplane (1.2 MeV) and one near the plasma top ( — 0.2 MeV). 

The equilibria in Table I are constructed to be consistent with the requirements 
of pressure driven and neutral beam driven current profile predictions and MHD sta
bility. The near term experiment and MTF are in the first stability regime with 
respect to high n ballooning modes everywhere; for the case of the experiment, the 
inner 80% of the minor radius is marginally ballooning stable (Fig. 1), and external 
kink stability has also been confirmed. The case of the power plant is for an advanced 
tokamak-like scenario which is entirely in the second ballooning mode stability 
regime and relies on wall stabilization for the external kink mode. The equilibrium 
profiles for the first stability near term experiment case and the second stability power 
plant case are shown in Fig. 2. The power plant case is an extreme example, with 
a very high /3n. Cases with lower /3n (~4-6), which do not necessarily rely on wall 
stabilization, have also been investigated. 

3. FUTURE APPLICATIONS 

We now consider in more detail future applications of the steady state spherical 
tokamak as an MTF and as a power plant. Possible parameters for these devices are 
given in Table I. For the MTF design the aim is to minimize the size for a given neu
tron wall load, while maintaining conservative physics assumptions. The MTF 
parameters in Table I give an average neutron flux of 1.4 MW-m-2, but over the 
area of the test cassettes (~6m 2 ) , into which the components for testing are 
inserted, the average flux is 2 MW-m"2. Given an estimated availability of 40%, 
this permits fluences of 5-10 MW-a-m"2 to be achieved in six to twelve years. 
Figure 3 shows an outline sketch of how such a neutron source might look. For the 
design shown in Fig. 3 a compression scheme is envisaged to initiate the plasma. The 
initial plasma is formed by the induction coils and then compressed (as in the START 
experiment [1]) to form a target plasma (Ip — 1 MA), which is ramped to the final 
current by using non-inductive current drive. Both radiofrequency and neutral beam 
current drive schemes have been investigated; the results in Table I are based on the 
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FIG. 3. Isometric projection of MTF design (NBI ports not shown). 

latter scheme which has the advantage of supplementing the neutron flux from 
beam-thermal fusion reactions. Alternatively, a startup scheme using ECRH assisted 
breakdown (also recently demonstrated in START) and non-inductive ramping is 
under investigation. 

The MTF design shown in Fig. 3 is based on a stress analysis taking into 
account the main electromechanical forces. The key component for MTF (and for 
power plants) is the single turn toroidal field coil central column, which, to help avoid 
problems with neutron induced helium void swelling, is fabricated of dispersion 
strengthened copper (e.g. GlidCop). The difficulty of a single turn column is the 
requirement for several low voltage (~ 10-20 V), high current ( — 0.5 MA) power 
supplies (for each TF return limb). Studies have shown that such a power supply 
requirement can be achieved by using standard stepdown transformers and thyristor 
voltage controllers. Since the centre column has a high current (~7 MA in MTF) 
and high current density ( — 50 MA-m"2), the power dissipation (~30 MW) is a 
key issue. Water cooling with 12 mm gun drilled cooling holes and a coolant velocity 
of 10 ms_1 is assumed, giving a peak temperature of 127°C in the column. This low 
temperature, combined with the modest neutron dose (8 dpa per year on the 
assumption of 40% availability), should ensure that any problems associated with 
helium void swelling are minimized. It is expected that the centre column lifetime, 
of about two to three years, will be limited by the resistivity increase from neutron 
damage. Provision has been made in the design for remote replacement of the centre 
column. 
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Turning to the power plant design in Table I, this is for an advanced second sta
ble reactor with an average neutron wall load of 4 MW-m"2 and total stored mag
netic energy of 13.2 GJ. The parameters of this case are consistent with a reactor 
systems code [2] design, which minimizes the cost of electricity (COE) subject to 
tight aspect ratio physics and engineering constraints. Previous studies with this code 
[2] have led to tight aspect ratio power plants with rather high neutron wall loads 
(~ 10 MW-m"2). For the design discussed here the load is reduced to 4 MW-m"2 

by lowering the mass power density, which by allowing more space for the central 
TF column lowers the peak current density there to 12 MA-m"2 and reduces the 
recirculating power to 19% (allowing 5% for the balance of plant). Using the systems 
code shows that the second stable reactor achieves a 14% reduction in COE and an 
18% reduction in capital cost when compared to an otherwise equivalent first stability 
design. Initial studies suggest that, relative to conventional aspect ratio advanced 
tokamak designs (e.g. ARIES II and IV [3]), the COE may be somewhat less 
(—15%) and the capital cost of the fusion power core is significantly lower for these 
tight aspect ratio designs. It is possible to go to a very small unit size ( ~ 100 MW(e)) 
with these tight aspect ratio power plant designs, which gives a reduction in capital 
cost of 76% relative to the 1 GW(e) case; such a small unit size would be very attrac
tive as a 'DEMO' power plant. 

4. SUMMARY 

It has been demonstrated that MHD stable steady state regimes exist for tight 
aspect ratio tokamaks. Self-consistent calculations indicate that the plasma current 
may be driven by a combination of bootstrap and diamagnetic currents, and NBI 
driven currents. The demonstration of such steady state regimes is most encouraging 
for long term applications of the tight aspect ratio tokamak, for example as a 
materials or divertor test facility or as a low capital cost power plant. 
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DISCUSSION 

D.D. RYUTOV: In the neutron source mode of operation of your device, 
accumulation of a fluence of 10 MW-a/m2 at the fusion power level of 30 MW 
would require the consumption of about 12 kg of tritium. Is that not cause for some 
concern both costwise and in terms of the availability of such amounts of tritium? 

D.C. ROBINSON: The total consumption of tritium throughout the lifetime of 
the facility is close to the above number; however, on the basis of a 40% duty cycle, 
the consumption is —0.5 kg/a. This is well within current tritium production levels 
worldwide. It should be noted that this machine is designed to minimize tritium con
sumption and uses much less than other devices of this type. 

B. COPPI: One stumbling block which inhibits progress with low aspect ratio 
experiments is the need for a demonstration that, given the absence of a transformer, 
a long current pulse can be produced reliably and under interesting physical condi
tions (e.g. high densities in the range needed for ignition). Can you indicate the 
sequence of steps that would need to be undertaken in this regard before an ignition 
experiment could be proposed? 

D.C. ROBINSON: One would need to extend the promising existing database 
to devices in the 1-2 MA range in order to test confinement scaling. MHD behaviour 
at high beta, current drive capability and exhaust properties before an ignition experi
ment could be proposed. 

R.J. GOLDSTON: The Princeton group has looked at somewhat similar cases 
— probably with lower elongation — and obtained stable # ~ 35 % (normalized to 
Bto) with a nearby conducting wall. The beta limit is lower without a wall. They 
check n = 1, 2, 3 ... and upwards to confirm that the limits rise with n before they 
accept a stability result. Can you give us more detail on the kink stability calculations 
for your cases of beta (defined this way) at 150%? 

D.C. ROBINSON: A number of calculations have been conducted at higher 
elongations and tighter aspect ratios than those at Princeton but with equivalent /3N 

values and therefore much higher beta values. At /3 ~ 100%, for plasmas in the 
second stability regime, the calculations seem to indicate that there is no need for a 
conducting wall; however, at higher values these calculations become increasingly 
difficult and further studies are needed to ascertain the required position of a conduct
ing wall. For plasmas in the second stability regime, we consider that it is only neces
sary to study n = 1, apart from the issue of internal modes. 

M. PORKOLAB: I am somewhat sceptical about the feasibility of RF current 
drive scenarios at the relatively high values of the dielectric consant (ex ~ oô /coce)» 
usually in excess of unity in these low aspect ratio devices. This leaves mainly neutral 
beam current drive as the option. However, initially Te is low (—1 keV), and one 
has to study a startup scenario that is viable. NBI tends to heat ions, and at low Te 

the current drive efficiency is low. Therefore, the question of having enough current 
(and hence confinement) may be an issue for evolving into the proper high tempera-
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ture regime. Have any of the authors of these papers looked into this issue in any 
depth, for example with appropriate code modelling? 

D.C. ROBINSON: All current drive methods have been considered in some 
detail for these equilibria with a Fokker-Planck code (BANDIT-3D). Electron 
cyclotron current drive cannot be ruled out though the deviations of |B| from 1/R 
make the method challenging. Other RF methods are appropriate to build up the cur
rent in the early phases of the discharge before neutral beam current drive (NBCD) 
would become fully effective. Major radius compression such as is used on START 
is also a proven method of forming a high temperature plasma suitable for NBCD 
in near term experiments as well as in longer term applications. 
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Abstract 

PHYSICS PROGRESS TOWARDS COMPACT TOKAMAK REACTORS WITH NORMAL 
CONDUCTING TOROIDAL FIELD COILS. 

Very low aspect ratio (Rç/a ~ 1.2) tokamaks utilizing a demountable, normal conducting center 
leg to carry the toroidal field current are estimated to lead to compact (R0 + a ~ 5.4 m) and economi
cally competitive fusion power plants, given certain key plasma properties. Calculations are carried out 
to determine if these properties can be obtained for such low Rçla, using tokamak physics models 
recently improved by data from START. High toroidal field utilization (/p//lfc ~ 1-2) and strong plasma 
"shaping" S ( s l^q^/aB^ — 100-200 MA-nT1 -T"1) can be obtained using only two pairs of outboard 
poloidal field coils. The fraction of the scrape-off layer (SOL) connected to the inboard side of such 
plasmas diminishes as RJa is reduced, while the remainder is diverted. Order-unity toroidal average 
betas (<j3t> = 2/^0<p>/fi^ - 0.5-1) which are ballooning stable are obtained having a second-regime 
core of low magnetic shear and high q0 (5 > q0 > 3), and a first-regime periphery of high magnetic 
shear and high edge <fy (22 > q^ > 11). Large self-driven currents (I^f/Ip < 0.7), well aligned with 
a hollow plasma current in these equilibria, are calculated for e/3j < 0.9. For marginal MHD stability 
of the outboard SOL, it is shown that die minimum pressure e-folding length Xp scales approximately 
according to («¡7j/i?)(Z,c/,B)2, /i¡ and 7j being the edge ion density and temperature, respectively, and Lc 

being the connected field line length. A large outboard SOL pressure e-folding thickness can therefore 
exist for low RQ and B^ configurations of very low RJa (Xp ~ AS0L/3 ~ 10 cm in the case of reactors). 
This reduces the divertor heat flux expected in compact fusion systems of high power density. Progress 
in these topics will help ensure that very low Rçla tokamaks are effective vehicles for fusion power as 
well as blanket testing. 

* Work sponsored in part by the US Department of Energy under contract DE-AC05-84OR21400 
with Martin Marietta Energy Systems, Inc. 
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1. INTRODUCTION 

Significant progress has recently been achieved in testing the physics of low 
Rola tokamaks with ohmic heating [1]. Present understanding of the unique 
properties of this configuration and the potential benefits it can bring to bear on 
the development of tokamak fusion power have been discussed recently [2]. 
The present work deals with four issues in this area of fusion research, 
i ) The economy of very low Rola tokamak fusion power relative to the high 

Rola advanced physics tokamak [3], 
ii) Effective plasma shaping and toroidal field utilization, 
iii) MHD ballooning stable plasma having order-unity toroidal average beta, 

and 
iv) MHD stability criterion for the outboard SOL. 

Our results indicate that these economic benefits and attractive plasma 
properties can be obtained in the very low range ofRo/a (-1.2). 

2. RELATIVE ECONOMY OF LOW ASPECT RATIO REACTORS 

Recent SuperCode [4] calculations [5] have estimated the relative economic 
potential for D-T-fueled tokamak reactors using superconducting magnets, 
which lead to relatively high Ro/a. The results indicated the possibility of large 
reductions (> 25%) in the projected cost of electricity (COE) by assuming 
physics parameters more advanced [3] than the present tokamak data. Table I 
lists some of these parameters as they are extrapolated to very low Ro/a. 

Relative to higher Ro/a, low Rola leads to modest toroidal field and high 
plasma current in a small size [6] which reduces weight and capital cost for the 
fusion power core. Strong plasma shaping can lead to high steady state 

TABLE I. PARAMETERS OF INTEREST TO TOKAMAK REACTOR 
ECONOMY FOR PRESENT-DAY, ADVANCED, AND LOW ASPECT 
RATIO TOKAMAKS 

Aspect ratio Ro/a 
Field utilization Iplltfc 
Shaping IpqJaBi0 (MA^m'T1) 
Stable <pt>(=2uo<p)/5t0

2) 
Stable pNt {= (^)aBt0/Ip) (%-m-TMA"1) 
Self-driven current fraction /Sei//P 

Outboard SOL thickness ASOL (cm) 

Present 
data 
2.5 
0.1 
10 
0.1 
3.5 
0.8 
-4 

Advanced 
physics 

4.5 
0.05 

4 
0.06 
5.0 
0.95 
-5 

Very 
low RJa 

1.2 
-1-2 
-100 
0.5-1 
5-10 
0.95 
-30 
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TABLE II. ESTIMATED TOKAMAK POWER SOURCE PARAMETERS 
REQUIRING MINIMUM COSTS, COMPARED WITH U.S. BEST-
EXPERIENCE FISSION PRESSURED-WATER REACTOR (PWR) [11] 

Aspect ratio Rola 
pNt limit (%-m-T-MA-1) 
Edge elongation K (=bla) 
Minimum qgs or qv 

Power core size Ro+a (m) 
External toroidal field Bt0 (T) 
Plasma current 7P (MA) 
Neutron wall load (MW-m-2) 
Power core weight (ktonne) 
Total capital cost (1993 $B) 

Power core equipment cost 
Total COEfa-kW^-hr"1) 

Capital investment 
Operation, maintenance, fuel* 

Present 
data 
2.5 
3.5 
2.0 
3.0 
8.5 
7.3 
19.8 
2.6 
30.8 

7.48 
5.39 

14.80 
12.69 
2.11 

Advanced 
physics 

4.5 
5.0 
2.2 
3.8 
7.3 
7.0 
8.5 
3.4 
21.2 

5.31 
3.50 

10.81 
8.95 
1.86 

Very 
low Ro/a 

1.2 
5.8 
2.3 
23 
5.4 
2.3 
43.0 
6.0a 

9.5 
3.65 
1.79 
8.43 
6.14 
2.29 

U.S. 
PWR 
N/A 
N/A 
N/A 
N/A 
-2.5 
N/A 
N/A 
N/A 
~3 
2.66 
0.85 
6.12 
4.23 
1.89 

limiting value for the design. 

fusion fuel assumed to cover all components requiring scheduled replacement: blanket, first 
wall, divertor, tritium, and Cu center leg (for low Ro/a only). 

confinement and stable beta [7] which ensure ignited burn capability in this 
plasma. Normal conducting toroidal field coils that dissipate power become 
acceptable under these conditions. High self-driven current reduces external 
current drive and recirculating power. Thick SOL mitigates the challenge of 
high divertor heat flux. 

These properties, when assumed in SuperCode calculations with current 
low Rola physics [1] and engineering models, lead to further improvements in 
the potential competitiveness of tokamak fusion power. Table II summarizes 
the best projected capital cost and COE, assuming an ITER-like costing 
approach in 1993 dollars, for power plants of these cases producing a net 
electricity of 1000 MWe. The very low Ro/a tokamak option further uses a 
single-turn Cu center leg for toroidal field, eliminating inboard induction 
solenoid and shielding [8]. Noninductive initiation, ramp-up and maintenance 
of full plasma current are therefore required. The best-experience pressurized 
water fission power plant (PWR) in the U.S. producing a net electricity of 1200 
MWe [11] is included for comparison. 
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It is seen that the COE varies widely among these four cases, due 
primarily to variations in the capital investment (cost of borrowing money) 
required by the total capital cost of the power plant. The capital cost for 
tokamak fusion is dominated by the cost of power core equipment (tokamak 
and support systems). The economy of tokamak fusion therefore depends on 
attractive plasma properties that minimize the cost of the power core equipment 
and of device engineering and configuration features that may permit adequate 
maintainability and reliability for sustained power production [8]. It is seen that 
very low Ro/a could make further progress towards economically competitive 
fusion power, approaching about only twice (~$1B higher) the direct cost of the 
power core equipment and about 1.4 times (~2 tfkW'hr-1 higher) the COE of 
the U.S. best-experience PWR power plant. 

Success towards these physics properties for power production would also 
make possible small low Rola tokamaks for use in testing fusion blankets [9], 
which would complement ITER in the timely development of fusion nuclear 
technology components for DEMO [10]. 

3. STRONG PLASMA SHAPING AND HIGH FIELD UTILIZATION 

Recent studies in DIII-D have identified a strong favorable dependence of 
pxE on a "shaping factor" 5" (= I^JaB®) [7]. Such dependence also appears to 
be effective when comparing results of tokamaks with different Ro/a [12]. A 
sequence of free-boundary MHD equilibria are calculated [13] for Ro/a = 2.5, 
1.4 and 1.2, holding qcy] [= 5a2Bto(l+yâ)l2IpR0] = 2.0 and q0 = 1.0. Here the 
units of T, MA, and m are assumed. Only two pairs of outboard poloidal field 

TABLE in. DEPENDENCE OF PLASMA SHAPING FACTOR AND 
FIELD UTILIZATION ON ASPECT RATIO FOR FREE-BOUNDARY 
EQUILIBRIA WITHOUT USING SHAPING COILS. 

Aspect ratio Ro/a 
"Natural" elongation k (= bid) 
Edge safety factor qw 

Poloidal beta pi (= 2\^(p)IB¿)a 

Shaping IpqJaBt0 (MA-m"1-T1) 
Field utilization /p//tfC 

Diverted SOL fraction Adiv/Asoi/ 

2.5 
1.0 
2.7 
0.8 
2.7 

0.08 
0 

1.4 
1.5 
6.8 
0.6 
20 

0.42 
-0.6 

1.2 
2.0 
17.1 
0.6 
89 

0.87 
-0.9 

Bp = edge circumference-average of poloidal field, 
assuming ASOL ~ 0.1a for low Ro/a cases. 
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0.6 

0.2 0.4 
Rfm) 

FIG. 1. Free-boundary equilibria for A (^Rf/a) 
= 2.5, 1.4 and 1.2 with "natural" elongation 
using only two pairs of outboard poloidal field 
coils, showing an increasing fraction of diverted 
outboard SOL. 

coils at about 2.5a from the outboard plasma edge are used [6]. This avoids 
potentially damaging vertical instabilities. The results are shown in Table III 
and Fig. 1. 

It is seen that, for elongations produced without using plasma shaping coils, 
factors of 30 and 10 increases in S and Ip/Itic are obtained, respectively, as RJa 
is reduced from 2.5 to 1.2. This occurs simultaneously with a 5-6 fold increase 
in /p/£zi?to and m %• An increasing amount of the outboard SOL is diverted 
towards the regions above and below the plasma, as is consistent with recent 
observations in START [1]. The fraction of SOL that becomes diverted will 
depend on the total SOL thickness, which is discussed in Section 5. 

4. BALLOONING STABILITY AT ORDER-UNITY AVERAGE BETA 

Large increases in S and Ip/aBto are expected to increase the ideal MHD 
stability beta limit for low Ro/a plasmas [14,15]. Because of the high 7P, it is 
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also desirable to maximize the plasma self-driven current. In addition to the 
bootstrap (7bs) and Pfirsch-Schliiter (7P.S) currents, which are parallel to the 
magnetic field, the toroidal component of the equilibrium "diamagnetic" current 
(/diam) becomes significant in high beta toroidal plasmas [16] because the "pitch" 
of the outboard field line becomes steep. In general, /seif = /bs+/diam, /p-s being 
nearly zero. 

Our calculations rely on a combination of the BEQ [13] and the SCENE 
[17] codes to examine ballooning stable equilibria with an increasing beta and 
fraction of self-driven current 7seif/7p. The external driven current 7ext profile is 
adjusted but limited to the same sign as 7P. A linear pressure function p(\\f) that 
joins smoothly to a zero derivative at the plasma edge with an adjustable second 
derivative is used. Nearly flat density profiles, «(vj/) <* /?(\j/)005, are used in 
calculating self-driven currents [18]. The ballooning asymptotic coefficient CA 

is calculated for each flux surface indicating stability or instability, using a 
technique [19] that handles the region of high magnetic shear accurately. We 
further limit the present study to monotonie q profiles. 

Two cases for Rola =1.2 and k = 2.3 are described in Table IV and Figs. 2 -
4. The elongation is increased from the case shown in Fig. 1 because of the 
anticipated hollow current profiles. These equilibria are characterized by: 

i ) Average toroidal beta (pt) around 100% and normalized toroidal beta pNt 

around 10, which are about twice the volume average beta (P) and the 
Sykes-Troyon coefficients PN [20], respectively, for these cases; 

ii) A second-regime stable core of low magnetic shear and high q0 (=3-5), 
joined to a first-regime stable periphery of high magnetic shear and high 
edge ^(-11-22) ; 

iii) Very hollow 7P profiles with 7t,s and 7ext peaked in the inboard plasma and 
7diam peaked in the outboard plasma; 

iv) Monotonie q profiles despite the hollow 7P, with low-w resonances absent 
from the plasma; and 

v ) Self-driven current fraction 7seif/7p < 0.67 for ePi < 0.9, so far. 

Further adjustments to/?(\|/), n(\|/), and 7ext profiles are needed to increase 
epi > 1 and 7sei/7p -» 0.95. Though the absence of resonances for mln < q0 (= 
3.2-4.7) argues favorably for stability of low-n kink modes, kink instability 
calculations for these and similar equilibria are nevertheless required. However, 
the unusually high magnetic shear and low Rola conspire to render these 
calculations numerically challenging. Since the total plasma current is 
dominated by self-driven currents, it would be of interest to determine if access 
to these plasmas can be "automatic," given kink stability and adequate heating 
and confinement. The value for pNt calculated for Case II (= 11.5) is about 
twice that assumed for the very low Ro/a reactor given in Table II (= 5.8). 
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TABLE IV. PARAMETERS FOR BALLOONING STABLE PLASMAS 
WITH Rola = 1.2, K = 2.3, AND AVERAGE TOROIDAL BETA -100% 

Case I I I 
Poloidal beta pi (= 2\io(p)IB2) 
Axis safety factor q0 

Edge safety factor #w 

Sykes-TroyonparameterIp/aBt0 (MAm_1T_1) 
Average toroidal beta (ft) (= 2[io{p)/Bto

2) 
Average beta <J3> (= 2\^(p)l{B2)) 
Normalized beta pNt (= ($t)aBto/Ip) (%-m-T-MA-1) 
Sykes-Troyon coef. f3N (= <p>a£t0//p) (%-m-T-MA-1) 
Self-driven current fraction 7sei//p 

0.57 
3.2 
11.1 
12 

1.07 
0.41 
8.9 
3.4 
0.47 

1.1 
4.7 
21.8 

8 
0.92 
0.47 
11.5 
5.9 

0.68 
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CO 
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CD 
O 
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.2 
"o 
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E 
CO 
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25 

p = 0.57, A = 1.2 
p =1.1,4=1.2 

f\ Second 
/ \ Regime 
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First 
Regime 

Unstable 

0.2 0.4 0.6 0.8 

Normalized Mid-Plane Minor Radius, r 

1.0 

FIG. 2. Ballooning asymptotic coefficient CA as a Junction of the normalized outboard mid-plane minor 
radius for the equilibria described in Table IV. 
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I», = 0.57,/„,//= 0.47 

1.5x10 

1.0x10' 

0.5x10 

-0.5x107 

PS+bs+diam+ext (total) 
PS+bs+diam 
PS+bs 
PS 

0.1 0.2 0.3 

P, = 1-1.'„A = 0.68 

1.5x10' 

1.0x107 
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-0.5x10 

PS+bs+diam+ext (total) 
PS+bs+diam 
PS+bs 
PS 

0.1 0.2 0.3 

Major Radius R (m) 
FIG. 3. Mid-plane toroidal currents in accumulated summation of Pfirsch-Schliiter (PS), bootstrap (bs), 
diamagnetic (diam), and external driven (ext) currents as functions of major radius for the equilibria 
described in Table TV. 
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FIG. 4. Safety factor q as a function of normalized poloidal flux for the equilibria described in Table IV. 

5. THICK SCRAPE-OFF LAYER AND "NATURAL" DIVERTOR 

The tokamak SOL forms axisymmetric poloidal flux tubes with the ends 
terminating at the divertor plates, the limiters, or relatively massive gaseous 
targets. Given significant plasma temperatures (> 0.1 keV) and limited atomic 
processes, the outboard SOL can be unstable to the MHD ballooning instability 
with line-tying at the ends. The stability criterion can be modeled 
approximately by a "slab" along the field line: 

co2 = £„2vA2 - (ùd(ù*/bs > 0, bs = kx
2ps

2, ps
2 = p?(TJT{). 

We further assume that in SOL toroidicity dominates the curvature drift: G>d 

~ pfkJR; pressure gradient dominates the diamagnetic drift: co* ~ p?kj\, 
where ?ip is the pressure e-folding thickness; and the fundamental resonance can 
be the most unstable: k% ~ TULC, LC being the connected length of the field line. 
It follows that the critical e-folding thickness 7^ can be written as: 

kp > V « (LcVti/%vA)2/R 

0M2(n{rjR)(LJBf ~ OmnlTiR0(fcqeàgJBt0)
2. 
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y Dlll-D, 
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FIG. 5. Pressure e-faiding thicknesses Xp measured or inferred from various experiments versus \pc for 
marginal MHD stability assuming fc = J. 

Here m and 71 are the edge ion density and temperature; the units used are m, 
1020m~3, keV, and T, respectively; and the last approximation assumes Lc ~ 
/c7LRo<7edge, /c ~ 1 or 2 for double-null (DN) or single-null (SN) plasmas, 
respectively. 

Figure 5 summarizes an initial comparison of this model with SOL 
measurements in START [21] and H-mode DIII-D [22,23], ASDEX [24], and 
JET [25,26] plasmas. It is seen that the marginally stable A^ is close to the 
lower bound of the measured or inferred Xp. Additional information and 
simultaneous data for SOL profiles and the plasma edge are needed to obtain a 
more definitive comparison. 

The very low Ro/a tokamak reactor given in Table II is estimated to have R0 

~ 2.9 m, a - 2.5 m, Ba ~ 2.3 T, and Lc - 40 m. Assuming n¡ ~ 1020m"3 and Tx ~ 
0.5 keV, one finds the SOL thickness ASOL (~ 3 ^ ) ~ 0.30 m. Relative to the 
flux plot for Rola = 1.2 in Fig. 1, we have ASOL ~ 0.12a, which would contain a 
diverted SOL fraction of more than 90%. The need for divertor coils is 
therefore strongly reduced if not eliminated. A high Rola tokamak reactor with 
R0 ~ 6 m, B® ~ 7 T, n¡ ~ 1020m-3, T{ ~ 0.5 keV, and aedge « 3.8, would have a 
relatively narrow ASOL ~ 0.05 m, according to this stability criterion. 
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6. DISCUSSION 

The initial results for very low Ro/a provide reasons to be optimistic that 
tokamak fusion power can have an enhanced ability to compete economically 
with other sources of large scale power. Testing of low Ro/a physics in fusion-
grade collisionless plasmas will therefore be of high value in fusion energy 
research and development. 
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Abstract 

PHYSICS ASSESSMENT OF STELLARATORS AS FUSION POWER PLANTS. 
Four different stellarator configurations (a Compact Torsatron, a new modular torsatron, Helias, 

and a new Modular Helias-like Heliac) were analysed as fusion power plants and compared with the 
second-stability ARIES-IV tokamak. The device and plasma parameters were determined by minimizing 
the projected cost of electricity subject to various constraints. The stellarators were competitive with 
ARIES-IV for a range of assumptions on confinement, beta and alpha-particle losses. 

1. INTRODUCTION 

Stellarators have significant potential advantages over tokamaks as 
fusion power plants (no disruptions, no current drive, and no stability control 
system). The impression that stellarators could not be attractive as fusion 
power plants has been based on some erroneous assumptions: (1) torsatrons 
must have impractical continuous helical coils; (2) modular stellarators are too 
big; (3) high beta or a large improvement in confinement is needed; (4) large 
helical ripple leads to unacceptable alpha-particle energy losses and 
unacceptable neoclassical thermal losses; and (5) the larger major radius 
means that the cost of electricity for stellarators would not be competitive with 
that for tokamaks. This study corrects these misconceptions. 
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FIG. 1. Top view and view looking out from the inside for the MHH coil set. The coils are closest at 
the inside corners, but there are large spaces between coils elsewhere. The helical magnetic axis is 
evident. 

2. IMPROVED STELLARATOR CONFIGURATIONS 

The best-studied modern stellarator reactor configurations have been the 
modular Helias [1] stellarator and the CT6 [2] torsatron. The Helias (W 7-X) 
configuration has better physics properties (less orbit losses, lower 
neoclassical transport, reduced bootstrap current, higher beta limit, etc.). 
However, its smaller plasma-coil separation leads to a larger major radius 
(larger blanket and shield area) and consequently to a higher-cost reactor. 
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The Garching NES COIL code [3] was used to optimize the coil set for a 
Modular Helias-like Heliac (MHH) [4] to produce a set of desired physics 
properties. The coil arrangement (Fig. 1) is also convenient for reactor 
disassembly and maintenance. A large helical excursion of the magnetic axis 
provides most of the rotational transform. Excellent physical characteristics 
can be obtained in a reactor that is about 14 m in major radius, leaving a 2-m 
gap for the blanket, shield, cryostat, coil half-thickness, and assembly gaps. 
MHH has physics properties that are similar to those of a Helias configuration 
with a larger plasma-coil separation. Numerical nonlinear stability tests with 
the NSTAB code [5] indicate that the plasma should be stable at (p) = 5%. 
Monte Carlo orbit calculations indicate that its confinement properties should 
also be similar to that for Helias. The bootstrap current in MHH is somewhat 
higher, but recent optimizations have reduced it. 

The CT6 Compact Torsatron configuration has good access between 
coils for blankets and divertor, and the large plasma-coil distance leads to 
moderate-size reactors. However, the larger Í/R effect (due to the low aspect 
ratio) coupled with the helical field ripple leads to increased orbit losses, and 
the continuous helical coils would be difficult to fabricate and repair. 

The M ATP torsatron (Fig. 2) was designed to overcome the continuous-
helical-coil drawback of CT6. The legs connecting the helical segments to the 
toroidal windbacks are perpendicular to the torus, which minimizes the field 
perturbation due to modularization. The windbacks (40° above and below the 
equatorial plane) provide most of the required vertical field. The physics 
properties are similar to those of ATF, but MATF has a larger distance 
between the plasma and the coils. Field lines can exit between coils to an 
exterior divertor chamber. 

FIG. 2. Oblique view of MATF coil set with modules that are not up-down symmetric. Small VF coils 
are also needed for shaping control. 
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3. POWER PLANT EVALUATIONS 

The stellarator coil configurations studied have a wide range of 
characteristics (Table I). The device and plasma parameters for a fusion 
power plant were determined by minimizing the projected cost of electricity 
(COE) using the ARIES costing algorithms and the same materials (blanket, 
shield, coil) assumptions and constraints for all configurations: Select = 1 GW; 
H' = TE/TEL G< 2, where TE

LG = 0.17/?oflp2/i0-6Bo0-ar/M)-6*0-4 [6], similar to 
gyro-reduced-Bohm scaling; (P> < 5%; £ m a x ^ 16 T and j < 50 MA-m-2 in the 
coils; and ne < 1.5rtmax> where «max = 0.25(PBo/Roap

2)1/2 [7]. Not all of these 
limits were reached in the optimizations. 1-D power balance equations for 
Tj(r) and Te(r) were solved for the same ne(r) used in the ARIES cases. 

Table II shows that CT6, MATF, and MHH are competitive with the 
second-stability ARIES-IV [8] tokamak. Smaller Ro (and COE) is possible 
for each stellarator for less conservative blanket and shield assumptions. 
MHH with Ro = 14 m was chosen for the U.S. Stellarator Power Plant Study 
(SPPS) because of its modular coils and its good physics properties. MATF 
has modular coils and a better divertor geometry, but its physics properties are 
not as good as those of MHH. 

For CT6 and MATF, the loss of alpha-particle energy due to orbit losses 
is included; the helium fraction is taken to be zero because of the rapid pitch-
angle scattering into the loss region below Ecrit « 30re. For MHH and the 
Helias-type configuration, zero alpha-particle energy losses and 10% helium 
fraction are assumed. The «40% additional losses in MATF and CT6 and the 
extra fuel dilution due to helium ash accumulation in MHH and Helias lead to 
similar reductions in the alpha-particle heating. 

TABLE I. CHARACTERISTIC PARAMETERS FOR DIFFERENT STELLARATORS 
AND ARIES-IV 

No. of toroidal field periods, M 
No. of main field coils 
Center safety factor, qo = l/*(0) 
Edge safety factor, qa= l/*(a) 

Edge field ripple e(a) 

Average coil aspect ratio, Ro/ac 

Ave. plasma aspect ratio, Ro/ap 

Average plasma elongation 
Min. pl-coil separation ratio, RQ/A 

CT6 

6 
2 

2.9 
1.05 
0.2 

2.5 
3.8 
2.1 
6.4 

MATF 

12 
12 

2.9 
1.05 
0.2 

4.6 
10 
1.7 
7.2 

MHH 

4 
32 
1.2 

1.03 
0.05 

3.3 
9.7 
2 

7.0 

Helias 

5 
50 
1.2 

1.03 
0.05 

5.0 
13 
2 
12 

ARIES 

1 
16 
2.0 
12.2 
0.03 

1.0 
2.8 
2.0 
3.2 
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TABLE IL POWER PLANT PARAMETERS OBTAINED BY USING THE SAME 
ASSUMPTIONS 

Major radius RQ (m) 
Average plasma radius ap (m) 
Toroidal field on axis B0 (T) 
Maximum field on coils 5 m a x (T) 

Average plasma density (1020 m-3) 
Average plasma temperature (keV) 
Central ion temperature (keV) 
Central electron temperature (keV) 
Volume-average toroidal beta (%) 
Energy confinement time (s) 
L-G confinement multiplier H ' 
Fraction of power radiated 
Neutron •wall loading (MW/m2) 
Fusion core mass (103 tonnes) 
COE [mills/kW(e)h]<a> 

CT6 

11.8 
3.1 
4.6 
14.0 
1.0 

8.1 
26 
29 
2.9 
4.1 
2 

0.30 
0.9 
10.7 
70 

MATF 

13.4 
1.3 
5.5 
13.7 
2.5 
6.8 
22 
25 
4.3 
1.6 
2 

0.30 
1.8 
8.7 
62 

MHH 

13.1 
1.4 
5.3 
15.4 
2.7 
7.0 
24 
24 
5 

1.4 
1.5 

0.32 
1.3 
7.8 
66 

Helias 

23.3 
1.9 
4.1 
8.7 
1.4 

8.1 
26 
26 
5 

2.4 
1.7 

0.28 
0.5 
18.8 
100 

ARIES 
IV 

6.04 
2.2 
7.6 
15.9 
2.9 
10 
27 
27 
3.4 
1.5 
2.5 

0.23 
2.7 
9.0 
68 

<a> In constant 1992 dollars. 

TABLE in. MHH POWER PLANT PARAMETERS FOR DIFFERENT ASSUMPTIONS 

Base case(a) 

</3>limit = 3% 

<j3> limit = 4.1% 

</8> limit = 7.6% 

P e l e c t = 1.24GW 

/»elect=1.5GW 

Peiect=1.76GW 

/He = 0, no a losses 

/He = 0, a losses 1/3 

COE R0 Bo (n) (T) </3> L-G 
mills/ m T 1020 keV % mult. 
kWh m~3 g ' 

66 13.1 5 3 2.7 7.0 5 1.5 

68 13.5 6.6 2.9 6.1 3.0 1.2 

67 13.2 5.8 2.8 6.7 4.1 1.4 

63 12.6 4.4 2.6 7.7 7.6 1.9 

58 13.1 5.5 3.0 6.9 5 1.4 

53 13.2 5.8 3.4 6.7 5 1.3 

49 13.3 6.0 3.6 6.8 5 1.2 

65 13.0 4.9 2.5 6.2 5 1.4 

65 13.0 4.9 2.1 7.2 5 1.9 

(a) Base case: ;max = 50 MA-m - 2 , Feiect= 1 GW, 10% He, no alpha-particle losses. 
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Competitive power plants are obtained as each constraint is separately 
varied; e.g., H' > 1.2 and <p> > 3% for MHH (Table m). Only a small change 
in Ro occurs as Pelect is varied from 1 GW to 1.8 GW, but the projected COE 
drops significantly. Elimination of the 10% helium ash accumulation or 
introduction of a large (33%) alpha-particle energy loss has only a modest 
effect on the COE. 

4. ELECTRIC FIELD EFFECTS 

In the low-collisionality regime where neoclassical helical-ripple-
induced transport can be important, electric fields drastically change the 1-D 
particle and heat flow equations [9]. In configurations with significant orbit 
losses (CT6, MATF), a radial potential will build up to make the particle 
fluxes ambipolar. For fixed density and potential profiles, solutions are 
obtained for both signs of the resulting radial electric field; those with a 
negative electric field [<l>(0)/Ti(0) « -3] lead to a lower temperature and higher 
density than those with a positive electric field [0(O)/Ti(O) ~ +4.5], but require 
more initial heating to reach ignition [10]. However, the loss region for near-
perpendicular pitch angles is not eliminated; it moves to energies above »3re. 
Such configurations can best be heated to ignition by ECH or bulk ICH. 

Self-consistent solutions [11] of the 1-D heat and particle flux equations 
for ne(r), nr>(r), nj(r), Te(r)t 7i(r), and the electric field ET(r) are found with 
0(O)/7\(O) ~ -3 for relatively large values of helical ripple (£h < 0.6). As the 
helical ripple increases, the density profile peaks, the temperature profile 
broadens, and a strong electric field shear layer develops at the edge. No 
cases are found with a positive electric field. 

For quasi-helical configurations like MHH, the loss regions are small. A 
two-species Monte Carlo code that also allows the potential to vary within a 
flux surface (in a static simulation of turbulence) is used to calculate the 
particle confinement time for ambipolar fluxes. For MHH, the projected 
energy confinement time is similar to that obtained by solving the 1-D heat 
and particle flux equations with a radial potential alone. 

5. SUMMARY 

This study refutes many of the misconceptions about stellarator reactors. 
Two new stellarator configurations were found: a modular torsatron (MATF) 
that removes the objection of continuous helical coils and a modular-coil 
"helias-like heliac" (MHH) that reduces the size of modular stellarators and 
leads to a very attractive reactor. For MATF, even a large helical-ripple loss 
region has relatively little effect on the reactor economics through either the 
direct loss of energetic alpha particles (compensated by avoidance of helium 
ash accumulation) or ripple-induced thermal losses (reduced by the resulting 
ambipolar radial electric field). MHH offers excellent transport and ignition at 
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moderate values of beta ((p) < 5%). Most of the benefits of quasihelical 
transport can be retained while reducing the bootstrap current. The size of a 
modular stellarator reactor has been reduced dramatically in MHH by creating 
much of the rotational transform with a helical axis. Thus, a plasma-coil gap 
of 2 m can be obtained in a 14-m stellarator reactor. 

For a wide range of assumptions, these stellarator configurations lead to 
power plants that are economically competitive with the second-stability 
ARIES-IV tokamak for the same assumptions on materials, costing, and 
confinement. There is a relatively small penalty for lower beta and less 
confinement improvement. The SPPS team is now studying the tradeoffs 
between the benefits of true steady-state ignited operation with no current 
drive, no disruptions, and no stability control system, versus the more 
complicated blanket and shield geometry of MHH. 
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DISCUSSION 

A. GIBSON: The pictures of the configurations which you showed seemed to 
have only very little space for a helical divertor. Can you say what consideration you 
have given to the divertor in your cost studies and to what extent the divertor require
ments act as a cost driver? 

P.R. GARABEDIAN: Major attention has been given to the divertor. Our 
divertor scheme is similar to that for the W7-X, but more space is available. The 
divertor is not a significant cost driver, nor are the coils themselves. 
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Abstract 

SYSTEM ANALYSIS OF THE LASER FUSION REACTOR KOYO DRIVEN BY LASER DIODE 
PUMPED SOLID STATE LASER. 

After the completion of the first phase in the conceptual design of the laser fusion reactor KOYO, 
the guidelines and the critical issues in the reactor concept have been carefully checked in order to clarify 
the engineering and economic feasibilities of KOYO. The following design guidelines are established: 
(1) The major parameters of the key components are determined by extending the present state of the 
art of laser fusion physics and technology to reactor scale; (2) the plant is optimized by taking into 
account the unique features of laser fusion reactors: driven and pulsed operation, separability into 
various components and multimodules; and (3) the advantages of using a liquid first wall are maximized. 
According to the above guidelines, the major parameters of KOYO are determined in order to optimize 
the system with respect to implosion and gain stability, cost of electricity, engineering feasibility of 
laser, pellet fabrication and chamber maintenance, etc. As to the cost of electricity (COE), sensitivity 
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studies with respect to laser pulse energy, pellet gain scaling, laser cost scaling, etc., are carried out. 
The COE for the optimized plant is found to be comparable to that of the present LWR. From this result, 
it is concluded that the economic potential of a laser fusion modular power plant is very high because 
the full capabilities of both the laser system and the reactor vessel are utilized. 

1. INTRODUCTION 

In 1992, we have completed the first phase of the conceptual design of 
KOYO [1]. The concept relies on recent achievements of laser fusion research, 
among which there are the high density compression experiments in the direct irradia
tion scheme at ILE, Osaka University [2]. These experiments establish the pulse 
energy and the irradiation uniformity necessary for high gain (Q > 100) implosion. 
Specifically, the scale of the reactor laser, the number of laser beams, the total fusion 
energy of one shot, the necessary chamber radius, etc., are determined by the above 
requirements. 

Another great breakthrough in laser fusion research is the remarkable progress 
in laser diode (LD) pumped solid state laser (LDSSL) technology. The LDSSL 
becomes a very attractive candidate as an ICF driver because of its high efficiency 
and high repetition rate [3]. 

On this new stage, we have started the design study of KOYO in 1991, with 
the aim of designing an attractive concept for a laser fusion power plant and clarifying 
the critical issues to be solved. By organizing the Laser Fusion Reactor Design 
Committee, which is a joint committee among universities, institutes and industries, 
the conceptual design of KOYO has been carried out. 

After the first phase design study, we started to investigate the overall con
sistency of the KOYO parameters as well as the engineering, environmental and 
economical feasibilities of the plant. In particular, we clarify how the cost of 
electricity (COE) depends on LDSSL cost scaling, laser pulse energy, gain scaling, 
laser repetition rate, etc. 

2. DESIGN GUIDELINES AND KEY DESIGN VARIABLES 

We have optimized the design parameters of KOYO with respect to the follow
ing three guidelines: 

(1) The major parameters of the key components are determined by extending the 
present state of the art of laser fusion physics and technology to reactor scale; 

(2) the plant is optimized by taking into account the unique features of laser fusion 
reactors: driven and pulsed operation, separation into various components and 
introduction of a modular system; 

(3) full use of the advantages of a liquid first wall concept is envisaged. 
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TABLE I. MAJOR PARAMETERS OF LASER FUSION MODULAR POWER 
PLANT KOYO 

Plant power balance 

Fusion power, Pf (MW(th)) 7200 

Thermal power, Pt (MW(th)) 7920 

Gross electric power, Pe (MW(e)) 3406 

Net electric power, Pn (MW(e)) 2840 

Driver input power, PL (MW(e)) 400 

Other recirculating power, Pa (MW(e)) 166 

Thermal efficiency, TJL (%) 43 

Plant efficiency, Pn/Pt (%) 36 

Reactor module thermal power, Pc, (MW(th)) 1980 

Reactor module number, n 4 

Pellet and injection 

Pellet type/radius: 

frozen DT in plastic shell/2.5 mm target gain G 150 (130 averaged) 

Burning ratio 0.30 

Pellet injection method: magnetic linear accelerator 

Pellet injection speed (m/s) 300 

Pellet irradiation accuracy (/xm), 1% of radius 30 

Driver 

Laser type: laser diode pumped solid state laser 

Laser energy, EL (MJ) 4 

Laser wavelength (pirn) 0.35 

Beam number 32 

Laser repetition rate, rL (Hz) 12 

Laser efficiency, ijD (%) 12 

Beam sharing method: Pockels cell and polarizer 

Reactor 

Microexplosion output/shot (MJ) 600 

Reactor pulse repetition rate, rc (Hz) 3 

Vessel protector and tritium breeder, Pb83Li17 (1.0 m) 

First wall, SiC porous tube wetted Pb83Li17 

Tritium breeding ratio 1.1 

Blanket power gain, M 1.1 (1.27) 

Reactor radius (at first wall) (m) 4.0 
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TABLE I. (cont.) 

Reactor radius (at vessel steel) (m) 5.45 

Neutron load (first wall) 3 x 1023 n-cm"2-a"' (7.2 MW/m2) 

Neutron load on vessel steel 3 x 1021 n-cm2-a~' 

0.044 dpa/a"1 

Maintenance 

Reactor vessel replacement (SUS316) not required 

First wall replacement (SiC tube) once in two years 

Final mirror (at 30 m): 4 x 1021 n-cm"2-a"' data missing 

By considering the power balance of the laser fusion power plant, the net elec
tric power, Pn, is given by Pn = t/tPt — Pa — PL, where Pt, t/t, PL and Pa are defined 
in Table I. When we determine rL (laser repetition rate), EL (input laser pulse 
energy) and r)D (laser efficiency), the necessary driver input power is given by PL = 
rLEL/i7D = nrcEL/í?D. Therefore, the plant efficiency rjp is to be 

7,p = Pn/Pt = t,t (1 - Pa/Pe - UVDQMVÔ (1) 

Since TJP must exceed 30% and/or the recirculating power has to be less than 20%, 
the total energy gain QM should be given by 15/T;D, i.e. QM = 150 for rjD = 10%. 

When the laser repetition rate rL is greater than the maximum repetition rate 
for a reactor chamber, rc, we optimize the plant system by preparing n modules of 
a reactor chamber to satisfy rc < rL/n. In this case, the laser system can be operated 
with full power. 

According to the above requirements, we set the main parameters of KOYO as 
shown in Table I. In addition to the above requirements, we take the following points 
into account: 

(1) Recent implosion research results indicate that the irradiation non-uniformity 
has to be less than 1 % in order to achieve a pellet gain of 150 by 4 MJ pulse 
energy. 

(2) According to a recent development of LDSSL technology, the laser repetition 
rate and efficiency can be 12 Hz and 12%, respectively. 

(3) According to the chamber recovery time and the required chamber vacuum for 
the laser shot, rc is, at most, 3 Hz. 

(4) The thermal output power for one chamber is required to be less than 
2000 MW(th) because the chamber must be kept to an appropriate scale. 

(5) Some of the plant parameters are optimized by minimizing the COE. 
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3. OVERVIEW OF KOYO PLANT SYSTEM, SYSTEM CONTROL 
AND ACTIVATION EVALUATION 

Figure 1 shows an overview of the plant system driven by 32 laser beams. In 
this plant system, frozen DT pellets covered with low Z plastic are directly irradiated 
with 0.35 fxvci wavelength laser beams. Although the irradiation geometry is compli
cated in the direct irradiation reactor because of the uniformity requirement, this 
reactor is attractive because the pellets do not include any high Z material. Specifi
cally, no radioactive material with a long decay time is produced as target debris. 
This constitutes a great advantage of the direct drive reactor over the indirect 
schemes. 

It is very important to control the laser irradiation and pellet injection systems 
in order to maintain high quality irradiation uniformity. As a control system, we con
sider a magnetic linear accelerator for injecting pellets with high velocity (300 m/s). 
As is shown in Table I, the positional errors of the pellet and focus positions are 
required to be less than ±30 /¿m. Therefore, the inflight positions of a pellet are 
measured inside the chamber in order to align the laser optics at a few microseconds 
before a laser shot. 

In order to share the laser beams in the four module reactor system, we use pairs 
of Pockels cells and polarizers (Fig. 1). The four reactor chambers are connected to 
the four electric generator systems in order to operate each module system 
independently. 

We have evaluated the activation of the reactor chamber by using the ACAB 
code (references are given in Ref. [4]). As to the activation of the structural wall and 
the SiC tube, we study the applicability of recycling and near surface burial (NSB), 
using class C waste criteria (10CFR 61). Preliminary results indicate that by 
incorporating the low activation reflector (C/graphite, 45 cm) radially in front of the 
structural chamber wall the use of ferritic steels (e.g. HT-9) could be allowed under 
the NSB criterion requiring waste disposal rating (WDR) close to unity, where 192sI 
is the main contributor. Concerning the SiC tubes in the blanket, although the remote 
recycling criterion is not met for all tubes after two years of irradiation (replacement 
period), we conclude that their classification will depend on their location in the 
blanket. Tubes in Blanket I (first 5 cm thickness layer facing the plasma) meet the 
remote recycling criterion but do not meet either the class C waste criterion (WDR 
= 6/26Al) nor the hands-on criterion. About half the SiC in Blanket II will have 
similar performance as in Blanket I. However, here most of the tubes could be classi
fied as NSB. The rest of the blanket will meet all the requirements for recycling and 
NSB. The main dominant isotope in these considerations is 26A1. We note that the 
formation of 26A1 in SiC is sensitive to the number of high energy neutrons 
(>10 MeV) [4]. The results are modified by the inclusion of impurities, but the 
above conclusions are still valid in this case. 
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FIG. 2. COE versus laser energy for optimistic and conservative assumptions of gain and laser cost. 



670 MIMA et al. 

TABLE II. COMPARISON OF COE FOR FUSION REACTORS AND LWRs 

Unit of cost: 1 Byen/1000 MW(e) 
KOYOa Tokamakb PWRC 

Land and land rights 

Structures and site facilities 

Reactor plant equipment 

Reactor equipment 

First wall and blanket 

Reactor vessel, shield 

Magnets 

Heat transport system 

Other reactor equipment 

Turbine plant equipment 

Electric plant equipment 

Miscellaneous plant equipment 

Laser system 

Total direct and engineering cost 

Owner's costs 

Interest during construction 

Total plant capital cost 

1.80 

24.33 

97.97 

21.61 

18.74 

2.88 

-
48.53 

27.83 

68.88 

19.37 

7.80 

49.30 

269.43 

26.94 

37.34 

333.72 

4.70 

50.90 

497.00 

277.80 

51.60 

49.90 

176.00 

22.20 

197.00 

75.00 

33.00 

25.90 

-
687.00 

69.00 

108.00 

864.00 

4.60 

28.10 

116.00 

7.00 

-

-

-
21.00 

88.00 

69.00 

31.80 

10.50 

-
260.00 

26.00 

24.50 

310.00 

Comparison of COE Yen/kW • h 

Capital0 5.57 14.43 5.18 

Operations and maintenance 2.12 3.95 1.42 

Scheduled component replacement 0.59 

Fuel6 0.24 1.66 2.00 

COE 7.94 20.03 8.59 

3 2840 MW(e) laser fusion plant. 
b 1080 MW(e) SSTR. 
e HOOMW(e) PWR. 
d FCR (fixed charge rate) = 10.97%. 
e Involving blanket fuel replacement in tokamak. 
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4. ECONOMIC EVALUATION AND OPTIMIZATION 

An economic model for the laser fusion modular power plant has been devel
oped [5]. In this model, the costs of equipment are estimated by calculating the 
masses of equipment and the unit costs and using cost scalings based on the COST 
MODEL developed by IFTEC and SEA for SPWR (Modular type PWR, 1988) and 
for the Tokamak Reactor (1991). The cost scalings of the major facilities included 
in KOYO are described by using key design parameters such as laser energy EL, 
laser power PL, pellet gain G, reactor pulse repetition rate rc and reactor module 
number n. Figure 2 shows the laser pulse dependence of COE [6]. The figure also 
shows a comparison between standard and conservative cases for pellet gain and laser 
cost. The gain scalings are assumed to be G = 150 and 100 X (EL/4 MJ)1/3, respec
tively, for the standard and conservative cases [5]. The laser energy of the cost 
minimum design point shifts from 4 to 6 MJ with the assumption of conservative 
gain. The COE increases from 7.9 to 9.1 Yen/kW-h for n = 4 modules. The 
minimum COE of 7.9 Yen/kW-h is comparable with the COE of the present LWR. 
Table II shows a comparison of COE for fusion reactors and LWRs. 

5. CONCLUSIONS 

In conclusion, we may state that we have found that the direct irradiation laser 
fusion reactor KOYO is feasible with respect to physics, technology and economics. 
In the conceptual design, it is particularly important that the capability of LDSSL is 
fully used by introducing a modular system. 
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Abstract 

HYLIFE-II: AN APPROACH TO A LONG LIVED FIRST WALL COMPONENT FOR INERTIAL 
FUSION POWER PLANTS. 

The HYLIFE-II concept for inertial fusion energy is based on non-flammable, renewable liquid 
wall fusion target chambers formed with FLiBe (Li2BeF4) molten salt jets, a heavy ion driver, and sin
gle sided illumination of indirect drive targets. As a direct result of using thick, renewable liquid walls, 
the predicted cost of electricity is reduced by about 30% to 4.4 cents/kW-h at 1 GW(e)(3.2 cents/kW-h 
at 2 GW(e)). The development programme for HYLIFE-Ü can be shortened and reduced in cost by not 
requiring expensive neutron sources to develop first wall materials. 
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1. DESCRIPTION 

HYLIFE-II is an inertial fusion power plant design [1] in which a 5 MJ heavy 
ion beam is focused onto a target to produce microexplosions at a 6 Hz rate, with 
a 350 M J yield and 1000 MW(e). The region where fusion reactions occur is sur
rounded by a neutronically thick liquid (0.5 m of FLiBe), which has penetrations that 
allow only a few tenths of a per cent of the neutrons to leak out (Fig. 1). Figure 2 
shows the chamber [2] and pumps to circulate the liquid. These few leaking neutrons 
can be attenuated by adding an accurately placed liquid or solid near the target [3] 
(within 3 mm of the beam paths) to shadow-shield the beam ports from line of sight 
neutrons (Fig. 3.) This idea is discussed more fully in Ref. [4]. 

The liquid, travelling at 12 m/s out of the oscillating (+1.6°, 2 m long) deflec
tors, sweeps the target region clear of droplets during its 2 m travel. Figure 4 shows 
that the incoming liquid is not perturbed by the prior shot because the liquid is con
tained within the deflector tubes, where the jets clear the central chamber of droplets 
that otherwise might interfere with the passage of the heavy ions to the target. (Cham
ber clearing is discussed more thoroughly in Ref. [1]). For example, recombination 
of the FLiBe constituents has been shown theoretically to be sufficiently rapid so that 
no significant free fluorine will be available to cause corrosion. 

FIG. 1. Liquid jets injected through oscillating deflectors periodically form a pocket around the target 
and a microexplosion; crossed jets of liquid protect the beam ports from neutron damage. 
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FIG. 2. HYLIFE-II fusion chamber. Oscillating FLiBe molten salt jets create periodic pockets in the 
liquid for targets. Arrays of bypass pumps produce the required circulation rate of FLiBe to speed 
chamber clearing. 

2. DESIGN FUNCTION AND ADVANTAGES 

The design with liquid protection reduces stresses from pulsed loading and has 
a number of advantages over the solid first wall designs. For example, the compo
nents are predicted to last the 30 years of plant life with only 100 displacements per 
atom in 304 SS (with 0.55 m of FLiBe [Li2BeF4] protection) and cyclic fatigue [2] 
included (Fig. 5). The capacity factor is expected to be 10% higher (85% versus 
75%) than for non-liquid walled blankets, because no blanket replacement shutdowns 
are required. Without liquid protection, the wall load would be 15 MW/m2 and the 
lifetime would be about one year. The component replacement, operations, and main
tenance costs might be half the usual value (3% per year of direct cost versus 6%) 
because no blanket changeout costs or accompanying facilities are required. These 
combined savings might lower the cost of electricity by 30% to 4.4 and 
3.2 cents/kW-h at 1 and 2 GW(e) (1993 US$), respectively. Table I gives a cost 
breakdown. The heavy ion driver is the greatest single cost item (38% of the total). 
The cost of the liquid, its pumps and its pumping power contribute about 12% to the 
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Cross-section through liquid 

Top view 
(a) 

FIG. 3. (a) Cross-section at the target elevation (aerial view), showing the open space for vapour 
venting from the pocket and 0.5 m of liquid to attenuate neutrons in all directions except the beam paths; 
(b) a typical heavy ion target with a special neutron attenuator that can shadow-shield the beam ports. 

cost of electricity, some of which is needed in any fusion power plant. In addition, 
the need for a high intensity 14 MeV neutron test facility to develop first wall 
materials is avoided or greatly reduced, saving billions of dollars in developments. 

Nuclear grade construction should not be needed, largely because the liquid 
attenuates neutrons, resulting in less activation of materials. Upon decommissioning, 
the reactor materials qualify for shallow burial disposal when constructed of 304 SS 
[5] with 0.8 m of FLiBe protection (Fig. 6). There is 0.5 m of FLiBe between the 
target and the first thin (2 mm) non-structural wall at 3 m (Figs 2 and 3). Before the 
double structural wall, there is another 0.5 m of FLiBe. Each of these 25 mm thick 
walls can handle the main stress and atmospheric load. The use of molten salt instead 
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FIG. 4. Liquid from oscillating nozzle deflectors shown at different times to illustrate the effect of 
sweeping the chamber clear of droplets and placing liquid between the shot point and the end of the 
deflectors to protect them. The 2 m long deflectors move through ±1.55° or ±54 mm. The outward 
shot induced velocity of the liquid is about 5 m/s. We notice that there is a possibility of injecting targets 
downward between the deflectors. 
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FIG. 5. Structural material lifetime versus density times the thickness of the liquid protecting the struc
tural material for 304 and 316 SS. The useful lifetime in years is limited by 'displacements per atom ', 
assumed to be 100 dpa for austenitic stainless steels. 
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TABLE I. PLANT COST BREAKDOWN 

Item 

Land and land rights 
Structures/improvements 
Reactor plant equipment 

Reactor chamber 
Bypass pumps 
Bypass pipe 

FLiBe coolant 
Target factory and equipment 
Tritium management system 
Heat transport system 

Coolant piping 
Coolant valves and bellows 
Pump and motors 
Coolant cleanup 
Steam separators 
Water loop piping 
Steam generators 

Remote maintenance equipment 
Turbine plant equipment 
Electric plant equipment 
Misc. plant equipment 
Main heat rejection system 
Driver equipment13 

Total direct cost 
Indirect cost factor 
Subtotal 
Total capital cost 
Capital cost/kW(e) 

COE for capital0 (cents/kW-h) 
COE for 0&M/SCRd/fuel 
Total COE 

1000 MW(e) case 
(million 

R+D+TF" 

62.4 

32.2 
61.2 
10.2 
34.0 
56.4 

55.9 

50.0 

579.5 

941.8 
1.936 

1823.3 

2.37 

0.38 

1993US $) 

Balance 
of payments 

11.7 
77.7 

7.4 
16.4 
39.1 
17.0 
10.3 
0.2 

73.3 

197.2 
62.2 
23.9 
32.9 

569.1 
1.936 

1101.8 
2925.1 
2925 

1.43 
0.23 
4.4 

2000 MW(e) case 
(million 1993USS) 

R+D+TF a 

94.5 

56.8 
95.9 
16.1 
60.7 
65.6 
92.4 

75.8 

652.3 

1210.3 
1.936 

2343.1 

1.52 
0.24 

Balance 
of payments 

11.7 
108.2 

14.3 
31.8 
75.8 
33.0 
20.0 
0.2 

142.1 

344.7 
108.7 
41.7 
57.7 

989.9 
1.936 

1916.4 
4259.5 
2130 

1.24 

0.20 
3.2 

a Reactor + driver + target factory. 
b BIERI, R.L., "Parametric studies for recirculating induction accelerators as drivers for heavy-ion 

fusion", in Proc. 1993 Particle Accelerator Conf. Washington, D.C., 1993. 
c The assumed availability was 85%, the capital rate for non-inflating dollars was 9.66%. 
d Scheduled component replacement and operations and maintenance annually costed at 3 % of direct 

cost. 
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0.5 1 1.5 
FLIBe thickness (m) 

FIG. 6. Intruder lifetime dose versus thickness of the liquid protecting the structural material. If the 
intruder dose is less than 5 mSv/a or 0.5 rem/a (defined as the safe lifetime dose), the material qualifies 
for shallow land burial. 

of molten lithium and molten Li17Pb83 has several advantages: (1) it will not burn; 
(2) it has low vapour pressure and low corrosion rates; and (3) it has a low tritium 
solubility and, therefore, a low tritium inventory. However, FLiBe has 300 MCi of 
2 h half-life 18F. Safety analyses have shown that this large amount of activation 
does not require any nuclear grade construction or an evacuation plan near the site 
because 18F is not in a volatile form (its form is LiF and BeF2), and there is insuffi
cient energy to disperse the activated material. Also, its short half-life permits decay 
to benign elements relatively quickly [6]. 

3. ISSUES TO RESOLVE 

— Demonstrate that condensation of the evaporated liquid is fast enough to permit 
the required pulse rate without interfering with the passage of the beams to the 
target. 

— Demonstrate that the incoming liquid clears the splashed liquid from a prior 
microexplosion .in order not to interfere with the passage of the beam to the 
target. 

— Demonstrate that the moving parts creating the liquid configuration are reliable 
so as not to degrade the advantage of the liquid's life enhancing features. 

— Show through laboratory demonstrations whether liquid jet configurations can 
be made to meet the conditions discussed above and can thereby achieve the 
stated advantages. 
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4. CONCLUSIONS 

An ongoing study of the HYLIFE-II design has resulted in considerable 
improvement and more can be expected. The close coupling of driver and target 
requires an integrated design with special emphasis on the driver interface with the 
chamber and the target. The most significant uncertainties are target performance and 
driver cost. 
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Abstract 

TRITIUM HANDLING EXPERIENCE AT TFTR. 
In December 1993 the high power D-T experimental program on the Tokamak Fusion Test Reac

tor (TFTR) began. The transition of TFTR from a US Department of Energy general use facility to a 
low hazard category III nuclear facility has been completed successfully. The low hazard nuclear facility 
designation requires that the allowable on-site tritium inventory not exceed 50,000 Ci (1 Ci = 37 GBq). 
This is a TFTR Technical Safety Requirement. Tritium sealed in approved shipping containers does not 
count against this inventory limit. A second Technical Safety Requirement at TFTR is to have no more 
than 25,000 Ci at risk in a single location. From December 1993 through mid-August 1994 about 20 g 
of tritium were used in two gas injector assemblies and twelve neutral beam tritium injectors. The gas 
injected into the TFTR vacuum is pumped by helium cryo-panels in the four neutral beam boxes. During 
non-operating periods the cryo-panels are warmed and the hydrogen isotopes are released and pumped 
into gas holding tanks in the tritium area. Gas in the holding tanks is oxidized in the Torus Cleanup 
System (TCS) and the hydrogen isotopes are collected, as water, on disposable molecular sieve beds 
(DMSB). These beds are then removed from the system and shipped off-site for tritium recovery or for 
long-term storage. Several problems in the tritium cleanup systems have occurred following a leak of 
sulfur hexafluoride from a neutral beam high voltage enclosure ion source and subsequent pumping to 
the gas holding tanks. These problems included failure of several moisture sensors, false readings on 
tritium monitors and partial loss of catalytic activity in the TCS recombiner. Procedures for dealing with 
and removing this contaminant gas had to be developed and implemented. The results from this occur
rence provide valuable guidance for future tritium burning fusion machines. 

Work supported by the US Department of Energy under contract DE-AC02-76-CHO-3073. 
Los Alamos National Laboratory, Los Alamos, New Mexico, USA. 
Ebasco, Division of Raytheon, New York, N.Y., USA. 
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1. INTRODUCTION 

The deuterium-tritium (D-T) experimental program on the Tokamak Fusion Test 
Reactor (TFTR) started in November 1993 [1,2,3]. The development and demonstration 
of this technology at TFTR is the result of a concerted effort by a large number of people 
at TFTR with input and assistance from a number of other laboratories. The application 
at TFTR of modern tritium technology and components as developed and evaluated by 
tritium laboratories within the US Department of Energy has been extremely important to 
the successes at TFTR. The tritium technology and expertise developed by the Los 
Alamos National Laboratory's Tritium Systems Test Assembly (TSTA) and at the 
Westinghouse Savannah River Site contributed considerably to the successful 
commissioning and operation of the tritium facilities at TFTR. The application of the 
unique technologies and experience from TSTA, Savannah River and TFTR will certainly 
impact the final design of the tritium handling systems for ITER. 

Since December 1993 the TFTR tritium systems routinely have supported D-T 
operations and have undergone several stages of modifications and upgrades to resolve 
operational problems and concerns uncovered during early tritium operations [4,5]. The 
tritium inventory limit of 50,000 Ci creates special tritium handling and 
inventory/accountability problems. At present, TFTR operations are constrained by the 
frequency of tritium shipments off-site and the sequential delivery of additional tritium 
from the supplier. TFTR operations are scheduled around an on-site delivery of about 30 
kCi of tritium every two weeks, and a corresponding shipment of tritiated water off-site. 

TFTR DAILY FUEL CYCLE 

i4Tffij 
D D AnunT GLOVEBOX URANIUM BEDS CALIBRATED 
PRODUCT VOLUME 

CONTAINER 
(LP-50) DSUPPLY 
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^ B H™1 TORUS r~~~\ G A S 

^ _ ^M ^^M CLEANUP ^ ^ B HOLDING 
^ * ^m P * * l SYSTEM P * ^ TANKS 

^ P L (TCS) L, " J 
DISPOSABLE 
MOLECULAR 

SIEVE 
BED (DMSB) MISC. 

IMPURITY 
SOURCES 

GAS 
INJECTORS 

•TRITIUM DEUTERIUM IMPURITY (E.G. N à 

FIG. 1. Flow schematic for TFTR fuel cycle. The line widths are representative of the relative flows 

of the various gases. 
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TABLE I. QUANTITIES OF TRITIUM 
HANDLED AT TFTR 

Delivered to neutral beams 196 kCi 

Injected into vacuum vessel as energetic atoms 7.4 kCi 

Hold-up (in vessel and piping) 7 kCi 

Recovered in waste containers (DMSB) 211 kCi 

Release through plant stack 137 Ci 

Figure 1 shows the flow path for tritium into and out of the vacuum vessel. The 
tritium is received in low pressure, 50 liter canisters from Savannah River Site. Each 
canister contains 16-18 kCi of tritium which is transferred onto a uranium bed in the 
tritium storage and delivery system (TSDS). When needed to fuel TFTR tritium is 
desorbed from the uranium bed by heating to approximately 400* C. The tritium is 
compressed to about 2.6 bar, analyzed for purity and subsequently expanded into the 
tritium gas delivery manifold (TGDM), a coaxial capillary line which delivers tritium to 
the tritium injector assemblies. During peak periods more than 15 kCi can be used during 
a single 8 hour operating shift. Therefore, the scheduling of several consecutive activities 
must be carefully orchestrated: tritium must be delivered from the TSDS and used by the 
neutral beams; neutral beams must be regenerated; the exhaust gas must be processed 
through the TCS; a loaded DMSB must be removed and packaged for off-site shipment; 
and a new tritium canister must be installed and tritium transferred to the TSDS. A total 
of 211 kCi of tritium has been processed while performing tritium systems 
commissioning tests, calibrating tritium monitors and supporting D-T experiments. In the 
period December 1993 through mid-August, 1994, some 196 kCi of tritium have been 
delivered to the TFTR tritium injectors. Approximately 4% of the tritium injected into an 
ion source reaches the plasma as beam [6]. ' 

2. OPERATIONAL ISSUES 

Table I summarizes the quantities of tritium handled at TFTR from December 
1993 through September 1994. Although there have been some operational problems 
encountered while commissioning and operating the tritium systems, these systems have 
proven reliable to support the DT experiments on the tokamak. During this 10 month 
period, the acquisition of tritium handling experience by the staff, and the development 
and demonstration of the ability to work with large quantities of tritium on a daily basis 
has been a major accomplishment. This success is in large part due to the extensive 
training program developed for tritium workers at TFTR and the availability of 
experienced tritium workers from other DOE facilities to help prepare for and conduct the 
early tritium experiments. This experience base from within the DOE complex was a 
valuable asset to TFTR. The availability of such experience and the utilization of 
experienced tritium workers will also be key to the success of early tritium operations on 
ITER. 

A major concern that has required the expenditure of considerable time and effort 
is the real-time tracking and accounting of the tritium inventory. Tritium inventory and 
accountability requirements are defined in DOE Order DOE 5633.3, Control and 
Accountability of Nuclear Material. All tritium transfers are measured and recorded to 
provide a real-time record of tritium inventory and the location of all of the tritium. 
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Maintaining the instrumentation used to measure tritium in the TSDS, TGDM and the 
TCS is an ongoing activity requiring frequent testing and calibration [4,5]. Even with an 
extensive program of testing and calibration, the measurement uncertainty on tritium 
measurements in the gas holding tanks is about 3.5%. While this is adequate to meet the 
requirements of the TFTR Materials Control and Accountability program, it is not 
sufficient to give direct measurement of the tritium retention in the torus and the neutral 
beamlines. The majority of tritium retained in the torus is held by the graphite ales that 
make up the wall and bumper limiter surface and in a co-deposited layer of carbon and 
hydrogen isotopes removed from the limiter by the plasma and re-deposited on other 
internal structures. Estimates based on measurements made on tile samples taken after a 
2 year deuterium run, place the total amount of tritium held in the tiles at about 50-100% 
of that introduced into the torus [7]. The measured inventory indicates about 5.5 kCi of 
tritium holdup in the TFTR torus and associated piping. The development of this tritium 
accounting technology for TFTR will be an important contribution to developing 
accounting systems for ITER. 

During a recent operational period, a water coolant leak resulted in a small 
amount of water being introduced into the vacuum vessel. During subsequent plasma 
discharge cleaning of the torus, about 1000 Ci of tritium were recovered. This 1 kCi 
conceivably was released from the tiles during the discharge cleaning. These data 
provide strong evidence that tritium can be recovered from the tiles, but does not answer 
the question of how much tritium still remains trapped. 

In June, 1994 sulfur hexafluoride, SF6, an insulating gas around the neutral 
beam ion sources, leaked into one of the ion sources. This gas was subsequently pumped, 
with tritium, to the gas holding tanks in the TCS. The presence of this contaminant in the 
tritium cleanup systems resulted in several problems. The appearance of these problems, 
and the development of an understanding of the cause of the problems occurred over a 
several week time frame. 

An ion chamber based tritium monitor in the outlet of the TCS process loop 
began to show high readings, indicating a problem in the efficiency of the TCS in 
converting elemental hydrogens to water, or a lack of water adsorption in the molecular 
sieve beds. An analysis of the gas stream showed the presence of elemental tritium, but 
no tritium oxide, thus indicating a loss of efficiency in ¿He catalyst bed. The catalyst is a 
palladium and platinum mixture on an alumina substrate. Several chemical species are 
known to attack either the alumina or the catalyst material. Acids (such as HF or TF), 
reactive sulfur compounds and fluorine are among those materials known to attack the 
catalyst. During this period the efficiency of the catalyst bed (efficiency being defined as 
the concentration of tritium entering the catalyst bed divided by the concentration of 
tritium at the outlet of the cleanup system) dropped from about 20,000 to 2,000. 
Operational specifications require an efficiency of about 1000. Several moisture probes 
in the system also failed during this period. Sulfur hexafluoride is a relatively inert 
material, but in the TCS it is mixed with the hydrogen isotopes, nitrogen, oxygen and 
hydrocarbons that are pumped from the torus. This gas mixture is passed over a hot 
(-750 K) platinum and palladium catalyst. At these temperatures, the SF6 apparently 
undergoes either (or both) thermal decomposition or chemical oxidation. The resultant 
gas mixture, which probably contains hydrogen fluoride (tritiated hydrofluoric acid), is 
quite corrosive. 

To solve this problem, a molecular sieve bed containing 13X type zeolite was 
installed in the TCS loop. This zeolite is known to trap SF6 at room temperature. Over 
a two week period some 700-800 grams of SF6 were trapped on the molecular sieve. 
However, at room temperature the partial pressure of SF6 above 13X type zeolite is fairly 
high (-1-15 mbar). Therefore, while the trap removed most of the SF6, there was still a 
significant concentration of the material in the TCS. This was removed only slowly by 
continuous purging of the TCS with nitrogen. 
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3. OPERATIONAL RESULTS 

The tritium systems at TFTR have provided support for routine operation of 
TFTR for D-T experiments since December 1993. During this period a number of 
operational problems have been identified and corrected. The most serious problems 
have resulted from an unexpected introduction of SFG into the Torus Cleanup System. 
This material caused a loss of efficiency in tritium recovery in the cleanup system. Even 
with the degradation of the catalyst activity, the cleanup system continues to operate 
within original specifications and requirements. These results are important for the 
designers of future tritium burning fusion devices. The elimination of SF6 as an 
insulating gas for the power systems in these facilities is strongly suggested. 
Maintenance and calibration activities have resulted in more than 100 routine 
interventions (line breaks) into the primary containment of tritium systems and/or 
components. Techniques have been developed and procedures prepared such that these 
line breaks can be made with virtually no tritium release and with no detectable uptake of 
tritium by the workers. The Project has maintained a very low total uptake of tritium by 
the TFTR operating staff. The total quantity of tritium released to the environment 
through the plant stack has been <140 Ci for this 10 month period. This is roughly 25% 
of the annual limit as established between PPPL and the DOE. 
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DISCUSSION 

A. GIBSON: Will the installation of your new on-site processing capability 
allow you to avoid the continual shipping of tritium to and from the TFTR site? 
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J.L. ANDERSON: The installation and operation of the tritium purification 
system will allow TFTR to recycle the tritium on-site. This will reduce significantly 
the number of shipments to and from TFTR. Some low level tritiated waste will still 
be generated and will be shipped off-site regularly. 
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Abstract 

DEVELOPMENT OF HIGH POWER NEGATIVE ION SOURCES AND ACCELERATORS FOR 
NEUTRAL BEAM HEATING AND CURRENT DRIVE SYSTEMS. 

A large negative ion source for the JT-60U negative ion based neutral beam injector (N-NBI) has 
been built and has served for an initial test of negative ion production. Focused beams have been 
extracted even at an energy as low as 50 keV at the same perveance as in full energy operation. The 
negative ion acceleration was experimentally simulated by the ion source which has the same accelera
tion structure, except for the limited number of apertures. H~ ions of 0.18 A were successfully 
accelerated up to 400 keV for 1 s from nine apertures of 14 mm in diameter, at the design value of the 
current density for N-NBI. So far, a higher H" ion current of 0.5 A has been accelerated up to 
350 keV in a 49 apertures accelerator. For R&D of negative ion accelerators for fusion reactors such 
as ITER, a high energy negative ion test facility, the 'MeV Test Facility', was constructed. A test of 
a prototype accelerator, which is rated to generate a 1 MeV, 1 A H" ion beam for a 60 s pulse, has 
been started. 

1. INTRODUCTION 

A source of high current, long pulse and high energy negative ion beams is a 
key device to realize the negative ion based neutral beam injector (N-NBI) for heating 
and current drive (H&CD) of fusion plasmas. The required performances of the 
sources for JT-60U N-NBI [1] and ITER NBI [2] are, for example, 22 A, 10 s, 
500 keV, and 26 A, 1000 s, 1 MeV, respectively. R&D for such high power 
negative ion sources and accelerators has been carried out in many laborato
ries [3, 4]. In the development of intense sources, JAERI has taken the initiative in 
demonstrating practical performance such as high current (> 10 A [5, 6]) and long 
pulse (24 hours cw [7, 8]) negative ion beam production. 

On the basis of this R&D, the construction of the N-NBI system for JT-60U was 
started in 1992. The large negative ion source was built in 1993. This is the first nega
tive ion source to be used in the H&CD fusion plasma experiment. At present, the 
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source serves for an initial test of negative ion production and extraction. The nega
tive ion acceleration in the JT-60U ion source was simulated by using a high energy 
ion source with the same acceleration structure. 

In fusion reactors such as ITER, negative ion acceleration in the energy range 
of 1 MeV is required for H&CD. For the development of 1 MeV, 1 A class negative 
ion beam acceleration, a new test facility, called MeV Test Facility (MTF) [9], was 
constructed. A prototype accelerator test has started. 

Recent progress in high power negative ion sources and accelerators for N-NBI 
is presented in this paper. 

2. NEGATIVE ION SOURCE FOR JT-60U N-NBI 

The large negative ion source equipped with a first stage accelerator column is 
shown in Fig. 1. Two more accelerator columns are installed to form the full scale 
ion source with a three stage accelerator, whose dimensions are 2 m in diameter and 
1.7 m in height. The D" ions are produced in a large, semicylindrical discharge 
chamber of 64 cm in diameter and 122 cm in length; they are extracted through a five 
segment extractor with an area of 45 cm x 110 cm. 

One of the issues to be confirmed in the initial test is the production of uniform 
arc discharge plasma over the wide extraction area. The arc discharge plasma was 
stably fired, even at 0.1 Pa. It was also observed that plasma uniformity was 
improved when the gas pressure was reduced to 0.1 Pa. 

FIG. 1. Large negative ion source for JT-60U N-NBI. 
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FIG. 2. Negative ion beam generated by negative ion source for JT-60U N-NBI. 

The beams extracted from an array of 9 X 24 apertures (18 cm X 45 cm extrac
tion area) are shown in Fig. 2. The beams are extracted and accelerated by the first 
stage of the accelerator only since the test is limited to a low energy level of up to 
50 keV owing to the power supply of the test stand. However, the finely focused 
beams were obtained as shown in the figure. The beam perveance in the accelerator 
was evaluated to be the same as in full energy operation, which is promising as far 
as the production of the equivalent, focused beams, even at 500 keV, is concerned. 

3. ACCELERATOR DEVELOPMENT FOR JT-60U N-NBI 

A high energy ion source was developed to simulate the acceleration in the 
JT-60U ion source. The high energy ion source has a three stage electrostatic acceler
ator with multiapertures, which is the same structure as that of the JT-60U ion source, 
except for the number of apertures. The heat load on the accelerator grids was mea
sured in the high energy ion source at the test stand, with a capability of 400 keV 
H" ion beam acceleration. 

Crucial issues in the high energy acceleration of the negative ions are suppres
sion of electron acceleration, and the ion beam optics. The acceleration of the elec
trons results not only in a reduction of the negative ion acceleration efficiency but 
also in an increase of the heat load on the grids. The accelerated electrons might cause 
electric breakdown in the accelerator gaps. 

The heat loads on each grid are shown in Fig. 3 as functions of the gas pressure 
in the source. As shown in the figure, the heat loads increase linearly with the pres
sure. Extrapolating the pressure to zero, corresponding to no stripping loss, the heat 
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FIG. 3. Heat load on accelerator grids as a function of gas pressure. The result was obtained in the 
high energy ion source. 

loads drop to a few per cent of the input power. This indicates that few electrons leak 
from the extractor, and the ion optics is kept good in the accelerator; hence the heat 
load caused by direct beam interception at the grid apertures is rather small. As the 
gas pressure is increased, a major fraction of the heat load is due to acceleration of 
free electrons stripped from negative ions. To accelerate a higher current negative 
ion beam, it is necessary to suppress the stripping loss by reducing the gas flow from 
the source to the accelerator. 

It has been calculated that at a gas pressure of 0.3 Pa, the design value of the 
JT-60U ion source, the heat loads on each grid would be less than 110 W/cm2, 
which is low enough for long pulse operation. The acceleration efficiency of the 
JT-60U ion source is estimated to be more than 90% of the total input power. 

As a result, the H~ ions of 0.18 A were successfully accelerated up to 400 keV 
for 1 s. The current density of the 400 keV H" ion beam, 13 mA/cm2, was the same 
as the D~ current density required for JT-60U N-NBI. As to beam optics, the angle 
of beam divergence was 5 mrad at the same perveance, which satisfies the design 
value. At present, the high energy ion source serves for a test of higher power 
H" ion beam production. The H" ion beam of 0.5 A has been accelerated up to 
350 keV for 1 s, so far. 
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4. HIGH POWER ACCELERATOR DEVELOPMENT 
FOR FUSION REACTOR 

To develop the negative ion acceleration technology in the MeV energy range, 
a new ion source/accelerator test facility, the 'MeV Test Facility', was constructed. 
This is a unique facility able to demonstrate acceleration of an ampere class negative 
ion beam up to energies of the order of 1 MeV. 

A prototype accelerator to be tested in the MeV Test Facility is shown in Fig. 4. 
It is a five stage electrostatic accelerator with 49 apertures. The dimensions of the 
accelerator are 2 m in diameter and 2 m in height. The H" ions are accelerated by 
electrostatic fields between the accelerator grids. A DC high voltage applied to each 
grid is insulated by voidless FRP columns of 1.9 m diameter. Demonstration of 
negative ion beam production in the region of higher energy and current has started. 

Progress and future plan for the development of the intense negative ion sources 
and the accelerators are shown in Fig. 5. Full scale operation of the JT-60U ion 
source and the accelerator will start from the beginning of 1995. Acceleration of 
1 MeV in the MeV Test Facility is scheduled for 1994-1995. These two projects 
would be reasonable steps towards the N-NBI system for fusion reactors such as 
ITER. 

FIG. 4. Installation of prototype accelerator to SF6 gas insulation tank of MeV Test Facility. 
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FIG. 5. Progress and future plan of negative ion source and accelerator R&D. 
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DISCUSSION 

D.E. POST: What atomic physics process is responsible for the production of 
negative ions in the ion source? 

T. INOUE: It is believed that two production processes are taking place in the 
source. They are: 

(i) Volume production (two step process): 

1. H2 + cf -* H¿'(v) + ef 

2. Hl'(v) + et - H" + H° 

Here, ef is a fast electron (E ~ 40 eV), et is a thermal electron and H¿'(v) desig
nates a vibrationally excited molecule. 

(ii) Surface production: 

H° •— (low work function surface) —• H~ 

At present, the sources are designed so as to increase the proton (H°) yield, 
aiming for negative ion enhancement by the surface: 

„ , . Surface process _ „ 
Production ratio = = 2-6 

Volume process 
Normally, we have 4 on average (i.e. the surface process is the major negative ion 
production process). 

R. KOCH: Is there a difference in the physics of negative D ion sources as 
compared with the physics of negative H ion sources? 

T. INOUE: In negative ion sources of this type, it is well known that there are 
strong isotopic effects in the negative ion yield. For example, the D~ ion yield is 
only 0.8 times the H" ion yield at most. Also, the source plasma characteristics, in 
particular the electron density in front of the extraction region, are different (rig with 
D > rig with H). In my personal opinion, these isotropic effects are only due to a 
difference in transport properties, i.e. they could be attributed to the mass difference. 
So I believe that almost no mass effect has appeared in the electrostatic accelerator. 
However, the difference in the electron density mentioned above might cause a 
difference in the ion extraction characteristics. This is also anticipated if the ion beam 
trajectory is affected by the high electron density in deuterium operation. 





IAEA-CN-60/F-11 

EUROPEAN NEGATIVE ION BASED 
NEUTRAL BEAM DEVELOPMENTS 

J. PAMELA, M. FUMELLI, R.S. HEMSWORTH1, 
C. JACQUOT, F. JEQUIER2, A. SIMONIN, D. RIZ 
Association Euratom-CEA sur la fusion, 
Centre d'études de Cadarache, 
St-Paul-lez-Durance, 
France 

Abstract 

EUROPEAN NEGATIVE ION BASED NEUTRAL BEAM DEVELOPMENTS. 
The European negative ion based neutral beam development programme mainly consists of 

experiments on high energy accelerators and high current D ~ sources conducted at CEA Cadarache. 
A 1 MeV, 0.1 A D " acceleration experiment will start operation beginning of 1995. This experiment 
will test SINGAP, a highly simplified negative ion electrostatic accelerator concept. During the prepara
tory phase of SINGAP, a source has been developed which produced, with Cs seeding, D ~ beams of 
more than 1 A and 0.6 A D~ beams with j a c c > 12 mA/cm2. A new pre-accelerator has also been 
designed which traps nearly 100% of the extracted stray electrons; this was made possible by the 
development of the new 3-D Monte Carlo code ELSTOP, which simulates the electronic trajectories. 
In parallel, a new source test bed, MANTIS, was built and started operation during summer 1993. Up 
to now MANTIS has tested a source designed at AEA Culham for the former DRAGON experiment; 
operated without Cs seeding, this source produced 1.3 A H~ and 0.5 A D~ beams. Collaborations 
with European laboratories, AEA Culham, Ecole polytechnique Palaiseau and Dublin City University 
are under way, with the aim of improving the understanding of the negative ion production and of 
developing a multiampere D~ source during 1995. 

1. INTRODUCTION 

D° beams at energies in the 1 MeV range constitute an excellent means of 
heating the plasma and driving current in future large size thermonuclear fusion 
devices such as ITER [1]. At these energies, negative ions have to be used to produce 
D° beams with an acceptable efficiency. An important milestone in the development 
of negative ion based neutral beam (NINB) injectors was the operation of the first 
complete beamline ever built, in which a Japanese negative ion source was coupled 
to a European accelerator, neutralizer and residual ion deflector: 2.2 A of D~ beam 
were accelerated at 100 keV in multisecond pulses, delivering more than 100 kW of 
D° beams [2]. Thereafter, the European NINB development programme has been 
focused on the most crucial items, i.e. the high energy electrostatic accelerator and 

1 Present address: ITER-EDA, Mukoyama, Naka, Japan. 
2 Present address: CEA-DAM, Bruyères-le-Châtel, France. 
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the high current D~ source: a 1 MeV, 0.1 A, multisecond D~ beam acceleration 
experiment is in preparation [3], and a new source test bed, MANTIS, was built 
during 1993 at Cadarache [4]. AEA Culham, Ecole polytechnique Palaiseau and 
Dublin City University participate in the source studies. Because of its specific 
features, i.e. the test of novel accelerator concepts and the capability of operating in 
deuterium, the European programme is complementary to other development 
programmes such as that of JAERI [5]. This programme is accompanied by neutral 
beam physics and system design studies conducted by several European institutes for 
ITER [6]. 

2. THE 1 MV, 0.1 A D - BEAM ACCELERATION PROJECT 

2.1. Overview 

No high voltage, DC acceleration experiment has ever been conducted with 
characteristics relevant to fusion needs. The 1 MeV, 0.1 A, multisecond D~ beam 
acceleration experiment in preparation at Cadarache [3] will represent a first step in 
the development of future high energy, powerful NINB injectors. It has the following 
objectives: 

(a) the development of scalable D ~ accelerator concepts, with energies up to 
1 MeV and current densities around 10 mA/cm2, with adequate optical quality and 
electron suppression; 

Biological Shield 
(concrete) Transmission Line 

Fig. 1. 1 MV test bed design showing 1 MV power supply, transmission line, MV bushing and 
vacuum tank. 
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(b) the study of breakdowns in the presence of the beam and of the subsequent 
release of a large electrostatic energy; 

(c) the development of critical high voltage components such as MV bushings. 

A simplified accelerator concept, SINGAP, is proposed: the beamlets, pre-
accelerated in a standard multihole structure up to about 100 keV, are accelerated to 
the full energy after having been merged into a SINGle APerture. If possible the post 
acceleration will be achieved in a SINgle GAP. Beam optics calculations have shown 
that SINGAP beams should fulfil the transmission requirements on ITER [6] and that 
SINGAP can be extrapolated to a multiampere system. SINGAP would allow the 
design, construction and maintenance of future NINB systems to be simplified 
substantially. 
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This experiment, accepted by the EC authorities in June 1993, is planned to be 
operational by the beginning of 1995. A scheme of the test bed is shown in Fig. 1. 
Some results of preliminary experiments are presented below. 

2.2. Development of the D~ source 

A 'Pagoda source', originally designed for positive ions [7], has been modified 
for negative ion production and tested on the 100 keV D~ Cadarache test bed. 
D~ beams of > 1 A were obtained from the full extraction area of 240 cm2, at 
Iarc = 1000 A, Psource = 0.65 Pa and with Cs seeding; the average current density 
was about 4 mA/cm2. In similar operating conditions, jacc(D~) > 12 mA/cm2 were 
obtained from the central 1/5 extractor (48 cm2) as is shown in Fig. 2. 

2.3. Electron suppression in the pre-accelerator 

A major problem in negative ion accelerators is the presence of stray electrons 
which can be accelerated at full energy, and a special effort was made to suppress 
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them. In order to simulate the electronic behaviour in the accelerating column, the 
code ELSTOP has been specifically developed [8]. The 3-D electron trajectories in 
the presence of electric and magnetic fields are calculated; secondary emission and 
backscattering are taken into account by Monte Carlo methods. The latter process has 
been identified as the origin of the electron leakage. 

ELSTOP was used to design a new accelerator which was tested with D~ 
beams and also with helium or argon in order to produce pure electron beams, thus 
separating the extracted electron phenomena from other sources of electrons. The 
electron leakage rate, defined as the fraction of electron current flowing from the 
second to the third accelerator grid, is negligible with the new system. A comparison 
with the previous accelerator [2] is shown in Fig. 3. 

3. HIGH CURRENT D~ SOURCE DEVELOPMENT: 
THE MANTIS TEST BED 

The Multi Ampere NegaTive Ion Source test bed MANTIS has the purpose of 
developing large area D~ sources. It aims at simultaneously obtaining j(D~) > 
10 mA/cm2, uniform D _ production, operating pressure <0.6 Pa, and reasonable 
electrical efficiency. This test bed is capable of driving plasma source currents of up 
to 2500 A and of accelerating a several ampere D~ beam up to 25-30 keV in 
multisecond pulses. Much of the equipment from the former DRAGON experiment 
[9] was used in the construction of MANTIS, and the present plasma source and 
accelerator are those designed at Culham, although both have been technically 
adapted. MANTIS started operation mid-1993. 

The plasma generator is a multipole source of rectangular cross-section 
(0.5 X 0.75 X 0.22 m3) with a 'tent filter' configuration [9]. It is made of copper, 
immersed in the vacuum and equipped with 24 tungsten filaments. It has been 
operated in H2 and D2 in pure 'volume production', i.e. without Cs seeding, without 
modifying the original magnetic configuration. H~ and D~ beams of 1.3 and 0.5 A, 
respectively, have been obtained at source pressures around 0.8 Pa. This corresponds 
to 3.5 and 1.2 mA/cm2, respectively, a modest yield similar to that from other large 
sources when operated without Cs [10, 11]. 

Experiments are under way to improve the understanding of negative ion 
production, in collaboration with AEA Culham, Ecole polytechnique Palaiseau and 
Dublin City University. Cs seeding is in preparation. 
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Abstract 

ACCELERATORS FOR HEAVY ION INERTIAL FUSION: PROGRESS AND PLANS. 
The Heavy Ion Inertial Fusion Program is the principal part of the Inertial Fusion Energy Pro

gram in the Office of Fusion Energy of the U.S. Department of Energy. The emphasis of the Heavy 
Ion Program is the development of accelerators for fusion power production. Target physics research 
and some elements of fusion chamber development are supported in the much larger Inertial Confine
ment Fusion Program, a dual purpose (defense and energy) program in the Defense Programs part of 
the Department of Energy. The accelerator research program will establish feasibility through a 
sequence of scaled experiments that will demonstrate key physics and engineering issues at low cost 
compared with other fusion programs. The paper discusses progress in the accelerator program and out
lines how the planned research will address the key economic issues of inertial fusion energy. 

1. INTRODUCTION 

The realization of hopes that thermonuclear fusion will fulfill the energy 
requirements for a future when fossil fuels are no longer viable depends on finding solutions 
to two issues: (1) economically and environmentally attractive energy from mature power 
plants, and (2) an affordable research program leading to this goal. Arguably, the affordable 
research program is the more important issue at the present time. Section 2 describes a 
research program leading to a heavy-ion fusion power plant. Section 3 discusses the long-
term cost of electricity and Section 4 describes current research. 

Work supported by the Director, Office of Energy Research, Office of Fusion Energy, 
U.S. Department of Energy, under contract DE-AC03-76SF00098. 
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2. RESEARCH PROGRAM 

Figure 1 shows a research plan leading to a demonstration power plant. This plan 
assumes that the important target physics issues will be addressed on the proposed National 
Ignition Facility (NIF) described elsewhere in these proceedings. The driver for the NIF will 
be a glass laser. It will not have the pulse rate, the efficiency, nor the durability required for 
power production. Therefore, the U.S. Department of Energy is developing heavy-ion 
accelerators as drivers. Large accelerators for high energy physics have high pulse rates, 
good reliability, and long life. We believe that heavy-ion accelerators for fusion can have 
these same characteristics and also high efficiency. The new feature needed for fusion is high 
peak beam power ( greater than 100 TW ) This power must be achieved while retaining the 
beam quality (low emittance) needed to focus the beams onto a small target. Theory, 
simulation, and several small experiments show that high peak power is achievable, but 
definitive validation requires experimentation with driver-scale beams. The Induction Linac 
Systems Experiments (ILSE) program shown in Fig. 1 will provide driver-scale beams. The 
combination of the NEF and ILSE results will, in about 2005, provide the basis for designing 
and building an accelerator that can be upgraded to drive a demonstration power plant. In 
heavy-ion fusion, the accelerator (the heating system) is roughly the analog of the ohmic, RF, 
and beam heating systems of a tokamak. The fact that a single, expandable driver can be 
used for the scientific, engineering, and demonstration phases of the program leads to 
relatively low research costs. 

There are also other reasons why the research program will be relatively inexpensive. 
The size of the target chamber is only weakly related to confinement; the reactions take place 
in less than a cubic millimeter. Furthermore, the target energy yield and the time-averaged 
fusion power can be varied over a wide range by varying the beam energy, the mass of the 
fuel, the composition of the fuel, and the pulse rate. Therefore, target-chamber research on 
wall protection, tritium breeding, etc., can be done at small scale. Accelerators consist of 
many identical or similar components. This modularity minimizes development costs. 
Finally, many target chamber designs use fluid wall-protection that attenuates the neutrons 
sufficiently that existing stainless steels can be used as low-activation wall materials. 
Considering the aforementioned characteristics, we estimate that the cost of developing heavy 
ion fusion is much less than the cost of developing magnetic fusion. Because the accelerator 
itself accounts for roughly half the cost, the accuracy of this claim depends strongly on the 
accuracy of the accelerator cost estimates. In this regard, it is noteworthy that several 
accelerators of the scale required for fusion have already been built, e.g., at SLAC and 
Fermilab in the U.S. and at CERN, DESY, Protvino, and KEK in other countries. 

3. LONG-TERM ECONOMICS 

Recent studies [1-3] show that the long-term cost of electricity for heavy ion fusion 
power plants compares favorably with the projected cost of electricity from tokamaks [4] and 
other sources [5]. Nevertheless, since the accelerator is expected to be the most expensive 
component of a power plant, accelerator cost reduction is desirable. It is, of course, also 
desirable from the standpoint of research costs. 

Induction accelerators are the principal approach to heavy-ion fusion in the U.S. An 
induction linac consists of a sequence of toroidal ferromagnetic cores surrounding the beam. 
The cores are pulsed sequentially as the beam or beams pass through them. The amount, and 
therefore cost, of ferromagnetic material depends on the pulse length and voltage, but not on 
the beam current. Reducing voltage (ion energy) while increasing current to meet the power 
requirement is generally an effective way to reduce cost. Because the repulsive space charge 
forces make it difficult to focus unneutralized beams if the ion energy is much less than 10 
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GeV, it would be desirable to develop focusing methods of the beams that employ charge 
neutralization. The important question is: Does neutralization destroy the beam quality so 
the ions cannot be focused onto a small target? A second approach to cost reduction is 
recirculation. It may be possible to reduce size and cost by passing the beam through the 
same accelerating structure 2 to 100 times. Recirculation is common in accelerators for 
particle physics, but fusion accelerators must carry larger currents. Analysis and numerical 
simulation of both methods of cost reduction are encouraging, but large-scale experiments 
are needed. 

4. EXPERIMENTS 

The main experimental activity in the program is the design of the ILSE accelerator, 
shown schematically in Fig. 2. It consists of a four-beam, 2 MeV injector, an accelerator 
section employing electrostatic focusing lenses, and an accelerator section employing 
magnetic focusing lenses. The electrostatic section accelerates four beams from 2 MeV to 
5 MeV. At this point the four beams are combined transversely into a single beam that is 
then accelerated to 10 MeV in the magnetic section. Beam combining is a promising way to 
increase beam current and reduce cost. The ILSE beams will be driver-scale in diameter and 
charge per unit length. The main differences between ILSE and a driver are in number of 
beams, ion kinetic energy, and pulse length. To minimize ILSE cost these parameters are 
only large enough to address the important physics issues. The ILSE experimental area is 
large enough to accommodate a large ring for recirculation studies. ILSE will enable us to 
study current limits, neutralization, and recirculation. According to present Department of 
Energy plans, the electrostatic section will be built before the magnetic section. The 
electrostatic section alone is referred to as Elise. 

54 meter -

FIG. 2. Block diagram showing the major systems of ILSE and a possible orientation of it (to approxi
mate scale) in the External Particle Beam (EPB) Hall of the recently shut down Bevatron. 
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Ion species: Potassium (mass 39) Pulse duration: 4-1 fis 
Beam energy: 80-320 kV Nominal number of laps: 15 
Beam current: 2-8 mA Circumference: 14.4 m 

FIG. 3. Schematic of the small recirculator being developed at Lawrence Livermore National 

Laboratory. 

We have made substantial progress toward ILSE. A single-beam, 2 MeV injector is 
currently in operation at Berkeley. The Berkeley team is also currently assembling a small 
combining experiment to provide experience and data for the ILSE combining experiments. 
Beam dynamics issues which must be resolved before the ILSE ring can be built include 
centroid control, longitudinal control, emittance preservation through bends, and 
insertion/extraction of the beam into/out of the rings. These will be addressed at reduced 
scale in a sequence of experiments leading to a small "model" recirculator at Livermore. The 
waveform generators must supply variable accelerating pulses at high repetition frequencies, 
and accurate time-varying dipole fields with good energy recovery. These requirements are 
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challenging, but advances in solid-state power electronics should make it possible to meet 
them. Livermore has already achieved 200 kHz bursts at 5 kV and 800 A, but with a non-
variable format. Fig. 3 is a diagram of the recirculator experiment. 

Readers wanting more information on the program should refer to a recent special 
issue of n Nuovo Cimento [6]. 

5. CONCLUSIONS 

In conclusion, it is possible to develop heavy ion inertial fusion at a cost that is low 
compared to that of other fusion programs. The Heavy Ion Program is greatly leveraged by 
the Defense Inertial Fusion Program and the worldwide accelerator programs. The long-term 
cost of electricity compares favorably with that of tokamaks and other energy sources. The 
first major phase of the accelerator development is the ILSE Program. We have made 
substantial progress toward ILSE and are in a position to begin construction of the ILSE 
accelerator when approval is granted. 
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DISCUSSION 

J. PAMELA: What are the advantages of heavy ions compared with light 
ions? 

R.O. BANGERTER: The heavy ions are accelerated to a kinetic energy of 
about 10 GeV. The light ions are accelerated to a kinetic energy of the order of 
10 MeV. Therefore heavy ions require about three orders of magnitude less current 
than light ions to produce the same beam power. Furthermore, the heavy ions have 
much higher momentum than the light ions. Finally, the heavy ions are accelerated 
in charge state + 1 . For all these reasons it is easier to focus heavy ions than light 
ions. Heavy ions can be focused without neutralization. 

J. PAMELA: Could you give us the characteristics of the 2 MeV injector at 
LBL? 

R.O. BANGERTER: The 2 MeV injector at LBL produces about 800 mA of 
potassium (K+1). The pulse length is 1 ¡xs and the normalized emittance is about 
10_67r m-rad. 

G. FUSSMANN: What problems are connected with the fact that the energy 
is released in pulses as short as 1 ns? Could evaporation of the vessel wall occur? 
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R.O. BANGERTER: The fusion burn actually takes place in hundreds of 
picoseconds. In my opinion, the fluid wall concepts are most promising. The fluids 
protect the vessel wall from blast and neutrons. We have done calculations on cyclic 
stress fatigue. According to these calculations, the vessel will survive for the life of 
the power plant — about 30 years. There is still one issue: we do not have adequate 
data on the effects of cyclic stress in the presence of neutrons. 
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Abstract 

RF LINAC AND STORAGE RING APPROACH TO HEAVY ION INERTIAL FUSION. 
In Europe research on heavy ion beam drivers for inertial fusion has focused on RF accelerators 

and storage rings, which are commonly used in medium and high energy physics. The paper presents 
the status of studies regarding a full reactor driver accelerator as well as an Ignition Facility. The latter 
is the subject of an initiative of several European laboratories that proposes to the European Commission 
a study on the feasibility of an accelerator leading to ignition. 

1 Introduction 

Heavy ion accelerators as reactor drivers in ICF have several potential advan
tages for commercial energy production . 

• The existence of a highly developed technology of linear accelerators and 
storage rings for nuclear and high energy physics. 

• High working reliability, efficiency (estimated to 20-25%) and repetition 
rate (>1 Hz) of these accelerators. 

• Beam transport in vacuum in the reactor chamber by means of ballistic 
focusing. 

• Classical stopping of the ions in the target converter material for the en
ergies under consideration. 

709 
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A major advantage of the ICF concept in general is the decoupling of driver and 
reactor chamber. The overall consistency of a heavy ion driven ICF system for 
power production has been shown in the HIBALL study . 

Several European laboratories are preparing a joint initiative towards a 
heavy ion Ignition Facility as a milestone on the road to a commercial reac
tor. In this report we first recall some features specific to heavy ion drivers for 
ICF and then discuss the Ignition Facility proposal. 

2 Heavy Ion Drivers for ICF 

2.1 Target and Final Focusing 

According to simulation work on ICF targets (see S. Atzeni, this conference) high 
gain ignition by indirect drive requires typically a beam power of 500 TW to be 
focused on converters of 2 - 3 mm radius (Fig. 1). A gain of 80-100 is predicted 
for this, which is sufficient for economic energy production, if one assumes 20-
25 % overall efficiency of the accelerator. Efficient conversion of beam energy 
into soft x-rays, which drive a spherically symmetric pellet implosion, requires a 
plasma temperature of 250 eV in the converter material. This can be achieved by 
heavy ions (like Bi+) of 10 GeV, which have a range of 0.1 g/cm2 in low-Z matter. 
The pulse duration necessary for this is about 10 ns, which determines the total 
energy to 5 Mega joules for a reactor driver. The specific power deposition of 
P > 1016W/g can be achieved only with beams of sufficiently large "brilliance", 
which is the main challenge to the design of a driver accelerator. 

The requirement of high symmetry in the implosion to avoid the Rayleigh-
Taylor instability can be fulfilled by targets with two converters illuminated 
by two bundles of beams from both sides. Recent calculations suggest that 
the necessary symmetry in the hohlraum radiation driving the pellet implosion 
requires an appropriate shielding of the pellet from the direct radiation of the 
converters **• • . 

Converter Casing 

ion beam 
bundle 

Fusion capsule 

Hohlraum radiation 

Ion beam 
bundle 

FIG. 1. Schematic view of indirectly driven target with two cylindrical converters illuminated by two 

bundles of ion beams. 
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In order to reduce space charge effects in the accelerator it is suggested 
to work with several hundred beamlets focused individually on the converters 
by a matrix of quadrupole lenses approximately 10 m away from the target 

. Ballistic focusing of these beamlets across the reactor chamber (vacuum 
propagation) is possible without space charge neutralization. Beam-beam space 
charge effects occurring in the bundle as a whole are of some concern as they 
vary in time according to the total current profile. A deviation from the nominal 
current leads to a shift in focal length. This results in an undesirable blow-up 
of spot size at the target position, which grows with NZ2/(Aj32'yz)y where N 
is the number of ions per bundle, Z the charge state of an ion with mass A, 
0 = v/c (here « 0.3) and 7 the relativistic mass factor. The effect can be cured 
by choosing a large enough opening angle of the bundle, which dilutes space 
charge . For a spot radius of 3 mm and 25 kA per bundle of 10 GeV ions 
with Z=l and Aw 200 we find that for an opening angle of 0.3 rad the tolerable 
current variation is 1/3 of the nominal current, which can be fulfilled by realistic 
current profiles for the main pulse. For doubly or even higher charged ions as 
well as for considerably lower kinetic energy the above scaling shows that space 
charge effects become more stringent and require charge neutralization in the 
chamber. We mention that space charge effects in the accelerator also strongly 
favour the choice of Z = 1 and 10 GeV kinetic energy. 

Injection / extraction 
Injection / extraction 

Storage rings 
100 m 

Transfer rings 

Ion sources 

Low energy acceleration 

/ 
,* Linear accelerator 

0 - 1 0 GeV 

FIG. 2. Schematic layout of heavy ion fusion driver: ' 'funneled ' ' linac tree for low energy acceleration 
and approximately 2 km long main linear accelerator; stacks of typically four transfer rings and 
10-20 storage rings. 



712 HOFMANN et al. 

2.2 Driver Accelerator Scheme 

An accelerator system for heavy ion fusion is envisaged that has a linear accel
erator to provide the total kinetic energy, as well as a set of ring accelerators 
for storage and bunching (Fig. 2). Focusing on the small target limits the al
lowed six-dimensional phase space volume occupied by the beam. This in turn 
determines the number of storage rings, which can only accommodate a certain 
intensity for a given phase space volume. 
Linear Accelerator: 
The linac provides 5 - 10 ms long pulses of 10 GeV ions (200 - 100 mA) to fill the 
storage rings. A "tree" scheme is used, where several parallel branches of ion 
sources and low energy accelerators are merged into one Alvarez type structure 
for the main acceleration. 
Transfer Rings and Storage Rings: 
Current multiplication by a factor 16 is pursued by 4 x stacking of a typically 30 
fzs long linac pulse in the horizontal phase space of each one of the four transfer 
rings; thereafter the content of all four transfer rings is stacked in the vertical 
phase space of the first storage ring. For geometric reasons this leads to an 
inevitable increase of the phase space area (see Fig. 3). An important issue is the 
stability of the beams during storage with respect to the longitudinal resistive 
instability. Self-stabilization has been predicted by simulation for special phase 
space distributions °; this subject is presently investigated by experiments at 
GSI and at other storage rings. After filling of all rings is completed the beams 
are further bunched by a large RF voltage, which reduces the bunch length 
to the required final 10 ns. During this bunching space charge effects lead to 
crossing of resonances of the incoherent betatron frequency. Recent experiments 
at CERN suggest that a fast enough crossing should be tolerable . The subject 
is under further investigation. 

Effective phase space area 

FIG. 3. Four turn stacking in transverse phase space leading to enlarged effective phase space area. 
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3 Proposal of an Ignition Facility in Europe 

In a recent initiative groups from several laboratories have proposed to channel 
the existing expertise into a feasibility study for an Ignition Facility. The studies 
shall address critical issues of the design of the heavy ion driver, of the targets, 
and of the required reaction chamber. The main task is to develop a system 
with a coherent set of parameters from the ion source to the fusion pellet. 
Basic Requirements: 
According to published work low-gain ignition requires a beam energy of about 
2 Megajoules delivered onto a target within 6-7 nanoseconds, after a low-power 
prepulse of 15-20 ns . The target consists of a cylindrical hohlraum containing 
two converters of 2 mm radius and a fusion capsule of 1.5-2 mm radius containing 
1-1.5 mg DT fuel in an arrangement as in Fig. 1. The predicted gain is in the 
region 10-30. 
Strategy: 
The proposed study is expected to result in the design of an Ignition Facility. 
It is expected that the accelerator follows the scheme shown in Fig. 2. A major 
simplification as compared with a reactor driver results from the fact that the 
radius of the reaction chamber can be chosen as small as 1-2 m, which makes 
final focusing easier and thus relaxes the necessary phase space density. The 
principal scheme is outlined in Fig. 4, where it is assumed that only 1-2 storage 
rings are needed. The linac is reduced in length due to a higher accelerating 
gradient; this is possible since filling of 1-2 storage rings every few seconds 
requires a much smaller duty factor as compared with a reactor driver. 

For the construction and exploitation period of such a facility about 10 years 
are envisaged for 

• exploration of accelerator issues, which cannot be studied on existing ma
chines 

• the demonstration of a heavy ion driver with the beam intensity and de
position power required for ignition 

/ \V Chamber 
Storage ring I ^ * # ^ . 

Linear accelerator ^***sz£>^s 

~6GeV 

FIG. 4. Principle of an accelerator for an Ignition Facility with linac and storage ring. 
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• the verification of the concept of indirect drive implosion with a primary 
heavy ion beam converted to radiation 

• the demonstration of pellet ignition in a hohlraum at moderate gain. 

The viability of a staged approach is examined by the Study Group. A first 
stage of more moderate size could already address important basic problems of 
beam - converter coupling and of the final layout and required number of storage 
rings. 
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Abstract 

STATUS OF VANADIUM ALLOY DEVELOPMENT FOR FUSION FIRST WALL/BLANKET 
APPLICATIONS. 

Vanadium alloys exhibit important advantages as a candidate structural material for fusion first 
wall/blanket applications. These advantages include fabricability, favourable safety and environmental 
features, high temperature and high wall load capability, and long lifetime under irradiation. Major 
concerns regarding the use of vanadium alloys for fusion applications relate to cost, reactivity with 
air/oxygen, and the limited database. Vanadium alloys with (3-5)% chromium and (3-5)% titanium 
appear to offer the best combination of properties for first wall/blanket applications. A V-4Cr-4Ti alloy 
is currently considered as the leading candidate composition. 

1. INTRODUCTION 

Vanadium alloys have been identified as a leading candidate material for fusion 
first wall/blanket structure applications. The performance advantages, in addition to 
the safety and environmental features of vanadium alloys, have been evaluated in 
several design studies [1-4]. A considerable database has been developed which indi
cates that vanadium alloys offer superior performance compared to other options for 
the first wall/blanket structure of a magnetic fusion power plant [5, 6]. Vanadium 
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alloys can accommodate high first wall heat loads and can operate at temperatures 
up to 700-750°C. Vanadium alloys provide favourable safety and environmental 
features such as low long term activation, low decay heat and contact dose, and a 
potential for recycle. These alloys can be rolled into sheets, extruded into tubing and 
welded by several methods. Existing data indicate that these alloys are highly resis
tant to irradiation induced swelling and embrittlement and are compatible with 
liquid-metal blankets. They offer a potential for long operating lifetime with 
subsequent economic and environmental advantages associated with reduced main
tenance time and waste volume. A technical evaluation of the technology of vanadium 
alloys for use as a blanket structural material in fusion power systems, both for the 
International Thermonuclear Experimental Reactor (ITER) and for Demonstration 
Power Plant applications, was recently conducted for the US Fusion Program [7]. 

This paper presents an overview of vanadium alloy development for fusion first 
wall/blanket applications. The current focus is on vanadium alloys with (3-5)% Cr 
and (3-5)% Ti with a V-4Cr-4Ti alloy as the reference composition. The key 
remaining issues and R&D requirements for vanadium alloys, which relate primarily 
to production and joining, chemical compatibility and effects of the neutron irradia
tion on the properties, are reviewed. 

2. CANDIDATE ALLOY SELECTION AND PERFORMANCE FEATURES 

The vanadium alloy development programme is currently focused on the 
vanadium-chromium-titanium alloy system. These elements exhibit favourable low 
activation characteristics, and compositional variations produced by nuclear trans
mutations for this system are minimal since each element predominantly transmutes 
to the other two elements. Titanium improves the resistance to irradiation induced 
swelling, and chromium improves the tensile and creep strength. Recent investiga
tions have included compositions (wt%) of V-(0-15)%Cr-(l-20)%Ti-(0-l)%Si 
with an emphasis on a composition of V-4Cr-4Ti in the solution annealed condition. 

Vanadium base alloys exhibit physical properties that are favourable to fusion 
first wall applications. Table I lists selected physical and neutronic properties for the 
vanadium alloys compared to the austenitic and ferritic/martensitic steels and SiC. 
In addition to the high melting temperature, vanadium alloys have a lower coefficient 
of thermal expansion, a higher thermal conductivity, and a lower elastic modulus, 
all of which contribute to a higher heat load capability compared to the steels. 
Depending on the conditions and criteria, vanadium alloys can accommodate heat 
loads a factor of four to seven higher than those of the steels. Figure 1 is a plot of 
the calculated first wall heat flux limits based on thermal stress limits for a 5 mm 
thick structure [6]. For a common set of criteria, the vanadium alloy provides signifi
cant advantages compared to annealed austenitic steel over the entire temperature 
range and compared to the ferritic/martensitic steel at temperatures above 400°C. 
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TABLE I. SELECTED PROPERTIES OF CANDIDATE FUSION STRUC
TURAL MATERIALS 

Austenitic steel 
316SS 

Ferritic steel 
HT-9 

V alloy 
V-5Cr-5Ti 

SiC 

Melting temperature (°C) 

Thermal conductivity (W-m"1-K"')b 

Thermal expansion (10"6-K_1)b 

dpa-(MW-a)"'-m-2 

appmHe-(MW-a)-'-m-2 

appm H • (MW • a)"' • m~2 

Nuclear heating rate (W-cm~3)c 

1400 

21.0 

18.0 

11 

174 

602 

10 

1420 

27.3 

12.3 

11 

130 

505 

10 

1880 

34.5 

10.3 

11 

57 

240 

6 

2600a 

-

-
12 

1500 

560 

9 

a Decomposition temperature. 
b At500°C. 
c At 1 MW/m2 neutron wall load. 
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FIG. 1. Calculated first wall heat flux limits based on thermal stress (5 mm thick wall) for candidate 
structural alloys. 
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FIG. 3. Thermal creep properties of vanadium alloys compared to those of austenitic and fer-
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The high temperature characteristics of vanadium alloys are illustrated in Figs 2 
and 3. The tensile strengths of several vanadium alloys plotted in Fig. 2 remain high 
to temperatures up to 700°C [8]. The Larsen-Miller parameter plotted in Fig. 3 
illustrates the significant creep strength advantage of vanadium alloys compared to 
both austenitic and ferritic steels [6]. A Larsen-Miller parameter of 21 000 cor
responds to a 10 000 h life at 600°C. The corresponding stress at this parameter is 
- 400 MPa for V-4Cr-4Ti compared to values of only 120-130 MPa for HT-9 and 
annealed Type 316 steels. 

The vanadium alloys with compositions of interest exhibit high ductility. The 
total elongations of these alloys are in the range of 20-35 % from room temperature 
to 700°C and the uniform elongations are typically about 75% of the total elongation. 
Vanadium alloys with less than 10% (Cr + Ti) exhibit ductile-brittle transition 
temperatures (DBTT) determined from Charpy impact tests much below room 
temperature; typically, below 100 K [9]. 

3. SAFETY AND ENVIRONMENTAL FEATURES 

The V-Cr-Ti alloys exhibit favourable safety and environmental features; par
ticularly with respect to low long term activation, low decay heat and low contact 
dose. Figure 4 shows the calculated radioactivity as a function of time after shutdown 
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i i'imn i uiiiAi i mlm l'iniiq ilium i/mm I )inn| i / I I I IH I mm i 11 iirnf ¡ l\ 

io7 icf iff io,a io" io" îctëno' 

FIG. 4. Specific radioactivity for candidate first wall structural materials after exposure for five years 
to a typical neutron wall load of 5 MW/m2. 
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for V-4Cr-4Ti, a reduced activation ferritic/martensitic steel, Type 316 austenitic 
steel and SiC [10], all without trace impurities. Vanadium alloys exhibit lower radio
activity than the steels at all times and lower than SiC at times greater than 
~50 years. Plots for the specific decay heat generation rate and contact dose are 
similar. Preliminary studies indicate that recycle of vanadium alloys is potentially 
feasible [11]. 

4. FABRICABILITY OF VANADIUM ALLOYS 

Vanadium alloys are readily fabricable into plate and sheet down to thicknesses 
of less than 1 mm. Although care must be taken to avoid atmospheric contamination 
during high temperature processing, procedures have been developed and demon
strated for maintaining high purity. These alloys have also been extruded into rod and 
tubing; however, further development of secondary fabrication on a larger scale is 
required. Vanadium and vanadium alloys have been welded by several methods: 
tungsten inert gas (TIG), electron beam, and laser weld procedures. Resistance weld
ing also appears feasible. Generally good weld characteristics have been obtained 
even although no complete weld optimization studies have been conducted. 

5. CHEMICAL COMPATIBILITY 

The key compatibility issues for vanadium alloys relate to their chemical reac
tivity with oxygen, nitrogen, carbon and hydrogen. Vanadium alloys are compatible 
with the hydrogen pressure characteristic of the plasma chamber, i.e. ÎO'-IO -3 Pa. 
The equilibrium hydrogen concentrations in vanadium at these partial pressures are 
< 1 wppm. These concentrations are well below the concentrations required to 
degrade the mechanical properties and the tritium inventory will be low. In a lithium 
blanket the hydrogen/tritium will preferentially distribute from vanadium to lithium, 
providing further assurance that the tritium inventory will be low. 

Vanadium alloys are compatible with liquid metal breeder/coolant candidates to 
high temperature. Control of non-metallic impurity elements (O, N, C and H) are 
required just as water chemistry must be controlled in water cooled systems. 
Vanadium alloys are particularly attractive for liquid-lithium blankets in which these 
elements, particularly oxygen and hydrogen, can be more easily controlled. 
However, electrically insulating coatings on the vanadium alloy structure are consid
ered necessary in liquid metal cooled blankets to reduce the magnetohydrodynamic 
(MHD) pressure drop to acceptable levels in the high magnetic field characteristic 
of tokamaks. Development of stable coatings which provide adequate electrical 
properties in the irradiation environment is a critical issue for the liquid metal 
blankets. Vanadium alloys with chromium additions appear to be resistant to both 
aqueous corrosion and stress corrosion at temperatures of ~300°C; however, 
they can be used with helium coolant only if the impurities are maintained at very 
low levels. 
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6. EFFECTS OF IRRADIATION ON PROPERTIES 

Candidate vanadium base alloys are resistant to irradiation damage and offer a 
potential for a long operating lifetime. The vanadium alloys exhibit favourable neu-
tronic characteristics, in particular, lower He and H production rates and lower 
nuclear heating compared to the steels and SiC (see Table I). Since effects of helium 
transmutations produced by the high energy neutrons are some of the major concerns 
regarding the integrity of materials in a fusion environment, these effects alone pro
vide significant advantages for the vanadium alloys. 

Vanadium alloys have been shown to be among the most resistant to neutron 
irradiation induced swelling [12-15]. Both binary V-Ti alloys and ternary V-Cr-Ti 
alloys with a few per cent titanium are resistant to irradiation induced swelling. The 
dynamic helium charging experiment (DHCE) [16] has been conducted to investigate 
the effects of fusion relevant helium generation rates on the properties of neutron 
irradiated vanadium alloys. Preliminary results obtained in the first experiment of 
this kind indicate only modest effects of higher helium concentration on swelling. 
This experiment also provides information on the effects of increased hydrogen/ 
tritium concentrations on the properties. 

The V-4Cr-4Ti alloy shows good resistance to irradiation induced embrittle-
ment both at low strain rates (normal tensile tests) and at high strain rates (Charpy 
tests). The uniform elongations of several vanadium alloys after irradiation at 420, 
520 and 600°C to fluences of 28-46 dpa are shown in Fig. 5 [17]. The uniform 
elongation for the V-4Cr-4Ti alloy remains above 8% at all three temperatures. 
Similar uniform elongations are observed when tested at room temperature after 
irradiation at 420°C. Preliminary results from the DHCE-1 experiment indicate no 
substantial difference in the uniform elongation at ~ 20 dpa with helium concentra
tions of 5-80 appm. 

Results from Charpy impact tests indicate that vanadium alloys are also resistant 
to irradiation induced embrittlement at high strain rates. Figure 6 is a plot of the 
Charpy DBTT for several vanadium alloys after irradiation at 425, 520 and 600°C. 
Alloys with less than —10% (Cr -I- Ti) exhibit high resistance to embrittlement. 
Preliminary data from the DHCE experiment indicate that the fracture properties are 
not substantially degraded for the conditions tested. Additional data at lower irradia
tion temperatures, 250-350°C, are needed to demonstrate resistance to embrittlement 
at projected ITER operating temperatures. 

7. KEY R&D NEEDS 

The critical R&D required for the vanadium alloys include: 

Scale up of production and fabrication capability 
Development and demonstration of welding procedures 
Further investigations of non-metallic element interactions 
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Development of electrically insulating coatings for liquid metal blankets 
Investigation of fatigue properties in lithium for the ITER application 
Further investigations of the effects of neutron irradiation, including helium and 
hydrogen effects 
Additional safety and environmental studies. 

8. CONCLUSIONS 

The vanadium-chromium-titanium alloys provide an attractive structural 
material option for a fusion first wall/blanket system. A V-4Cr-4Ti alloy appears to 
be a near optimum composition, although further development and optimization are 
required. Results obtained to date indicate that vanadium alloys offer the following 
features that enhance the attractiveness of fusion power: 

Readily fabricable and can be welded 
High temperature/high heat load capability 
Safety and environmental advantages associated with low activation charac
teristics 
Resistance to irradiation induced swelling and embrittlement. 

The critical R&D needs for near term ITER applications and for DEMO appli
cations have been defined. Critical data required to evaluate the potential of vanadium 
alloys for the limited ITER conditions can be obtained in a few years with an 
agressive programme. Several years will be required to determine the performance 
limits for the high fluence, high operating temperatures projected for the DEMO. 
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DISCUSSION 

G. GRIEGER: What is the situation as regards impurities in the favoured V 
alloys and their activation properties? 

D.L. SMITH: Certain impurities will dominate the long term activation charac
teristics of all 'low activation' materials. Niobium and molybdenum, which are of 
major concern for vanadium alloys, can be controlled at low levels. 

R. ANDREANI: What is the ratio for H2, T2 diffusion between titanium alloys 
and liquid lithium? Do you need to develop a coating for that? 

D.L. SMITH: My paper is on vanadium alloys. Hydrogen preferentially dis
tributes from vanadium to lithium at a ratio of — 150 in atom fraction at temperatures 
of interest. Coatings for vanadium-lithium blankets are proposed to reduce magneto-
hydrodynamic effects. 

R.J. GOLDSTON: Could you speak about the consistency of the vanadium 
structure with ceramic breeders? 

D.L. SMITH: We have not evaluated the feasibility of vanadium alloys for a 
ceramic breeder blanket. Important considerations would be the choice of coolant and 
operating temperatures. 

P. KOMAREK: Given the amount of data available for the V materials now by 
comparison with steel, do you think that a nuclear regulatory commission would 
accept its use already in ITER? 

D.L. SMITH: We do not yet have a design criterion for the use of any structural 
material in a fusion environment. Aggressive development is required to evaluate the 
potential of vanadium for ITER in the EDA schedule. 



IAEA-CN-60/F-15 

THE INTERNATIONAL FUSION MATERIALS 
IRRADIATION FACILITY 

T.E. SHANNON 
Oak Ridge National Laboratory1, 
Oak Ridge, Tennessee, 
United States of America 

F. COZZANI 
DG XII — Fusion Programme, 
European Commission, 
Brussels 

D.H. CRANDALL, F.W. WIFFEN 
Office of Fusion Energy, 
United States Department of Energy, 
Washington, D.C., 
United States of America 

K. EHRLICH 
Euratom-KFK Association, 
Kernforschungszentrum Karlsruhe, 
Karlsruhe, Germany 

H. KATSUTA, T. KONDO 
Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, Ibaraki-ken, 
Japan 

V. TEPLYAKOV 
Institute for High Energy Physics, 
Protvino, Moscow Region, 
Russian Federation 

L. ZAVIALSKIJ 
Ministry of Atomic Energy, 
Moscow, Russian Federation 

1 Research sponsored by the Office of Fusion Energy, US Department of Energy, under con
tract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc. 

725 



726 SHANNON et al. 

Abstract 

THE INTERNATIONAL FUSION MATERIALS IRRADIATION FACILITY. 
It is widely agreed that the development of materials for fusion systems requires a high-flux, 

14-MeV neutron source. The European Union, Japan, the Russian Federation and the United States of 
America have initiated the conceptual design of such a facility. This activity, under the International 
Energy Agency (IEA) Fusion Materials Agreement, will develop the design for an accelerator-based 
D-Li system. The first organizational meeting was held in June 1994. The paper describes the system 
to be studied and the approach to be followed to complete the conceptual design by early 1997. 

1. THE NEED FOR A FUSION NEUTRON SOURCE 

In fusion energy systems, materials activation and radiation damage from the 
high energy neutrons define the primary issues related to environmental and safety 
concerns. Fusion blanket and first-wall components constructed from traditional 
structural materials, such as stainless steel, would have useful lifetimes of only a few 
years and their neutron activation would create radioactive materials lasting for 
thousands of years. Several materials have been identified that could significantly 
lower the activation. These include vanadium, new steel compositions, and silicon 
carbide composites. However, the characterization, development, and qualification 
of materials for fusion will require testing in an environment that includes the 
14-MeV neutrons characteristic of D-T fusion. 

There is a worldwide consensus that a high-flux, 14-MeV neutron source is 
necessary to support the development of materials for a demonstration fusion power 
plant. 

2. ORGANIZATION OF AN INTERNATIONAL CONCEPTUAL DESIGN 

There is considerable confidence that a 14-MeV neutron source could be 
constructed based on presently existing technology. The United States was well 
along in development and construction of the Fusion Material Irradiation Test 
(FMIT) facility [1,2] in the early 1980's when the project was canceled due to budget 
cuts in the national fusion program. The ultimate need for such a facility was 
recognized internationally and work continued in spite of the demise of FMIT. The 
most complete and thorough study in the last decade has been conducted by the Japan 
Atomic Energy Research Institute at Tokai, Japan. Starting in 1988, they developed 
the concept of the Energy Selective Neutron Irradiation Test (ESNIT) [3], a project 
similar to, but somewhat smaller in scope than, the FMIT. This project then led to a 
series of workshops sponsored by the BEA to explore options and assess international 
interest in a fusion neutron source [4]. 

A workshop arranged by the IEA was held in Moscow in July 1993, to 
specifically explore the technical and organizational options for proceeding on an 
international design study for a fusion neutron source project. The workshop, which 
included technical experts from the European Union, Japan, Russia, and the United 



IAEA-CN-60/F-15 727 

Fusion Materials Executive Committee 

Steering Committee 

(one member per party) 

Design integration Group 

Accelerator 
Team 

Lithium Target 
Team 

Users Group 

Materials, 
Structure and 
Reactor Design 
Specialists 

Members from 
each party 

Test Cells and 
Apparatus 

Team 

FIG. 1. Organizational structure for the International Fusion Materials Irradiation Facility Conceptual 
Design Activity. 

States, agreed on a technical approach consisting of an accelerator-based D-Li beam 
target system based on the FMIT concept It was agreed that system characteristics 
adequate to allow lifetime testing of materials for a demonstration power plant must 
be achieved. A conceptual design activity was recommended as the next step in 
preparing for a possible future project. In February 1994, the Fusion Power 
Coordinating Committee of the IEA directed the Fusion Materials Executive 
Committee to proceed with the conceptual design. 

On June 13-15, 1994, representatives of Japan, the European Union, and the 
United States met in Tokai, Japan, to recommend a plan for the conceptual design of 
a high-flux fusion neutron source. This meeting was successful in defining the 
technical requirements for the design and a procedure and time schedule to produce a 
conceptual design by January 1997. 

The representatives at Tokai discussed an approximate organization for the 
conceptual design activity as depicted in Fig. 1. The activity will be carried out under 
the executive committee for the IEA Fusion Materials Agreement. A steering 
committee of one representative per participating party will review the progress, and 
prepare and advise their parties on administrative matters and funding needed by each 
party to continue the work. A group of materials science "Users" of the conceived 
neutron source will make significant comment on the work in progress on the design, 
in particular for the test assembly portion of the design. The function of design 
integration will be carried out by a group consisting of one technical leader from each 
participating party. 

It was recommended that the conceptual design activity should start by 
identifying and dividing work among participants and conducting technical work at 
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home sites. A technical workshop in Karlsruhe, Germany, on September 26-30, 
1994, was charged with the following: 

• define a baseline concept and critical issues; 
• identify working groups and shared procedures such as a computer system for 

communications and document sharing; 
• list and distribute all available information accumulated on the D-Li neutron 

source approach as soon as possible; and 
• define the next work to be accomplished following an approximate format and 

time schedule. 

Nozzle 

Back plate 

FIG. 2. Schematic of method for producing a '14-MeV neutron beam'. A beam of35-MeV deuterons 
is split into protons and neutrons by collisions in the lithium jet target. The protons are stopped in the 
lithium jet. The neutrons are slightly degraded in velocity and thus emerge from the jet at a little less 
than half the original deuteron energy. 

3. TECHNICAL FEATURES 

The basic design features and operating parameters of the neutron source were 
discussed at the Moscow and Tokai workshops. The D-Li concept, with neutron 
production by the stripping reaction of energetic deuteron particles impacting a liquid 
lithium target, was accepted as the best compromise of neutron source characteristics 
and available, developed technology. The concept for forming the neutron "beam" is 
illustrated in Fig. 2. In addition to simple splitting of the deuterons into protons that 
stop in the lithium target and neutrons that pass through, some nuclear reactions will 
occur in the target. These reactions result in a few neutrons at energies up to nearly 
50MeV. 

The high flux test volume of approximately one liter is required to provide an 
array of specimens necessary to develop and test materials in conditions similar to 
those expected at the first wall and blanket of a fusion power reactor. Typical 
parameters, selected to meet the materials development mission, are as follows: 
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Deuterium Beam Current 250 raA 
Beam Energy 30-35 MeV 
Beam Spot Size 10 cm x 10 cm 
Target Lithium Jet With Back Plate 
Test Volume Approximately 1 liter (flux 

equivalent of 2 MW/m2) 

The facility design would consist of a minimum of two beamlines, each with a 
current of 125 m A. The design of the lithium system has been established by the 
work on FMIT; however, better understanding of the thermal-hydraulic response at 
the beam interaction area requires more detailed design and analysis. In order to 
obtain neutron fluences useful for materials development for a demonstration fusion 
power plant, the beam current must exceed those of FMIT or ESNIT, and a plant 
availability of 70% or greater is required. The availability goal represents the 
greatest challenge to the design and development of the facility. Special 
configuration and maintenance layouts will be required for reliable long-term 
operation. 

It is not yet established whether and when a modified legal framework and 
physics R&D are required to accommodate a credible reference design. R&D 
volunteered by any of the parties could, of course, help to clarify the needs. The 
steering committee will review the outcome of the Karlsruhe technical workshop and 
make further recommendations. 

The design integration group should anticipate preparing an interim report that 
provides a design requirements document and a plan for preparing a first reference 
conceptual design by October 1995. A continuation of this effort, beginning as soon 
as October 1995, will complete a final reference conceptual design report that could 
be possibly used by the parties, or any one of the parties, in decisions on how to 
proceed toward the realization of the needed neutron source. 

4. TECHNICAL GOALS OF THE CONCEPTUAL DESIGN 

The initial activities of the conceptual design will involve the four parties (with 
the Russian Federation as Associated Participant) under the Executive Committee of 
the IEA Fusion Materials Agreement, with the responsibility for coordinating the 
activity assigned to Japan. The initial tasks will include evaluation of the design 
options for the main components of the accelerator and target systems. These will 
include the choices of accelerator types, the trades between normal and 
superconducting accelerator technologies, accelerator architecture and overall system 
configuration. A detailed analysis of the use of the facility, including the 
development of requirements for the test cell loading and specification of the 
experimental program will be generated to guide the facility design. 

A possible schedule of milestones was discussed at Tokai; these are first 
suggestions that will be reviewed and revised during the technical workshop in 
Karlsruhe. 
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Form International Procedural Concept June 1994 
Initial Requirements and Design Layout October 1994 
Initial Report to FPCC February 1995 
Establish Baseline Design March 1995 
Preliminary System Design Layouts July 1995 
Interim Report, Design Requirements, and Plan October 1995 
Define R&D Needs December 1995 
Estimate Cost/Schedule for Construction April 1996 
Environment, Safety and Site Requirements September 1996 
Conceptual Design Complete January 1997 

Since this neutron source facility is required for the qualification of materials for 
DEMO, the orderly development of fusion energy requires such a facility to be built 
along the same time-span of ITER. 
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DISCUSSION 

R.R. PARKER: The parameters of the proposed device seem very modest. We 
should set our sights higher than a lifetime of about five years for a reactor first wall. 
But then the proposed flux is too low, since 20 years or more would be required to 
test a material. Serial testing will not be possible on a realistic time-scale. Could you 
comment? 

D.H. CRANDALL: At 70% device availability, it would take seven years to 
test a material to 10 MW-a/m2. This does limit flexibility in testing and implies 
parallel testing of a number of samples simultaneously in a small volume. Even in 
this small volume, more than 100 samples can be irradiated simultaneously. This 
capability is much greater than any other proposed. The materials scientists think they 
can work effectively to fusion goals within these difficult limitations. 

R.W. MOIR: Do you agree with the notion that such a materials testing facility 
is not needed for those concepts which use thick liquid to protect the walls — such 
as have been proposed for some inertial fusion chamber designs and some magnetic 
fusion concepts? 
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D.H. CRANDALL: The wetted wall concept for inertial fusion energy is highly 
attractive, in part because it reduces materials requirements and the testing to be done 
in the fusion materials facility would not be essential. However, the liquid walls may 
not be viable. If you have solid walls you still need the materials tests performed by 
this facility. 

D.E. POST: The neutron spectrum you showed is 'hard' compared with that 
for thermonuclear fusion of D and T, with a tail up to 50 MeV compared with 
— 15 MeV for D and T. Is there reasonable assurance that one can determine the 
response of a candidate material to the D and T spectrum from data obtained from 
the harder spectrum from the accelerator concept? 

D.H. CRANDALL: In the spectrum I showed, the bulk of the neutrons are just 
at the energies you want. The small tail is a significant concern to the materials 
scientists. They have discussed this extensively in several workshops and they think 
the issues in materials analysis are tractable. It remains a concern. 
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Abstract 

REQUIREMENTS AND DESIGN ENVELOPE FOR A VOLUMETRIC NEUTRON SOURCE (VNS) 
FUSION FACILITY FOR FUSION NUCLEAR TECHNOLOGY DEVELOPMENT. 

The paper shows that timely development of fusion nuclear technology (FNT) components, e.g. 
blanket, for DEMO requires the construction and operation of a fusion facility parallel to ITER. This 
facility, called VNS, will be dedicated to testing, developing and qualifying FNT components and 
material combinations. Without VNS, i.e. with ITER alone, the confidence level in achieving DEMO 
operating goals has been quantified and is unacceptably low (< 1 %). An attractive design envelope for 
VNS exists. Tokamak VNS designs with driven plasma (Q ~ 1-3), steady state plasma operation and 
normal copper toroidal field coils lead to small sized devices with moderate cost. 

1. INTRODUCTION 

Most major world fusion program plans call for a DEMO by about the 
year 2025. Therefore, a database satisfactory for the engineering design must 
be available by the year 2015. The success of DEMO in demonstrating the 
potential safety and environmental advantages of fusion as well as satisfactory 
economics and reliability depends largely on the successful development of 
fusion nuclear technology. A study, called VENUS [1,2], in the U.S. with 
collaboration of Russian scientists and engineers, has evaluated the R&D needs 
for construction and operation of Fusion Nuclear Technology (FNT) 
components for DEMO. The evaluation emphasized the need for and role of 
facilities. The FNT issues and types of testing were evaluated. The role and 
limitations of non-fusion facilities were investigated. The results showed a 

1 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
2 US Department of Energy, Office of Fusion Energy, Washington, D.C., USA. 
3 Lawrence Livermore National Laboratory, Livermore, California, USA. 
4 D.V. Efremov Scientific Research Institute, Moscow, Russian Federation. 
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definite necessity for substantial testing in the fusion environment. The FNT 
requirements for fusion testing were then quantified. Component failures and 
reliability testing were found to be particularly demanding. 

The study then evaluated several scenarios for fusion facilities between 
now and DEMO. Quantitative measures of risk, cost, and time schedule were 
developed and utilized. A scenario with only ITER was found to lead to an 
unacceptably high risk and serious and costly delays in DEMO. The need for a 
facility, called VNS, dedicated to FNT testing and development was clearly 
evident. Design concepts for VNS that best serve FNT testing needs at modest 
cost were investigated. An attractive design envelope for Tokamak VNS was 
identified. 

The conclusions of this work are believed to be very important to 
planning the world fusion R&D programs. Because of space limitations here, 
only a brief summary of the important topics is provided. Further details can 
be found in references 1 and 2. 

2. FNT ISSUES AND ROLE OF NON-FUSION FACILITIES 

The critical issues for FNT and the contribution of non-fusion facilities to 
resolving them were evaluated. The most striking conclusion is that there is no 
critical issue that can be resolved by testing in non-fusion facilities alone. No 
significant information can be obtained from non-fusion facilities for some 
critical FNT issues such as identification and characterization of failure modes, 
effects and rates. 

Of particular significance, our results show that an accelerator based d-Li 
neutron source of the type proposed [3] for the International Fusion Material 
Irradiation Facility (IFMIF) contributes only to the lifetime issue. An IFMIF 
type facility provides very small test space (< 300 cm3) at an equivalent neutron 
wall load of 1 MW/m2, which is suitable only for specimen irradiation tests for 
material science. Such tests are useful only if parallel submodule engineering 
tests are carried out in a VNS fusion testing facility. 

A key conclusion from this evaluation is that FNT development requires 
fusion testing facilities. 

3. TESTING REQUIREMENTS IN FUSION FACILITIES 

Table 1 shows the results of the study concerning FNT requirements on 
major parameters for testing in fusion facilities with the goal of developing the 
database to construct DEMO blanket and other FNT components. Steady state 
plasma operation is necessary as pulsing makes it very difficult to obtain 
adequate testing information. The fluence requirements were carefully 
evaluated for the three stages of FNT testing in fusion facilities: 1) concept 
screening, 2) performance verification, and 3) component engineering 
development and reliability growth (CEDAR) testing. Stages 1 and 2 require 
fluences of 0.3 MW-y/m2 and 1-3 MW»y/m2, respectively. CEDAR (Stage 3) 
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TABLE 1. FNT REQUIREMENTS ON MAJOR PARAMETERS 
FOR TESTING IN FUSION FACILITIES, WITH EMPHASIS ON 
TESTING NEEDS TO CONSTRUCT DEMO BLANKET 

Parameter 

Neutron Wall Load, MW/m2 

Plasma Mode of Operation 

Minimum Continuous Operating Time 
(i.e. test campaign periods with 100% 
availability), Weeks 

Neutron Fluence (MW»y/m2) at Test 
Module 

Stage I: Scoping 

Stage II: Concept Verification 

Stage HI: Component Engineering 
Development and 
Reliability Growth 

Total Neutron Fluence for Test Device, 
MW«y/m2 

Total Test Area, m2 

Value 

1-2 

Steady State 

1-2 

0.3 

1-3 

4-6 

>6 

>10 

is the most demanding and was evaluated in detail. Based on this, it is found 
that fluence of -4-6 MW»y/m2 and a test area at the first wall > 10 m2 are 
required for engineering development and reliability growth. 

4. DEMO GOALS, FAILURES AND RELIABILITY TESTING 

Based on previous DEMO studies and industry/utility requirements the 
DEMO should have steady state plasma operation, 2-3 MW/m2 wall load, self-
sufficient fuel cycle, thermal conversion efficiency > 30% and reactor 
availability > 60% (i.e. plant availability > 50%). Availability allocation studies 
[4] show that a blanket system availability of 98% must be achieved in order to 
realize DEMO reactor availability of 60%. Our investigation shows that this 
goal 1) is most demanding on fusion testing requirements, particularly fluence 
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and number of test modules, and 2) will be the most difficult to achieve because 
of large uncertainties regarding failure modes and rates in a blanket in the 
fusion environment. 

We calculated the mean lifetime between failure (MTBF) for the blanket 
required to achieve a given availability goal for DEMO. Unfortunately, there is 
presently no data on failure rates in blankets since none was ever tested in 
fusion reactors. We analyzed failure rate data from steam generators and 
fission reactors and derived an upper limit on the expected MTBF in fusion 
blankets of 0.01-0.2 years. In contrast, the MTBF values required to achieve 
DEMO availability of 60% range from 1-10 years for the entire blanket. The 
results are alarming and indicate that achieving DEMO availability of 60% will 
be extremely difficult. Failure modes and rates are critical areas for blanket 
development. 

CEDAR testing in the fusion environment prior to DEMO is crucial in 
order to achieve reasonable availability. Figure 1 shows the achievable DEMO 
blanket and DEMO reactor availability's as a function of fluence on test 
modules. The results are given for 6 and 12 test modules and MTTR = 1 week 
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and 1 month. The results show that 1) it will be extremely difficult to achieve 
60% DEMO reactor availability, 2) downtime to replace a failed blanket module 
must be < 1 week, and 3) blanket test modules must be tested for -4-6 
MW'y/m2 fluence. 

5. ROLE OF ITER AND NEED FOR VNS 

Our evaluation shows that ITER [5] cannot satisfy the FNT fusion testing 
and development requirements (see Table 1) because of its: 1) pulsed operation 
(1000 s burn, 1200 s dwell) with low plasma duty cycle (45%), 2) low fluence 
(0.1 MW'y/m2 in Basic Performance Phase, BPP; and 1 MW»y/m2 in 
Extended Performance Phase, EPP), 3) short continuous operating time, and 4) 
time schedule. 

Figure 2 shows an ITER alone scenario. The fluence at the end of 24 
years of operation is not sufficient to provide reasonable confidence in DEMO 
blankets. However, even if this very large risk to DEMO FNT components is 
tolerated, an ITER alone strategy results in 17 years delay in the beginning of 
DEMO operation. 

The total fusion power required for FNT testing is only ~20 MW but ~5 
full power years of operation are needed. This leads to tritium supply 
requirements of < 6 kg. In contrast, ignition physics requires -1500 MW of 

Year: f 
2006 2018 

- 1 1 
2025 2030 2035 

DEMO Plan: 
[£5^Y^ Construction 

DEMO Operation 

ITER Alone Scenario: 
Years: 0 

Fluence: 0 
(MW-a-irfa) | _ 

Data needed Decision to 
I construct DEMO 

2042 

Insufficient Data 
.Very High Risk. 

BPP 

ITER. VNS Parallel Facilities Scenario: 

ITER 
Basic Performance Sect. 'le 

EPP 

DEMO 

Fluence: 0 
(MW-a-m"2) 

VNS 

DEMO 
"'V-. .-.¿-.-i/A / DEMO Operation 

Fluence: 0 3 6 

(MW-a-m-) Fusion Nuclear Testing (>i«"'3) 

FIG. 2. Two scenarios for fusion facilities for DEMO: ITER alone, and VNS parallel to ITER. 
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fusion power (ITER level) but only for -10 to 15 full power days; which 
requires a tritium supply of < 4 kg. However, if the FNT testing mission is 
combined with ignition mission, operation of 1500 MW for 5 full power years 
requires incredibly large tritium supply of -420 kg. The cost is several billion 
dollars and such tritium quantities are not actually available. 

We conclude that two parallel facilities should be constructed and operated in 
parallel: 

(a) ITER for plasma operation, plasma support technology, and system 
integration (except blanket); 

(b) VNS, a driven plasma small size device to test, develop, and qualify 
fusion nuclear technology and materials for DEMO. 

The ITER/VNS parallel facilities path is the only scenario that allows 
DEMO operation by the year 2025. With ITER alone, the confidence level is < 
1% but with VNS, the confidence level is -60%. 

6. DESIGN OPTIONS 

Design options for tokamak VNS were explored as shown in Table 2. 
Small size tokamaks (R < 2 m) with driven (Q - 1-3) steady state plasma and 
normal copper TF coils provide attractive options for VNS. The surface area of 
the first wall is a factor of 20 smaller than ITER. The cost of VNS is < 25% of 
ITER. The ITER/VNS scenario provides a net saving in the total R&D cost to 
DEMO. 

REFERENCES 
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DISCUSSION 

D.D. RYUTOV: For a neutron flux of 1.5 MW/m2 and fusion power of 
100 MW, the tritium consumption required to accumulate 6 MW-a/m2 would 
amount to approximately 30 kg. Do you think that this amount is really available? 
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M.A. ABDOU: Yes, over the entire operating period of ~ 12 years, in order 
to accumulate 6 MW-a/m2. Let me mention two other points: (1) the tritium supply 
issue is really one of the reasons you need a VNS (the idea is to keep the fusion power 
low and run for high fluence); and (2) the VNS would have roughly one third of the 
surface area of the first wall covered by a blanket test module producing tritium. 
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Abstract 

A COMPACT TOKAMAK TRANSMUTATION REACTOR FOR TREATMENT OF HIGH LEVEL 
WASTES. 

The paper presents results of studies on the transmutation of high level wastes in the blanket 
driven by a compact tokamak plasma focusing on neutronics, critical safety, heat transfer and optimiza
tion of material composition in several selected blanket designs. The studies cover transmutation of 
actinides and fission products, and nuclear system analysis. A conceptual design of the tokamak trans
mutation reactor is also given. These studies show that a 1 GW(e) fusion transmutation reactor can 
detoxicate the nuclear wastes generated by —10 GW(e) normalized fission power plants. 

1. INTRODUCTION 

The development of nuclear fusion as a practical energy source could provide 
great benefit to mankind. Recently, 6.2 MW fusion power has been achieved in a 
plasma heated by 26.5 MW deuterium and tritium neutral beams in TFTR [1]. 
Significant efforts are also made in the Engineering Design Activity of ITER as the 
next step towards the production of fusion energy. However, fusion energy as a com
mercial energy source is still decades away. The near term usage of fusion power for 
transmutation, in which the parameter requirements are far less stringent, would be 
advantageous to the eventual development of fusion power as well. 

Transmutation of all transuranic actinides and long lived fission products of 
spent fuel from a fission power reactor is a subject of great concern to the nuclear 
community as well as to the public. In transmutation, the waste management benefits 
are primary, with electricity production being a beneficial by-product. The tokamak 
transmutation reactor offers a solution to the seemingly intractable problem of high 
level wastes (HLW) and spent fuel disposal. The safety and readability of HLW 
burning by a tokamak transmutation reactor within the U-Pu and Th-U fuel cycles 
are considerably superior to those of fission reactors, particle accelerators and pure 

741 
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fusion reactors for burning transuranic actinides and fission products derived from 
reprocessing of PWRs. Burnup analysis of all actinides and fission products has been 
carried out by the code BIDECAY and the relevant library, which were developed 
at ASIPP (Institute of Plasma Physics, Academia Sinica). 

2. TRANSMUTATION OF TRANSURANIC ACTINIDES (Np, Pu, Am, Cm) 
WITH HARD NEUTRON SPECTRUM ONLY 

(1) By introucing 239Pu into the blanket as a neutron multiplication material, 
the normalized transmutation capability factors N are 26.0 (237Np), 17.3 (241Am), 
10.4 (243Am) at 1 MW/m2 neutron wall loading. Here, N is defined as the ratio 
of the transmuted HLW mass in 1 GW(e) transmuter to the HLW mass produced 
in a 1 GW(e)-a fission power plant (PWR(U)) for some nuclide in HLW. The 
needed Pu can be derived from PWR spent fuel and from weapon production. In this 
case, the criticality factor Keff = 0.9-0.895, and the heat power density Ph = 
158-148 MW/m3. Several examples of the studied transmutation blankets of minor 
actinides (M.Ac.) are shown in Tables I and II and Figs 1 and 2. 

TABLE I. SAMPLES OF PLUTONIUM PLUS MINOR ACTINIDE (M.Ac.) 
TRANSMUTATION (FAST SPECTRUM BLANKET) 

Sample 
Enrichment 

(%) 
Fuel type 

(composition) 

V/V 
(%) 

(volume ratio) 

Initial 

Keff 

a 

b 

c 

d 

50 

30 

20 

10 

77 M.Ac-13 Pu-10 Zr 

70 M.Ac-20 Pu-10 Zr 

64 M.Ac-26 Pu-10 Zr 

49 M.Ac-41 Pu-10 Zr 

10.4 

8.4 

6.9 

5.5 

0.9000 

0.9000 

0.9000 

0.9000 

TABLE II. TRANSMUTATION ABILITY OF SAMPLES 

Sample 

a 

b 

c 

d 

Energy 
generation 
GW(e)-a 

4.00 

3.43 

3.04 

2.38 

Np-237 

310.3 

217.7 

151.1 

74.2 

Nuclei transmuted 
(x 1025) 

Am-241 Am-243 

352.8 

248.5 

178.7 

82.8 

37.4 

26.0 

17.3 

7.6 

Cm-244 

17.8 

13.06 

9.10 

4.65 

Transmutation capability factor 
(N) 

Np-237 Am-241 Am-243 Cm-244 

21.2 

17.3 

13.6 

8.5 

21.4 

17.5 

14.2 

8.4 

21.8 

10.4 

7.8 

2.3 

34.2 

29.3 

23.0 

15.0 
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« 

300 

Days 

FIG. 1. Keff versus burnup time. 

FIG. 2. Average power density versus burnup time. 

(2) By introducing 233U, which can be produced from the much more abun
dant Th, into the blanket as a neutron multiplication material, the transmutation 
capability factors are 15.7 (237Np), 15.7 (241Am) and 8.9 (243Am), with a criticality 
factor of Keff = 0.9-0.8797 and a power density of Ph = 154-128 MW/m3. 

(3) Using 233U as a neutron multiplication material can transmute the isotopes 
238Pu, 240Pu and 242Pu, which are difficult to treat. The transmutation capability 
factors are 5.9, 3.8 and 2.3, respectively, for 238Pu, 240Pu and 242Pu. In this case, 
Keff = 0.9-0.899 and power density Ph = 130-120 MW/m3. 
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3. TRANSMUTATION OF FISSION PRODUCTS (^Sr, 137Cs, "T, 129I) WITH 
THERMAL NEUTRONS SPECTRUM ONLY 

1. "Tc 

In this option, Keff = 0.85-0.84 and the average power density Ph = 
208 MW/m3. The blanket can transmute both the actinides Np, Am and Cm, and 
the fission product Tc. The transmutation capability factors are 12.5 (237Np), 18.9 
(241Am), 8.3 (243Am), 20.3 (244Cm) and 1.3 ("Tc). 

2. 129I 

Here the normalized transmutation capability is 3.1 (129I), 13.3 (237Np), 20.1 
(241Am), 10.7 (243Am) and 21.0 (244Cm). In this case, K^ = 0.850-0.848 and the 
power density Ph = 207 MW/m3. 

3. ^Sr and 137Cs 

The transmutation of 90Sr in a Pu fuelled blanket is studied in order to estimate 
the performance of the whole system [2]. The 17% of Sr had been transmuted after 
one year in a blanket with 1 MW/m2 neutron wall loading. It should be noted that 
both ^Sr and I37Cs, having half-lives of several decades, exist in extremely small 
quantities and are useful for medical purposes. For these reasons, one option is to 
place them into storage after they are separated. 

233U 

232 T h 

238(J 

(i) 

Hybrid 
breeder 

I 

Hybrid 
breeder 

233y 

Mp, Am, Cm 

239pu 

239pu 

(¡i) 

Trans-
muter 

j 

Pu 

Trans-
muter 

i > 

238PU 

240pu 

2 « p u 

Pu 

Np, Am, 
Cm 

• , (i«) 

HTGR 

LMFBR 
PWR (Pu) 

, 

Np, Am, Cm 

k 

(¡) breeder reactor 
(¡i) transmutation reactor 
(iii) fission reactor 

FIG. 3. An integrated nuclear system. 
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FIG. 5. Pu inventory in the integrated nuclear system versus time. 

FIG. 6. Pu inventory per GW(e) • a in the system versus time. 
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4. INTEGRATED NUCLEAR SYSTEM 

An integrated nuclear system is proposed which includes three subsystems: (i) 
a breeding reactor including the 238U-239Pu and 232Th-233U fuel cycles; (ii) a trans
mutation reactor including Np, Am, Cm and Pu isotopes (238Pu, 240Pu and 242Pu); 
and (iii) a fission reactor (HTGR, LMFBR and PWR (Pu)) (Fig. 3). The result is 
summarized as follows (Figs 4 to 6). 

(1) With breeding and transmutation, the nuclear system produces more electricity 
than the traditional method. 

(2) On the assumption that no additional Np, Am and Cm are added to the system, 
the inventory of Pu reaches a peak at 39 years of operation and decreases to 
nearly zero at 65 years of operation. 

(3) The total inventory of Pu (238Pu, 240Pu, 242Pu) and Np, Am, Cm is much 
smaller than the traditional one. 

5. CONCEPTUAL DESIGN FOR A 
TOKAMAK TRANSMUTATION REACTOR 

The basic performance of a nuclear waste transmutation system is defined by 
the blanket thermal power and the energy multiplication factor: 

w ^fission ^-eff 

Efusión K l ~ Kgff) 

where K^ is the critical factor, v the mean number of neutrons in a fission process, 
Envión the energy release per fission ( — 200 MeV), and E ^ ^ the energy release per 
D-T fusion ( - 1 4 MeV). 

The possible design parameters of a tokamak transmutation reactor core are 
given in Table III [3-5]. 

6. SUMMARY 

A compact tokamak reactor is proposed for the transmutation of HLW. The 
parameter requirements, both in plasma physics and in nuclear technology, are far 
less stringent than in a tokamak fusion reactor. 

The proposed transmutation reactor has two additional advantages: First, it uti
lizes the enormous amount of 239Pu from weapon production as fuel and as a neu
tron multiplier. Second, it can also use the more abundant 232Th, not necessarily the 
much scarcer uranium. Thus, in the long quest for fusion energy, a fusion transmuta
tion reactor may bring the first tangible benefit to mankind in fusion research. 
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TABLE III. POSSIBLE CORE DESIGN PARAMETERS OF A TOKAMAK 
TRANSMUTATION REACTOR3 

Design 

Major radius, R (m) 

Minor radius, a (m) 

Elongation, k 

Triangularity factor, <5 

Toroidal field, Bt (T) 

Plasma current, Ip (MA) 

Plasma temperature, <T> (keV) 

Plasma density, <N> (1020/m3) 

Confinement time, r (s) 

Fusion power, Pf (MW) 

Auxiliary power, Pa (MW) 

Neutron wall loading, Pw (MW) 

A 

4.0 

1.00 

1.7 

0.4 

5.2 

5.7 

10 

1.10 

0.47 

150 

50 

0.53 

B 

3.1 

0.78 

1.7 

0.3 

5.2 

4.2 

8.1 

1.27 

0.50 

86 

43 

0.69 

C 

2.8 

0.70 

1.5 

0.3 

5.2 

3.1 

8.0 

1.06 

0.42 

48 

33 

0.51 

D 

2.1 

0.52 

1.5 

0.3 

5.2 

2.5 

9.5 

0.96 

0.26 

42 

22 

0.81 

E 

1.7 

0.44 

1.5 

0.3 

5.2 

2.1 

8.0 

1.13 

0.20 

34 

17 

0.90 

Engineering limits: minimum thickness of blanket for breeding and shielding: 0.4 m; minimum 
thickness of TF: 0.4 m; minimum space for a transformer: 0.5 m. 
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Abstract 

DESIGN STUDIES AND TECHNOLOGY DEVELOPMENT OF TOKAMAK MAIN COMPO
NENTS FOR FUSION EXPERIMENTAL REACTORS. 

Progress in the development of the common technology for fusion experimental reactors at the 
Japan Atomic Energy Research Institute is described, with a focus on the maintainability of in-vessel 
components. In the design of the first wall, which is based on a fail-safe concept, a model of a separate 
first wall was developed and the thermal properties were tested. For the blanket development, hot 
isostatic pressing bonding technology was successfully applied to the fabrication of a 1/2 scale mock-up 
of the blanket box structure. A full scale mock-up of the divertor supporting system was also fabricated 
and the reliability of the locking and lifting mechanism was successfully demonstrated. For the connec
tion and disconnection of the cooling pipes, the feasibility of internal access welding and cutting by a 
C02 laser beam was successfully demonstrated by the fabrication and testing of a 10 kW prototype 
processing head. 

1. INTRODUCTION 

For the construction of a tokamak fusion experimental reactor, the design of 
in-vessel components such as the first wall, blanket and divertor has to be compatible 
with remote maintenance because the components are activated by DT burning and 
no personnel access is available for assembly/disassembly and maintenance. In addi
tion to the nuclear requirements, uncertainties in local heat load on the first wall and 
the divertor modules require a replaceable structure to ensure the flexibility of experi
ments. To satisfy these requirements, efforts have been made at the Japan Atomic 
Energy Research Institute (JAERI) to develop the technology for major components 
of fusion experimental reactors such as ITER. This paper describes recent achieve
ments in the development of the common technology to ensure the maintainability of 
in-vessel components. 
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Step 1 : Press forming of concave surfaces for inner wall 
and outer wall 

Inner Wall Outer Wall 

Outer Wall 

Step 2: Diffusion bonding of inner wall and centre 
plate by using Hot Pressing (HP) 

Inner Wall 

HP 
Centre Plate Inner Wall 

Step 3: Hot Isostatic Pressing (HIP) bonding of metal 
mesh and outer wall 

Outer Wall 

Outer Wall 

Step 4: Seal welding of panel ends and bolt supporting 
regions 

FIG. 1. Fabrication procedure for double-walled fail-safe structure and quilting structure for separate 
first wall. 
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2. FAIL-SAFE FIRST WALL 

The first wall of a tokamak fusion experimental reactor has a high probability 
of unexpected damage caused by high surface heat flux and particle loads. Also, it 
is subjected to large electromagnetic loads induced by plasma disruptions. Because 
of these high potential risks, the failure of the first wall needs to be easily detected 
and repaired. To meet this requirement, a first wall concept is proposed that is 
mechanically separated and separately cooled from the massive blanket struc
ture [1, 2]. The concept comprises a reliable double-walled thin shell structure with 
a mesh insert for the fail-safe feature. The mesh region filled with probe gas is used 
for continuous leak monitoring for in-service inspection. With this double-walled 
configuration, failure of the inner wall is detectable by monitoring water leakage into 
the probe gas region. In addition to this function, the mesh region is expected to be 
effective in arresting crack propagation. The quilting structure of SS-316 cooled by 
low to medium pressure water (100-200°C) is proposed to accommodate high tem
perature operation at more than 300 °C with reduced thermal stresses under a high 
surface heat flux of more than 0.3 MW/m2. 

Fabrication procedures of the double-walled fail-safe structure and quilting 
panel are shown in Fig. 1. The critical process in the fabrication procedure was the 
step of the hot isostatic pressing (HIP) bonding, because it is required to maintain 
internal mesh space for the fail-safe feature. Trial fabrications of the double-walled 
panel made of SS-304 have been conducted and the optimum HIP conditions were 
determined to be an HIP pressure of 4.9 MPa, a temperature of 1100°C, and a 
holding time of 2 h. Measurements of the effective thermal conductivity and conduc
tance of the mesh region have shown the double-walled structure with mesh region 
to have an equivalent thermal conductivity of 13.3-13.8 W-irr1 -K"1 and a gas con
ductance of (2.6-2.9) X 10~6 m3/s, both of which are satisfactory from thermal and 
leak detection viewpoints. On the basis of these results, current R&D activities are 
focused on the thermal and mechanical testing of the double-walled structure under 
high surface heat flux. 

3. BLANKET TECHNOLOGY 

In the development of the blanket technology, a 1/2 scale partial mock-up of 
the blanket box structure, which has rectangular cooling channels, was successfully 
fabricated and an engineering database has been accumulated for the fabrication 
procedure by using HIP bonding [3]. The optimum conditions of HIP bonding were 
examined through a series of trial sample fabrication and were determined to be a 
temperature of 1100°C, a pressure of 150 MPa and a holding time of 2 h. The 
fabricated 1 m scale mock-up made of SS-316 is shown in Fig. 2. The final dimen
sions of the mock-up were within a 2 mm error of nominal values, far below the 
design requirement. The blanket box structure is also designed to be replaceable by 



752 KOIZUMI et al. 

c 2 
o o 

°> 5 ce «o 
S 

O) 
•Se l •o re 

m u 

^ 

">, 
a. 

6u¡puoq dIH *o uorôey 
5 
o 
1 



IAEA-CN-60/F-P1 753 

a movable cotter driven by a newly developed metallic balloon [4], which is a thin 
wall structure with Ti-Al alloy formed in a superplastic process and which can 
produce a large fixing force of 10 t/m by a hydraulic pressure of 5 MPa. Present 
R&D activities are focused on the technology required for fabricating a 10 m scale 
box structure, which includes poloidal joining techniques. 

4. DIVERTOR LOCKING AND REPLACEMENT 

The divertor technology contains great uncertainties and the components have 
to be replaceable remotely. For quick replacement, a movable cotter driven by 
hydraulic pressure was proposed for the locking/unlocking system between the diver-
tor plate and support frame [5]. The key features of this system are: (1) easy 
assembly/disassembly, (2) reliable fixing by means of a simple self-locked cotter, 
and (3) sufficient cooling for nuclear heating. The reliable locking and lifting capabil
ity of the hydraulic jack system has been successfully demonstrated by component 
tests, and a full scale mock-up of the divertor plate and hydraulic supporting system 
has been fabricated, as shown in Fig. 3. This mock-up has four hydraulic jack 
systems with a self-locked cotter for the locking and three hydraulic jack systems for 
lifting the divertor plate up and down with a uniformity within 135 mm. By using 
this full scale mock-up, the feasibility of the supporting system, including the 
co-operative motion of lifting jacks and locking jacks, fine positioning and alignment 
of the divertor plate and the reliability of the self-locking mechanism under seismic 
loading conditions, has been successfully demonstrated. The current R&D activities 
are focused on the assembly/disassembly test combined with a full scale remote 
handling manipulator for demonstrating the feasibility of the total system. 

5. INTERNAL ACCESS WELDING AND CUTTING 

Internal access welding and cutting of cooling pipes for in-vessel components 
is inevitably required because the access space around the pipes is limited because 
of the nuclear shield. For a reliable and quick maintenance operation, internal access 
welding and cutting by using a C02/YAG/iodine laser beam is being investigated. 
As the first step, a welding and cutting head with a 10 kW C02 laser beam has been 
fabricated and the basic feasibility has been successfully demonstrated by using a 
100-A stainless steel pipe with 6.3 mm thickness [6]. Figure 4 shows the prototype 
mirror type processing head, with the adjusting mechanism composed of a guide rail 
and pneumatic support. With the aid of the adjusting mechanism, the centre of the 
rotating head was controlled within an error of 0.1 mm. As for welding, full penetra
tion welding has been obtained with a welding speed of 0.8 m/min and a laser power 
of 4.5 kW. A cutting speed of 1 m/min was also successfully demonstrated with a 
laser power of 4 kW using assist gas (oxygen, 50 L/min). On the basis of these 
results, further issues such as clarification of allowable gap/misalignment and radia
tion hardness are being investigated. 
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FIG. 3. Full scale divertor mock-up integrated with hydraulic jack system for locking and replacement. 
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Guide Roller Parabolic Mirror 

Pipe Air Actuator 

FIG. 4. Prototype internal access welding and cutting head of 10 kW C02 laser beam. 

6. CONCLUSION 

Progress on the design and development of the common technology to ensure 
the maintainability of tokamak main components has been described. Fundamental 
issues were resolved with regard to the applicability of HIP bonding technology to 
the fabrication of a double-walled separate first wall and blanket box structure, to the 
reliability of the hydraulic locking and lifting mechanism for divertor support and to 
the feasibility of internal access welding and cutting of cooling pipes by a 10 kW 
C02 laser beam. 
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Abstract 

HELIUM COOLING IN FUSION POWER PLANTS. 
The paper reviews different helium-cooled first wall and blanket designs, and compares the selec

tion of structural materials. It was found that the solid breeder, SiC-composite material option generates 
the lowest amount of induced radioactivity and afterheat and has the highest temperature capability. 
When combined with the direct cycle gas turbine system, it has the potential of being the most economi
cal fusion system and can compete with advanced fission reactors. When compared to martensitic steel 
and V-alloy, SiC-composite is the least developed of these three structural materials; a focused develop
ment effort will be needed. Fundamental research has begun in addressing the issues of optimized com
posite materials, irradiation effects, leak tightness and low activation braze materials. Development of 
helium-cooled high heat flux components and further development of the direct cycle gas turbine system 
will also be needed. 

1. INTRODUCTION 

Fusion power has the potential to be a safe and environmentally acceptable 
power source in the future. To realize this potential, fusion power plants must be 
economically competitive and environmentally attractive by controlling capital cost, 
achieving high reliability and minimizing the amount of generated radioactive waste 
and radioactive sources potentially available for release during normal and abnormal 
events. These attributes can be satisfied by the proper selection of suitable systems 
and materials for the tokamak first wall, blanket, and divertor components. For the 
purpose of comparison, a reasonable economic goal for fusion power plants is to 
compete with advanced fission reactors which may be economically available for 
hundreds of years. Projected future power cost ; associated with uranium fueled plants 
is about 45-60 mills/kWh in 1994$. To meet this economic goal fusion power plants 
must have high thermal conversion efficiency to compensate for the relatively high 
capital cost per thermal kilowatt. A way to reach high thermal efficiency is to operate 
the working fluid at high exit temperature. Compared to coolants like water and liquid 
lithium, helium has the potential to meet these economic and environmental 
attractiveness requirements. 

* Report of work sponsored by the US Department of Energy under Contract 
No. DE-AC03-89ER52153. 
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2. HELIUM COOLANT 

Helium coolant has been used for fission reactors and conceptual fusion power 
plant designs. The technology base of helium-cooling stems from the successful 
application to several fission reactors including Peach Bottom and Fort St. Vrain in 
the U.S. and HTR and THTR in Germany. For fusion application, advantages of 
helium coolant for fusion application include its chemical inertness, its transparency 
to neutrons, and its stable heat transfer regime. Depending on the blanket coolant exit 
temperature, helium is applicable to either the Rankine or Brayton cycle power 
conversion system. The disadvantages of helium are its low density and 
correspondingly low volumetric specific heat. These characteristics lead to very low 
shielding effectiveness, modest heat transfer coefficient, and the requirement of 
relatively high pumping power. To alleviate these problems high coolant pressure 
designs in the range of 5-18 MPa have been studied [1,2,3]. 

3. MATERIAL SELECTION OF HELIUM-COOLED FUSION POWER PLANT DESIGNS 

Helium coolant has been used for different fusion power plant designs, cooling 
the first wall, blanket, shield and divertor components. Examples of helium-cooled 
designs are reported in the Blanket Comparison Study (BCSS) [4], Demonstration 
Power Reactor study in Europe [5,6], and ARIES designs [1,2] in the U.S. Helium 
cooling was also suggested for the ITER-EDA design [3]. A variety of structural 
materials were selected for these designs. 

The BCSS designs employed martensitic steel as the structural material, and 
solid ceramic like LÍ2O, LÍ4SÍO4 or LÍAIO2, as the tritium breeder. Similarly the 
recent European designs used martensitic steel as the structural material, and solid 
breeder, LÍAIO2 or Li2ZrC»3 [5], and liquid breeder, Pb-17Li [6], as tritium breeding 
materials. ARIES helium-cooled designs used SiC-composite as the structural 
material and solid ceramic, LÍ2O or LÍ2Z1O3 as the breeder. The proposed ITER-EDA 
design [3] used martensitic steel as the structural material and stagnant lithium as the 
tritium breeder. 

For the US Starlite Demo study, we are evaluating two helium-cooled design 
options. The first one uses vanadium alloy (V-alloy) as the structural material and the 
second one uses SiC-composite as the structural material. These helium-cooled design 
options can have the coolant routing arranged in the poloidal or toroidal direction. For 
example, the toroidal flow configuration can be similar to the ARIES-I nested shell 
design which is shown in Fig. 1. The coolant can enter the blanket in the poloidal 
direction at the back plenum of the blanket and then distribute through the radially 
oriented pipes and fiow,toroidally cooling the first wall and blanket before returning 
to the back plenum of the blanket module. This configuration can be applied to 
metallic alloy and ceramic composite structural material design options. The 
innovation for the V-alloy helium-cooled design is the use of mixed tritium breeders 
of LÍ2O and Li. This LÍ2O/LÍ mixture can potentially control the problem of 
compatibility between V-alloy and the impurities of oxygen and hydrogen in the 
helium coolant. Instead of forming V-hydride and V-oxide which can weaken the 
structural material, the presence of lithium would lead to the formation of more stable 
lithium hydride and LÍ2O. Feasibility of this suggestion will need to be demonstrated 
by experiment. Other advantages of this design option are the possibility of breeding 
adequate tritium without the use of Be neutron multiplier, and the elimination of the 
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Fig. J. ARlES-l nested shell blanket module. 

problem of contact resistance between solid breeder and structural wall. The helium 
coolant outlet temperature for this option is limited by the V-alloy which has a 
maximum temperature limit of 700°C, due to helium embrittlement. Therefore the 
thermal efficiency is limited to the steam Rankine cycle system which may have a 
gross thermal efficiency of 40% to 45%. The second option being evaluated by the US 
Starlite Demo study is the helium cooled, solid breeder with SiC-composite structural 
material. By changing the structural material from V-alloy to a SiC-composite which 
has a higher temperature limit in the range of 1000°C to 1200°C, the coolant outlet 
temperature can be operated in the range of 850 to 1000°C, which allows the use of a 
closed cycle helium gas turbine Brayton cycle with a gross efficiency of 50%-55%. It 
should be noted that the mixed LÍ2O/LÍ breeder approach will not be applicable for 
the SiC-composite material, due to the incompatibility of SiC and lithium at the 
temperature range of 900-1200°C [ 7]. 

4. MATERIAL PERFORMANCE COMPARISON AND ECONOMICS 

The above mentioned materials: martensitic steel, V-alloy and SiC-composite 
materials are considered to be reduced or low activation materials. Activation level 
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FIG. 2. Activation levels for typical tokamak power plant normalized to 3000 MW(th) and neutron 
wall loading of 5 MW/m2. Low activation materials, e.g. SiC reduce activation levels by six 
orders of magnitude (activation is dominated by impurities; high purity SiC has ppb impurity 
levels). Other materials are V-alloy (V-15Cr-5Ti) and martensitic steel (HT-9). A comparison 
with the Liquid Metal Fast Breeder fission reactor (LMFBR) is shown. 

TABLE 1 
Key Design Parameters for Different Structural Materials 

FERRITIC STEEL V-ALLOY SiC/SiC 
COMPOSITE 

Material 

Tmax> C 

Coolant/Tout, °C 

Coolant/Tout, °C 

550 

He/520 
(Rankine Cycle) 

LiPb/425 
(Rankine Cycle) 

Industrial maturity High 

700 

Li/600 
(Rankine Cycle) 

He/550 
(Rankine Cycle) 

Low 

>1000 

He/650-750 
Rankine cycle 

He/>850 
(Brayton cycle) 

Very low 

http://lfll.nl
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for these materials as a function of time after reactor shut down is illustrated in Fig. 2 
(HT-9 is representative of a reduced activation alloy of martensitic steel). It can be 
noted from Fig. 2„ that during the period after shutdown to about 1 year after 
shutdown SiC has the lowest level of induced radioactivity. In addition, SiC also has 
the lowest afterheat which implies a very low energy source term for radioactivity 
release. As a ceramic with a decomposition temperature of 2600°C, when compared 
with other materials, it will also have the highest capacity to absorb thermal energy 
under accidental conditions. 

With the goal of determining the economic, safety and environment potential of 
tokamak fusion power plant, under the US-ARIES project [1,2,8] we have evaluated 
different blanket designs. The two higher performance ones are helium cooled, 
SiC/SiC composite, solid breeder design, that we called ARIES-I [1,2] and the 
lithium cooled, V-alloy, lithium breeder design that we called ARIES-II [8]. Using an 
advanced supercritical Rankine steam cycle design, at a net thermal efficiency of 39% 
for both designs, the corresponding cost of electricity for ARIES-I and ARIES-II are 
75 and 60 mills/kWh, respectively. These are still higher than the projected advanced 
fission reactor cost of about 45-60 mill/kWh [9]. 

For comparison, Table 1 shows the maximum temperature limit for 
HT-9, V-alloy and SiC-composite materials. These limits were derived from the 
projection of radiation damage of structure materials operated under the fusion 
neutron flux and fluence conditions. These radiation damages can be caused by 
displacement of atoms and/or by the generation of helium. The latter can lead to 
swelling and or embrittlement of the material followed by the loss of structural 
integrity. Table 1 shows that the combination of helium coolant and SiC-composite 
has the highest performance potential, i.e. highest cooling outlet temperature for fusion 
power plant, mainly due to the higher temperature capability of SiC-composite. 
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Fig. 4. Fusion economic potential depends on turbine inlet temperature, the reference point 
is based on AIRES-I [I] results. 

Correspondingly, Fig. 3 shows the gross plant efficiency as a function of direct 
cycle gas turbine inlet temperature, which is the same as the blanket coolant outlet 
temperature. As the turbine inlet temperature increases, higher thermal efficiency can 
also be reached. Similarly, Fig. 4 shows the corresponding decrease of the cost of 
electricity with the increase of turbine inlet temperature. At a coolant temperature of 
1100°C, the cost of electricity is about 55 mills/kWh, which is close to the project cost 
of advanced fission light water reactors. In summary, based on the desire of 
maximizing the turbine inlet temperature, only the helium-cooled, SiC-composite 
combination has the potential to compete economically with advanced fission power 
plant. As indicated in Fig. 2, the helium-cooled, SiC-composite option also has the 
best potential to achieve the goal of inherent safety and the ease of waste disposal for 
fusion power plant. 

5. DEVELOPMENT REQUIREMENTS 

For the development of helium-cooled, SiC-composite structural fusion power 
plant design, there are several key technical issues that must be addressed. They are 
the development of composite material, high heat flux removal components, and 
direct cycle gas turbine. 

5.1. SiC-COMPOSITE MATERIAL 

SiC-composite is a low activation material with minimal afterheat and induced 
radioactivity. Compared to martensitic steel and V-alloy, SiC-composite is in the early 
stages of development as a structural material for fusion, as indicated in Table 1. 

Based on: Aries Studies 
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Martensitic steel as a class is a mature structural material that has been used for many 
industrial components like steam generators. Relatively, the application of V-alloy is 
limited. There is essentially no industrial experience in the design and fabrication of 
significant structures from any V-alloy but fabrication tests have demonstrated that 
V-alloy exhibits fabrication properties similar to the stainless steels. If this fact is 
substantial by further test the capability of fabricating large structural components is 
available. For the SiC-composite material, it is being developed for different 
applications as rocket nozzles and advanced heat exchangers. However, the 
development of fusion relevant, high performance, helium-cooled SiC-composite 
components is in its infancy. Some of the critical issues of irradiation properties and 
lifetime, leak tightness, brazing and joining of composite parts, large components 
design and fabrication will need to be addressed. In the U.S., some of the SiC-
composite material development efforts include the following: Relatively small 
samples ( 5 x 5 cm) were undergoing neutron irradiation tests in fission reactor at 
Pacific Northwest National Laboratory. Oak Ridge National Laboratory and General 
Atomics are developing optimized SiC-composite materials, investigating the 
selection of fiber, fiber coating, and matrix materials. At General Atomics, we have 
fabricated leak tight tubes which have been pressurized to 13 MPa at an elevated 
temperature of 1050°C. We are also developing low activation brazing materials for 
SiC-composite components. These are necessary but limited efforts. In order to match 
the U.S. development schedule of fusion power plants, i.e. demonstration power plant 
by the year 2025 and commercial power plant by the year 2040, a focused and well 
supported SiC-composite material development program will be needed. 

5.2. HELIUM COOLING FOR HIGH HEAT FLUX COMPONENTS 

A key concern in the use of helium as the coolant is its capability of removing 
high surface heat fluxes,- this is especially true for the cooling of tokamak divertors at 
a maximum surface loading of about 5 MW/m2. Experimental results of using helium 
at 4 MPa pressure to remove surface heat fluxes of 8 MW/m2 [10] and 
16 MW/m2 [11] have been demonstrated. Copper alloy was used in these 
experiments. For the case of removing the surface heat flux of 8 MW/m2, the test 
module consisted of a heated length of 80 mm and a width of 25 mm, fin height of 
5 mm, fin pitch of 1 mm and a fin thickness of 0.4 mm. The corresponding pumping 
power fraction was only 0.8% of the removed thermal power. For the case of 
removing surface loading 16 MW/m2, with a heat removal area of 1 cm2, a porous 
medium configuration was used instead of the fin configuration. Similar 
demonstration components will need to be developed for SiC-composite material. 

5.3. DIRECT CYCLE GAS TURBINE SYSTEM 

Compared to other fusion related systems, the direct cycle gas turbine system is 
relatively well developed. The largest closed helium Brayton cycle turbine 
constructed to-date is the 50 MWe Oberhausen plant in Germany. Latest advances in 
helium Brayton cycle designs for individual components (turbo-machinery, heat 
exchangers, etc.) have been constructed in the size, temperature and pressure range 
required by fusion power reactors [12]. Comparatively high temperature, high 
performance systems would likely to be available well ahead of fusion power plant 
development schedule. 
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6. CONCLUSIONS 

Comparing different blanket designs of fusion power plant and the materials 
selected, we found that the helium-cooled, SiC-composite, solid breeder design, 
combined with the direct cycle gas turbine system has the best potential to compete 
economically with advanced fission reactors. This system also has the lowest induced 
radioactivity and afterheat, thus can lead to significant benefits in safety and licensing 
of fusion power plants. The key requirements for this power plant system are the 
development of the SiC-composite structural material, the development of SiC-
composite high heat flux removal components and the further development of the 
direct cycle gas turbine system. Fundamental development on the optimization of 
irradiated SiC-composite materials, leak tightness and low activation brazes, and 
materials have been initiated, but a significant development program will be necessary 
to bring this system into reality. 
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Abstract 

NEW EVALUATION METHOD OF SUPERCONDUCTOR CHARACTERISTICS FOR 
REALIZING THE LARGE HELICAL DEVICE. 

Extra large scale superconducting magnets must be used for a fusion device such as the Large 
Helical Device (LHD). Because of the relatively higher current (10 kA or more), new evaluation 
methods for determining the fundamental characteristics of superconductors have to be developed; such 
methods are already established for thin superconducting wires. In the paper, methods of measuring 
critical current, stability margin and current distribution are discussed. Bath cooled composite and 
supercritical helium force cooled NbTi conductors have been chosen for the helical and poloidal coils 
of LHD, respectively. The critical current of a conductor was measured as follows: two 2 m long, 
parallel conductors, connected to each other at the bottom, were inserted into a 9 T split coil. The 
conductor surface was to 50% covered by spacers in order to simulate the heat transfer conditions. Time 
dependent transition phenomena between normal and superconducting states were observed from the 
voltage distribution along the conductor. After a study of the forced flow cooled conductors, the current 
transfer from a quenching strand to another strand was measured by pick-up coils on a conduit. Its 
stability margin was measured by a pancake type coil employed as a long sample test. The major 
measurement results of bath and forced cooled LHD conductors using this system yielded a sufficient 
amount of fundamental data for high current multistrand conductors to be used in the LHD. 

1. INTRODUCTION 

The Large Helical Device (LHD) is a fully superconducting heliotron/torsatron 
type fusion experimental device; its construction has been progressing as from 1990 
at the Toki site of the Institute. All coils of the LHD (a pair of helical coils and three 
pairs of poloidal coils) are designed by using NbTi superconductors; a stored mag
netic energy of 0.9 G J (Phase I) and 1.6 GJ (Phase II) is foreseen [1]. 

The LHD marks the start of a series of extra large superconducting magnets for 
fusion devices after the medium size TRIAM-1M and Tore Supra have been 
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successfully completed. This paper describes the great amount of effort undertaken 
to develop superconductor evaluation methods in order to realize the LHD; most of 
the large coils used in the past were designed without any precise characteristics of 
the large scale conductor. 

2. BASIC REQUIREMENTS AND DESIGN 
OF HELICAL COIL CONDUCTOR 

The conductor for the helical coils must satisfy the conflicting requirements of 
high current density and sufficient stability and safety. The current density of the con
ductor is 58 A/mm2 at 6.9 T, needed so as to satisfy an average coil current density 
of 40 A/mm2 in Phase I. The conductor is designed to be cryostable, according to 
Maddock's stability criterion. Mechanical toughness of the coil and flexibility during 
winding are another set of conflicting requirements [2]. 

PbSn NbTi/Cu 

Electron Beam 
Welds 

FIG. 1. Cross-sectional view of helical coil superconductor KISO-32. 

A cross-section of the conductor called KISO-32 is shown in Fig. 1. Fifteen 
superconducting strands are twisted and formed into a Rutherford type flat cable. 
The pure aluminium (5N) stabilizer is co-extruded with Cu-2%Ni (resistivity: 2.5 
X 10"8 fi-m), selected for the cladding material in order to satisfy a given recovery 
current. The conductor surface is oxidized to improve the heat transfer coefficient 
to liquid helium [3]. 
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3. BASIC REQUIREMENTS FOR POLOIDAL COIL CONDUCTOR 

The LHD has three pairs of poloidal coils: the inner vertical (IV), the inner 
shaping (IS), and the outer vertical (OV) coils. From the points of view of AC loss 
and electromagnetic force, a supercritical helium forced flow NbTi conductor com
posed of 486 ( 3 x 3 x 3 x 3 x 6 ) strands in a 3 mm or 3.5 mm thick stainless steel 
conduit is selected for the coil [4]. This conductor is of the thick conduit type so as 
to sustain a high stress of 440 MPa [5] to be applied to the device. 

Uniform current distribution and, in case of partial quench of strands, easy cur
rent transfer to another strand are necessary conditions [6]. The critical and the limit
ing currents are extensively measured here. 

4. EXPERIMENTAL FACILITIES 

The test facility for full-scale conductors consists of a cryostat with 100 kA 
vapour cooled current leads, a 9 T bias field split coil, a short superconductor sample 
and a 75 kA DC power supply [7]. The flat-top (90%) field region is about 250 mm 
long. Two short sample conductors of 1970 mm length are arranged parallel and are 
inserted into the split coils. The sample conductors are soldered together at the 
bottom so as to join each other. 

For pool cooled conductors, the sample is supported by FRP jigs in order to 
keep an exposure rate of 50% to liquid helium. Many voltage taps, thermometers, 
heaters and pick-up coils are attached to it. The normal zone propagation and 
recovery phenomena can be measured by using pairs of longitudinal voltage taps. 
Forced cooled CIC conductors are also examined with this sample configuration. 

5. SUPERCONDUCTOR EVALUATION 

5.1. Critical current of multistrand conductors 

To calculate the critical current, we have made the following two assumptions 
to evaluate the effect of the self-field [8]: 

One is that each strand in a conductor can be individually excited up to its criti
cal current determined by the maximum magnetic field experienced through the orbit 
of the strand, and the overall critical current of a conductor is determined by the sum 
of the critical currents of all strands. The other assumption is that we take the 
representative field for each strand at the centre of the strand, which gives the critical 
current of the strand by the measured value for a single strand. 

Figure 2 shows the measured critical currents of KISO-32 versus the bias 
magnetic field. The results (20 kA at a bias field of 7 T) were in good agreement with 
the predicted values indicated by the dashed curve. 



768 YAMAMOTO et al. 

40 

30 

S 20 

¡3 

u 10 

1 1 I 1 

B|| = 18.0T; 
Critical Current 

£ 
Recovery Current 

\ 

• : b 

0 2 4 6 8 10 

Bias Field (T) 

FIG. 2. Measured critical and recovery currents. Calculated values are also shown for each specific 
current. 

5.2. Hall effect in a composite conductor and its recovery current 

As for the cryogenic stability, we have observed an extreme enhancement of the 
effective resistivity of the aluminium stabilizers which reduced the cryogenic stability 
of the conductor. This is due to the 'Hall effect' which occurs in a metal-metal com
posite [9]. We have derived an exact formula for the effective resistivity of compo
sites based on the 'Hall effect' [10]. Figure 3 shows the measured normal resistivity 
of the stabilizer of KISO-32 after normal transition [3]. 
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FIG. 3. Measured longitudinal resistance after transition to normal state. 
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FIG. 4. Instrumentation of stability margin measurements. A resistive heater (RH) was attached on the 
inlet pipe in order to raise the gas temperature. An inductive heater (IH) was wound around the conduc
tor in order to measure the stability margin. SHE stands for 'supercritical helium '. 
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5.3. Limiting current and stability margin measurements 
of the cable-in-conduit conductor 

In order to measure the stability margin of the poloidal conductor, the demon
stration conductor of 70 m was formed into a double pancake (named IV-S) and 
mounted on a backup field coil named TOKI-PF [11, 12]. Both coils have the same 
inner radius of 0.6 m. Supercritical helium flows from the inner to the outer turns, 
with a pressure of 1 MPa or less. The peak magnetic field was 2.7 T, with a current 
of 20 kA. By raising the working temperature up to 7.5 K, the sample experiences 
the same load line as the LHD coils. Figure 4 shows the instrumentation required for 
the experiments. If it is assumed that the heat is not lost to the neighbouring layer, 
the input energy can be calculated by integrating the increase of helium enthalpy. 

The margin of IV-S was measured at 7.5 K with pressures of 1.0 MPa and 
0.5 MPa. The heating was repeated with sufficient intervals until the coil was 
quenched. The results are shown in Fig. 5. The dashed and the dash-dotted lines 
indicate the available helium enthalpies for 1.0 and 0.5 MPa, respectively. The mar
gins were all very close to the available enthalpy calculated in the two cases of 1.0 
and 0.5 MPa. Thus the conductor stayed in the upper stability region [13] up to 
21 kA, which was about 94% of the critical current. 

5.4. Stability for partial quenching of the cable-in-conduit conductor 

The stability margin measurements were done under the condition that all 
strands were heated simultaneously. In the case of the actual conductor, we had better 
consider that the quench originates from a normal transition of a few strands. Thus, 
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FIG. 5. Results of stability margin measurements at 7.5 K. 
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we have investigated normal propagation and current transfer in the transverse direc
tion after partial quenching, by using a short sample [6]. The partially normal zone 
was generated by a heater, and the current distribution was monitored by pick-up 
coils. A resistive foil heater of 350 Q was attached to about ten strands. Eight pick-up 
coils with 200 turns surrounded the conductor to record the magnetic field produced 
by the transport current. 

The experimental results indicated that the current in the strands with the normal 
zone was transferred to the adjacent strands and the normal zone vanished when the 
critical/operating current ratio exceeded the value of two. 

6. CONCLUSIONS 

Superconductors for LHD were evaluated with newly developed methods. Bath 
cooled conductors for the helical coils were tested in a short sample, and forced 
cooled conductors for the poloidal coils were tested in a double pancake coil and also 
in a short sample. Many diagnostic sensors were used to carry out these precise 
evaluations. 

As to the bath cooled conductors, the measured critical current can be well 
explained as a sum of the critical currents of all strands in a magnetic field, including 
the self-field. An increase in the magnetoresistivity of an aluminium stabilizer was 
observed, and the 'Hall effect' explained this phenomenon satisfactorily. 

The stability margin of the force cooled conductor was measured by a long 
sample shaped as a coil using an inductive heater. In a short sample experiment, the 
current transfer from a quenching strand to another strand could be observed by 
pick-up coils on the conduit. 
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Abstract 

LOCAL ISLAND DIVERTOR CONCEPT FOR LHD. 
A local island divertor (LID) has been proposed for the edge plasma control of the Large Helical 

Device (LHD), and its functions and its effects on edge plasmas have been studied in detail. Although 
the LHD edge plasma will primarily be controlled by a closed full helical divertor, the LID will be used 
as an alternative. The advantage of the LID over the helical divertor is the technical ease of the hydrogen 
pumping because of its toroidally localized recycling. A significant feature of the LID is the high overall 
pumping efficiency of â 30%, which is the key to realizing high temperature divertor operation, leading 
to a significant energy confinement improvement. 

1. INTRODUCTION 

Control of the edge plasma is a major topic of research for the Large Helical 
Device (LHD) (B = 4 T , R = 3.9 m), which is a superconducting heliotron type 
device under construction at the National Institute for Fusion Science (NIFS) [1, 2]. 
Edge plasma control is important for handling the heat and particle fluxes to the wall 
and enhancing the core plasma confinement. The LHD edge plasma will primarily 
be controlled by a closed full helical divertor which utilizes a separatrix existing 
naturally at the edge of heliotron type configurations [3]. As an alternative approach, 
we also plan to use a local island divertor (LID) for edge plasma control. We have 
studied the expected functions of the LID and its effects on edge plasmas. These are 
described in this paper. The LID experiment will provide critical information on the 
edge plasma behaviour in LHD and help us to optimize the design of the closed full 
helical divertor. It will also influence the divertor design of W7-X [4] and exploration 
of advanced divertor concepts. 

2. PRINCIPLE AND FUNCTIONS OF THE LID 

The LID is a divertor that uses an m/n =1 /1 island formed at the edge region, 
as depicted in Fig. 1(a). Since the core region is surrounded by the separatrix of the 
island, the outward heat and particle fluxes cross the island separatrix and flow along 
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the field lines to the rear side of the island, where target plates are placed on a diver-
tor head to receive the heat and particle loads [5]. The particles recycled there are 
pumped out by a pumping system. If the divertor head and a pumping duct leading 
to the pump are properly designed, a closed divertor system with an overall pumping 
efficiency of >30% can be obtained. Unlike the conventional pump limiters, the 
blades of the divertor head are located inside the island, thereby being protected from 
the high outward heat flux from the core. Thus there is no leading edge problem. 

High efficiency pumping is the key to realizing high temperature divertor opera
tion, where a divertor plasma with a temperature of a few kiloelectronvolts is 
produced, leading to a significant energy confinement improvement [3]. A closed 
divertor equipped with an efficient pump such as the LID is ideal for this operation. 
A closed divertor also provides the high plasma plugging efficiency required for the 
high recycling operation, where a low temperature and high density divertor plasma 

(a) 

FIG. 1. (a) Schematic of the LID. (b) Island control coils for generating an m/n = III island. 
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is produced for radiative cooling. Thus, these two operational modes can be realized 
in the LID as well as in the closed full helical divertor [3]. These divertor functions 
allow the LID to pump out ionized impurities that are difficult to pump out in the 
presence of the magnetic field. Thus, steady state LID operation with an input power 
of ~500 kW can be used as an effective wall conditioning technique. One hour of 
LID cleaning is expected to replace a few weeks of conventional discharge cleaning. 

3. MAGNETIC CONFIGURATION FOR THE LID 

A copper coil system, as shown in Fig. 1(b), was demonstrated numerically to 
be able to generate a clean m/n =1 /1 island at the edge. When a resonant perturba
tion field generated by two pairs of island control coils located above and below the 

(a) 

FIG. 2. Magnetic surfaces when resonant perturbation fields are added to the standard LHD magnetic 
configuration. The perturbation fields are generated by (a) two pairs of adjacent island control coils 
located above and below the torus, (b) another pair of coils, located toroidally at a right angle to those 
of (a), and (c) these three pairs of coils with a proper coil current distribution. 
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torus is added to the standard LHD magnetic configuration, an m/n = 1/1 island 
appears at the i = 1 surface, as shown in Fig. 2(a), together with m/n = 2/1 islands, 
which appear owing to the toroidal coupling at the t = 0.5 surface. Figure 2(b) 
shows, however, that the m/n = 2/1 islands can be generated by another pair of 
island control coils. Thus, the m/n = 2/1 islands are almost eliminated by a proper 
arrangement of the control coil currents, as shown in Fig. 2(c). One of the remark
able features of this type of configuration is a very sharp transition (within 2 mm in 
the radial direction) from the closed surface to the open region. This is in contrast 
to the case of the helical divertor, with a transition width of —50 mm. The connec
tion length in this open region was calculated to be longer than ~ 750 m in the case 
of Fig. 2(c). This indicates that the length of the magnetic field lines in the open 
region is still long enough for the particles not to strike the vacuum vessel or the 
helical divertor plate immediately. 

4. CONCEPTUAL DESIGN OF THE LID 

To estimate the number of particles that strike the rear side of the divertor head, 
we calculate the percentage P of the magnetic field lines that strike the target plate, 
of a total of 240 field lines, which circulate around the torus 15 times. The field lines 
start from points equally spaced poloidally at distances of 4, 8 and 12 mm from the 
last closed flux surface (LCFS) and toroidally at the same angle as the centre of the 
plate. This distance between the plate and the starting points is the longest along the 
field lines. The perpendicular spreading of the starting points takes into account the 
perpendicular diffusion of the particle flux to some extent. Figure 3 shows the 
magnetic surfaces formed by these field lines, before they strike the plate, on the 
plane whose normal direction is parallel to the direction of the helical coils at the out
side (large major radius side) of the equatorial plane. The plate with a width of D 
is on this plane in our calculation. Figures 3(a-c) show the magnetic surfaces 
obtained without a plate and with plates of D = 30 and 60 cm, respectively. The field 
lines pass through the plate and tend to circulate around the entire island flux surface 
when D = 30 cm, but almost all field lines strike the plate during the first island 
circulation when D > 60 cm. Thus, P is almost proportional to D, and begins to 
saturate at D = 50 cm. It reaches 90% at D = 60 cm. 

The relation between P and N was also obtained with D = 40 cm. By increasing 
N from 0, it was demonstrated that N must be larger than 10 for realizing large P. 
Then the width of the gap between the pumping duct and the divertor head, A, 
necessary for high efficiency pumping, is obtained to be ^ 5 cm using the relation 
A 5: V27rRNDx/vji when N = 10, Dx = 1 m2/s and T¡ = 100 eV, since the parti
cle flux diffuses radially during the toroidal circulation. Figure 4 shows the concep
tual design thus obtained of a divertor head of — 60 cm X ~ 60 cm with an overall 
pumping efficiency of > 30 %. Here the solid and broken lines represent the magnetic 
field lines in the outer and inner parts of the island flux surface, respectively. 
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FIG. 4. Conceptual design of a divertor head, viewed from a horizontal vacuum vessel port. 
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Optimization of the target plate shape and design of the pumping and cooling 
systems are under way. Through our physics and engineering design effort for LHD, 
we believe that the LID can function reliably and enhance the LHD plasma quality. 
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Abstract 

EXTRAPOLATION TO A DEMONSTRATION REACTOR FROM THE ITER AND ADVANCED 
PHYSICS AND MATERIALS DATABASES. 

The physical and environmental characteristics of demonstration reactors (DEMOs) that would 
extrapolate from ITER are calculated. Direct extrapolation from ITER would lead to DEMOs with 
R = 8-9 m, I = 20-30 MA and Tn = 1.0-1.5 MW/m2, the radioactive waste from which would 
require deep burial following shutdown. Improvements that would arise from basing the extrapolation 
also on the results of advanced physics, such as will be explored in TPX, would lead to DEMOs with 
R = 6-8 m, I = 15-20 MA and ¡Tn = 1-2 MW/m2, with 316SS as structural material. Using 
V-4Ti-4Cr structure in addition to advanced physics would extend r n < 3 MW/m2 and lead to 
DEMOs the radioactive waste from which probably could satisfy near surface burial criteria. 

1. INTRODUCTION 

The societal acceptance of fusion may be decided when governments face 
the decision to construct the demonstration reactors (DEMOs) to follow ITER. The 
physical, economical and environmental characteristics of these DEMOs will loom 
large in such decisions. If previous experience is any guide, these DEMOs will be 
designed on the basis of relatively conservative extrapolations of the then-existing 
physics and engineering data base, the major part of which will, perforce, be 
developed in support of and in the operation of ITER. A few advanced physics and 
technology R&D programs will extend the data base for the design of the DEMOs. 
The purpose of this paper is to identify these characteristics of DEMOs which would 
extrapolate directly from ITER and from ITER plus advanced physics and structural 
materials R&D programs. 

An international consensus definition [1] of a DEMO is "a complete electric 
power station demonstrating that all technologies required for a prototype 
commercial reactor work reliably enough to develop sufficient confidence for such 
commercial reactors to be competitive with other energy sources." I believe, based 
on many studies, that this translates into a requirement for about 20 years of 
operation at an availability of about 50% and a neutron wall load of 2-4 MW/m .̂ 
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2. CALCULATIONAL MODEL 

The calculational model consists of an iteration on the various physics and 
engineering constraints, leading to the minimum major radius device that will satisfy 
these constraints, determined as follows. The flux core is sized to provide the volt-
seconds required to induce and maintain the plasma current during the burn pulse, 
taking into account bootstrap and noninductive current drive. The central solenoid, 
TF coil and support structure must satisfy ASME code requirements for SSLN, 
taking into account reduction of S m due to crack growth for cyclic operation* and 
must provide adequate cross-section to accommodate the ITER-EDA design current 
density [2]. The shield (316SS-56%, H20-34%, Pb&B4C-10%) must limit peak 
nuclear heating and neutron fluence in the inboard TF coil to 1 kW/cm^ and 2x10^2 
n/cm^, respectively6. The vacuum vessel (316SS) must withstand an overpressure of 
10 atmospheres. The blanket must attenuate 95% of the nuclear energy flux and 
provide for tritium self-sufficiency. The first-wall heat removal element and 
strongback must satisfy ASME code requirements under coolant and disruption 
pressures. The plasma minor radius must be large enough to satisfy the q95 > 3.0 
stability constraint and also to result in a first-wall peak heat flux below the limiting 
value calculated by a tube bank model. The major radius is determined by summing 
the constituent thicknesses and adding 10 cm for gaps. The density is then 
determined from the specified fusion power, and the plasma current is calculated to 
yield the x (3.9s) required for power balance at ignition according to the ITER-89P 
scaling law with H == 2. Noninductive current drive power reduces both the x 
required for power balance and the x obtained from the scaling law. We have used 
the ITER form of the physics constraints [2,3] and have followed the ITER design 
procedures [2]. Materials data were taken from [4]. 

3. DEMO PARAMETERS 

3.1 "ITER" 
We first model the ITER EDA Outline Design [2]. The calculated 

parameters (case A in Table I) are sufficiently close to the actual design parameters 
to be representative of ITER. 

3.2 Direct Extrapolation from ITER to a DEMO 
The most direct extrapolation is to retain the ITER physics and engineering 

design and ignited operating scenario, replace the SS/H2O "blanket" in ITER with a 
solid breeding blanket (SS/H20/LÍ20/Be) and extend the availability from 0.05 to 
0.5. We assume that the experience of operating ITER will justify taking credit for 
bootstrap current and 50% startup assist to reduce volt-second requirements and also 
justify designing the first-wall to accommodate 50% of the power flux from Hie 
plasma, with a factor of 2 allowance for peaking and excursions. This DEMO (case 
B) differs little from ITER; the reduced volt-second requirements are more than 

*104 additional "shakedown/fault" pulses are assumed. 
"Neutron and gamma transport are calculated with a ID, multigroup, S„ code. 
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offset by the added magnet structure needed to accommodate the increased number 
of pulses and the added shielding needed to accommodate the higher fluence. 
Increasing the bum time from 103 to 104 s (case C) in order to avoid the effect of 
increased pulses unfortunately increases the required inductive volt-seconds without 
reducing the magnet thicknesses; the larger allowable stresses resulting from the 
reduced number of pulses are offset by the larger distance from the device centerline 
due to the larger flux core. Both of these DEMOs are characterized by rather large 
size and low neutron wall load (£ 1 MW/m^). Introducing 75 MW of noninductive 
current drive (T| = -45) results in (case D) a slightly smaller device, while 
maintaining a DEMO-relevant Q > 20, but still r n = 1. 

All of these DEMOs operate well below the Troyon limit and with modest 
bootstrap current and neutron wall load. The bootstrap current fraction can be 
increased and the plasma can be brought to the Troyon limit (g = 3) by operation at 
higher qg^ (case E), but this is accomplished at the expense of a greatly increased 
plasma radius and a greatly reduced neutron wall load. The neutron wall load can be 
increased 50% by doubling the fusion power (case F), but a compensating increase in 
plasma current is required to maintain ignition and the increased power requires an 
increased minor radius, resulting in a larger flux core and a significantly larger major 
radius (re case B). 

3.3 Extrapolation with an Advanced Physics Data Base 
We use the "standard tokamak" mode proposed for TPX [51 as representative 

of a self-consistent set of advanced physics parameters. This mode results in a more 
compact device and a somewhat higher neutron wall load (case G). However, the 
minimum size device that would be allowed by these advanced physics parameters 
can not be achieved at 1500 MW because of the heat flux limit on the SS316 first-
wall (= 0.5 MW/m^), which requires the minor radius to be larger than would be 
required by the qç5 £ 3 constraint. An ignited DEMO with lower (1000 MW) fusion 
power and r n =1.5 (case H) also becomes feasible. The advanced physics mode 
allows achievement of the same neutron wall load at 1000 MW in a R=6m device 
(case H) that required operation at 3000 MW in a R=9m device in the "ITER 
Physics" mode (case F). Attempts to achieve a higher neutron wall load by 
operating at higher fusion power (case I) are thwarted by the heat flux limitation of 
316SS. Increasing the minor radius to increase the bootstrap current leads to a 
steady-state DEMO (case I) at Q = 20, operating at the first-wall heat flux limit and a 
modest neutron wall load. 

3.4 Extrapolation with Advanced Physics & Structural Materials Data Bases 
We use the vanadium alloy V-4Ti-4Crc cooled by lithium as representative of 

an advanced first-wall, divertor and blanket system. An ignited DEMO with 
vanadium (case K) has a smaller minor radius than an ignited DEMO with 316SS 
(case G) because of the larger heat flux limit, which leads to a larger neutron wall 
load. However, the reduced minor radius is offset by the poorer shielding properties 

'Properties provided by D.L. Smith (Argonne National Laboratory). 
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of V/Li, so that the two DEMOs are about the same overall size. The advantage of 
the higher first-wall heat flux limit of vanadium is more clearly apparent for higher 
fusion power DEMOs (case L), in which an attractive value of the neutron wall load 
is achieved. The steady-state, Q = 20 DEMO with vanadium (case M) is virtually 
identical to the 316SS DEMO (case I); since it is necessary to increase the minor 
radius to achieve high bootstrap current, both devices operate below the first-wall 
heat flux limit for 316SS. 

4. MATERIALS DAMAGE AND ACTIVATION 

4.1 Component Replacement 
Component replacements due to radiation damage and, in the case of the 

divertor, disruption erosion, were calculated. Radiation damage lifetimes of 200, 60 
and 100 dpa were taken for V-4Ti-4Cr, 316SS and dispersion strengthened copper 
(divertor material for cases A-J), respectively. Divertor lifetimes against the 
disruption erosion of a 5 mm Be coating were calculated [6] based on the greater 
disruption frequency of 10"̂  per pulse or 10 per year. First-wall and divertor wall 
and plate thicknesses were chosen so that fatigue lifetimes were greater than the 
radiation damage or erosion lifetimes. 

The smaller size and higher neutron wall loads of the advanced physics 
mode are a mixed blessing with a 316SS structure; the first-wall/blanket must be 
replaced 5/4 times during the 20 year operating life of a DEMO based on advanced 
physics (case G), compared to 2/1 times for a DEMO based on ITER physics (case 
B). The fluence accumulation is 70% greater for the former, however. The 
corresponding DEMO (case K) based on advanced physics and V-4Ti-4Cr need only 
replace the first-wall once, while accumulating a fluence 100% greater than that of 
the DEMO extrapolated directly from ITER (case B). 

4.2 Radioactive Waste 
Specific and total component volume (including replacement) activities were 

calculated [7] for various times after shutdown. 

The contact dose that an individual would receive were he to come 
physically in contact with a consolidated mass of waste material from a particular 
component is one measure of waste disposal hazard. The IAEA specifies < 2 mSv/h 
as the level at which the waste qualifies as low level [8]. The blanket and shield 
wastes from the 316SS DEMOs would qualify as low-level ten years after shutdown, 
and the vacuum vessel waste shortly thereafter. However, the first-wall and divertor 
wastes would not qualify as low level until some time intermediate to 10 and 100 
years after shutdown. The V-4Ti-4Cr first wall, divertor and blanket and the 316SS 
shield would satisfy this criterion within less than 10 years after shutdown, and the 
vacuum vessel would almost satisfy this criterion; so, with some slight changes in 
design, the waste from this DEMO would qualify as low-level, according to this 
criterion, within ten years after shutdown. 
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In the US, specific activity limits axe prescribed for near-surface burial for 
several long-lived fission radionuclides [9], based on an inadvertent intruder 
receiving a dose of no more than 5 mSv/yr at a time 500 years after burial. The same 
methodology has been applied to calculate [10] specific activity limits for fusion-
relevant radionuclides, from which we calculate limiting elemental concentrations 
based on the calculated neutron flux in the various components. These elemental 
concentration limits have been used to construct "critical concentration ratios" 
(CCR), defined as the sum over nuclides of the ratio of actual-to-limiting 
concentrations. None of the components of the 316SS DEMOs satisfies CCR^l, 
although the shield is quite close. The V-4Ti-4Cr first-wall, divertor and blanket 
satisfy CCR<10"3, but for the 316SS vacuum vessel and shield CCR>10, suggesting 
the consideration of other materials. 

The "deep disposal index" (DDI), which is the sum over those components 
for which CCR > 1 of the product of CCR and the corresponding component waste 
volume, provides a relative measure of the activity that must be disposed of in deep 
depositories. The DDI is typically an order of magnitude greater for the 316SS 
DEMOs than for the V-4Ti-4Cr DEMOs, and it arises entirely from the 316SS 
vacuum vessel and shield in the latter. 
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Abstract 

SCATTERING OF FUSION PRODUCTS AND MAGNETIC RECONNECTION IN IGNITING 
PLASMAS; DEVELOPMENTS IN THE IGNITOR PROGRAM. 

In collisionless regimes, the effects of finite electron inertia are shown to be inadequate for the 
development of modes that require magnetic reconnection for their excitation. Instead, modes resulting 
from an underlying state of microscopic turbulence are proposed to explain the coherent m = 4, n = 3 
and m = 3, n = 2 activity which has been observed in D and D-T experiments with vigorous neutral 
beam injection carried out by the TFTR machine. These modes have the characteristics necessary 
(i.e. a phase velocity in the direction of the ion diamagnetic velocity, the appropriate frequency and 
spatial localization) to produce resonant scattering of the high energy nuclei that are injected or produced 
by fusion reactions. In fact, modes of this kind may have a beneficial role in removing fusion products 
from the center of the plasma column as they slow down to the characteristic resonance energy. The 
main parameters of the Ignitor experiment are presented, and the completion of the construction of the 
key machine components is described, validating its technological feasibility. The Ignitor strategy of 
reaching ignition by minimizing the auxiliary heating, recently adopted by the ITER design, is 
illustrated. The unique possibility that Ignitor has to remain within the ideal MHD stability bounds while 
reaching ignition is emphasized. The experiment is also well suited for the investigation of advanced 
plasma regimes, including the study of long time-scale processes, access to the second stability region 
and the production of significant power by D-3He fusion reactions with confinement of the 14.7 MeV 
fusion protons. 

I. Introduction 

An important problem in dealing with igniting plasmas is the possible excitation 
of plasma collective modes which can scatter effectively the slowed down 
fusion reaction products. At the lowest frequencies, "fishbone" modes have 
been observed which have poloidal and toroidal mode numbers m° = n° = 1 
and frequency [1] w ~ «¡^ = m°V?i/r0,V?. being the diamagnetic velocity of 
the thermal ion population, and r0 the radius of the surface where g =j/{r) = 1. 

785 
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They are modes that do not involve necessarily magnetic reconnection [1] and 
that are marginally stable, due to finite Larmor radius effects, in the absence of 
a high energy particle population with which they have a resonant interaction. 
Thus, the question arises whether modes that can be excited only through 
magnetic reconnection and have m° > 1 can exist and scatter high energy 
particles. 

Experiments by the TFTR machine involving D and D-T neutral beam 
injected plasmas have given evidence [2] of a m° = 4, n° = 3 mode localized 
in the central part of the plasma column and, at times, a m° = 3,n° = 2 
mode in regimes with high electron temperature (peak T0 ^ 10 keV) and mod
erate plasma density (n e^7.5 x 101 3cm - 3). The estimated [2] frequency of the 
4/3 mode, ~ 10 kHz, is well above the electron collision frequency, and since 
this mode involves necessarily magnetic reconnection, as our toroidal analy
sis indicates, it is necessary to identify a collisionless process through which 
reconnection can take place. 

As for the fishbone modes, high energy particle scattering results from the 
mode-particle resonance w = O>DÍ(£ ,/*) where (¿£>i is the magnetic curvature 
drift frequency of the particles, that in TFTR have energy close to that of in
jection. In fusion burning plasmas, the resonant energies are well below the 
birth energy of the fusion products. Therefore, these modes may help prevent 
the accumulation of ash by scattering the slowed down fusion products toward 
the periphery [3]. In fact, strong scattering of both D-T and D-D [4] fusion 
products out of the plasma has been observed to be associated with the excita
tion of coherent {m,n) = (3,2) and (4,3), and to a lesser extent (1,1) fishbone, 
MHD activity in the TFTR discharges under consideration. The observed fre
quency of fishbone modes in TFTR is about 5 kHz, consistent with o ^ . Thus 
the frequency of the 4/3 mode is consistent with a finite fraction of w^ esti
mated at the q = 4/3 surface, the phase velocity being in the direction of the 
ion diamagnetic velocity, as indicated by our theoretical model. 

Ignited plasma regimes differ from the hot ion regimes in TFTR: the re
quirement that Te > T{ makes it necessary to include the effect of w*c — 
oj^i(Tedn/dr)/(dpi/dr) and to abandon the collisionless approximation, as *><»» > 
lw*tl ~ lw*e|- An appropriate extension of the theory is necessary. 

II. One-Dimensional Model 

Since the reconnection region is small, we may refer for simplicity to a plane 
one-dimensional model. The magnetic surfaces are x = const, and the relevant 
component of the perturbed field Bz = Bx(x) exp(-*wt + ikyy + ikzz). For 
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that of the ions (Te «C Ti), the electron momentum conservation equation, 
where only the inertia term is included to break the frozen-in-law condition, 
gives Bx ~ -(k-B) ' (z - x0)uex/w + d%(cPBx/dx2) near the surface x — x0 

where k'B(x0) = 0, for de = c/wpc and k2d% < 1. We indicate the width of the 
region where reconnection takes place, and Bx ~ d%(<PBx/dx2), by 8R. In the 
case where dBx/dx changes drastically over 8R while Bx does not, we find that 
(d2BxJdx2)JBx ~ 1/((1J8R)} where aj is the scale distance for the variation of 
the equilibrium current density. Therefore 6R ~ d%/aj is unrealistically small, 
since the validity of the linearized approximation requires |«/||/«/j|| < ^e/aJ> a 

value that is practically insignificant. Thus we infer that there is structure at 
the reconnection layer. 

In particular we assume that a state of microscopic turbulence, possibly 
excited by the formation of locally large current density gradients, preexists 
the onset of large scale reconnection. We represent these effects by the model 
equation me (Z?*V^ûe||) = e (Ê + VLe±/c X BJ that implies 6R ~ [Üf/Wj] 1 / 3 . 
Here t* = D*d% and P* is the relevant diffusion coefficient. In the case where 
Bx varies over the reconnection layer and \cPBx/dx2\/Bx\ ~ l/^fl> w e have 
ÔR ~ (£*/w)1/ '4. This is relevant to modes that are strongly driven by the 
plasma pressure gradient. In order to complete the set of equations that de
scribe the mode within the layer 8R, we consider the total momentum con
servation equation rriindûi/dt — -Vjp + J X B/c + J x B/c + p/Lo, where 
p is the total plasma pressure and P/LQ models the combined effects of the 
plasma pressure gradient and the magnetic field curvature, supplemented by 
the "incompressibility condition" \dûix/dx\ » |V-û,-|. 

The dispersion relation determined by the approximate solution of the sixth 
order mode equation is w3 - w^w2 -fry3 (Jo)2 = 0 and in the limit |Re o;| ^ |Im w\ 

it gives Re w ~ < / 3 , I r a w w -y0(J°)2/3 where <y0 = [ £ * K ) 2 M ] 1 / 3 , 
a j = 1/A', A' represents the driving factor of the instability, (w^)2 = (k • 
B)'2/(4îrnmifc2), and 1° is a finite number. The width of the layer where re-
connection takes place is of the order of 8R = (£*/w¿) 2 ' 9 a}1'9 . It is easy to 
verify that 7o^w*j implies 8R > pi , the ion gyroradius. 

Both experimental and numerical analyses suggest that the observed ac
tivity represents a strongly nonlinear stage. As the mode develops nonlinearly, 
we expect the growth rate to vanish while the frequency of oscillation remains 
proportional to w^. Following the analysis for m = 1 fishbone modes [1], we ex
pect that the mode particle resonance with the energetic particles will enhance 
the saturated mode amplitude as it should contribute positively to the growth 
rate. 
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l u . Numerical Analysis 

To investigate the characteristics of reconnecting modes in a realistic toroidal 
geometry, we have used the resistive MHD model in the initial value MH3DK 
code [5]. The code allows for reconnection by using a finite electrical resistiv
ity, supplemented by a finite ion perpendicular viscosity to enhance numerical 
stability. Although we have ruled out the effects of electrical resistivity for the 
4/3 mode in the experiment, we consider the results of the numerical analysis 
to be strongly indicative of the mode driving factors and, to a lesser extent, its 
topology. 

Besides the full toroidal geometry, close approximations to the experimen
tally measured profiles of density and temperature were used. The q profile 
was chosen to have q0 ~ 0.9 and qa = 5.2. This reproduced the magnetic axis 
shift and the approximate locations of the q = 1 and q = 4/3 surfaces that 
are estimated from the experiment. To test stability, the plasma beta was also 
varied by scaling the pressure profile. 

In the linear perturbation approximation, modes with low toroidal mode 
numbers, for example, n = 2 and n = 3, are seen to be stable in the ideal MHD 
approximation, even for plasma betas exceeding the TFTR value. This has also 
been confirmed with the ideal MHD stability code, PEST-1 [6]. The unstable 
modes depend on the presence of a finite resistivity and have relatively weak 
growth rates even at low magnetic Reynolds number S « 104. These modes 
were found to be driven primarily by the pressure gradient, as their growth rates 
increased with beta, and to be well localized to the central part of the plasma. A 
typical example is shown in Fig.l. The interval around the reconnection region 
where the gradient of the radial displacement £,/, is maximum is broadened 
by toroidal coupling. In addition, the modes begin to show a more radially 
extended, or ballooning, character as beta increases, although they remain well 
localized up to the experimental beta. For n = 3, the poloidal harmonics are 
dominated by m = 4 and m = 3, peaked near (just inside) the q = 4/3 and q = 1 
surfaces. This is consistent with the experiment, where a significant m = 3 
component is also observed in the Te fluctuations, although it is apparently 
much smaller than the m = 4 component in the density fluctuations. 

The relative magnitudes of the different m-components can be sensitive to 
the details of the plasma profiles and to important non-MHD effects such as the 
interaction with the fast particles, the influence of u>*,-, and the characteristics of 
the underlying state of microscopic turbulence at the relevant rational surface, 
and will depend on nonlinear saturation processes that are not included in the 
present analysis. In the case of Fig.l, the effective resistivity was taken to vary 
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FIG. 1. Topology of the n = 3 toroidal, linear eigenmode for TFTR D-T shot 73 268 in the resistive 
MHD approximation, (a) Total (thermal) perturbed pressure contours in a vertical cross-section. Solid 
lines correspond to positive, dotted lines to negative values. 'Radial ' displacement ^ : (b) contours; 
(c) corresponding profile across the horizontal midplane (arbitrary units, zero displacement at plasma 
edge); (d) relative magnitudes of the major poloidal harmonics for n = 3 as functions of normalized 
poloidal magnetic flux from the magnetic axis to the plasma edge (spacing of dots increases with \m\). 
The major peak is just inside the q = 4/3 surface, the secondary peak is near q = 1. 
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0 Plasma chamber 

(2) Toroidal magnet 

(D Shaping coils 

@ Equilibrium coils 

(§) Outer transformer coil 

(6) Equatorial port 

(7) Central solenoid 

© Shaping plus transformer coil 

(D Axial press 

© Central post 

© C-clamp 

<© Bracing ring 

© Tensioning wedges 

Ro=I320mm 

a - 470mm 

b = 870 mm 

13T, L m a x = 12MA 

time (s) 

BT.max=13T, lp,max = 12MA 

time (s) 

FIG. 2. Main components of the Ignitor machine and time evolution of a reference pulse reaching the 
maximum current L = 12 MA. 
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in space to model the effects of the microscopic turbulence discussed in Section 

II. The growth rates of the low n resistive modes were found to have the same 

general order of magnitude (n = 2 that has principally m = 3, and n = 3). 

IV. Salient Features of the Ignitor Machine 

The design parameters of the Ignitor machine, shown in Fig.2, are indicated 
in Table I. The toroidal magnetic field as a function of time is also illustrated in 
in Table I. The toroidal magnetic field as a function of time is also illustrated in 
Fig.2. The duration of the field flat top is limited by the heating of the toroidal 
magnet and decreasing £ r , for example to 11 T, would considerably extend 
this phase. The reference plasma current pulse in Fig.2 reaches 12 MA in order 
to maximize ohmic heating before ignition, but decreases afterwards in order 
to lengthen the duration of the ignited state, where lower Ip and Bp, the mean 
poloidal field, should be sufficient for confinement and stability. A trapezoidal 
pulse with a 5 sec flat top and a maximum Ip «11 MA is equally feasible. 

The Ignitor experiment has been designed to reach D-T burn conditions 
by ohmic heating alone at high peak densities, approaching n0 ~ 10 2 1 m - 3 , and 
relatively low peak temperatures, 11<TQ *15 keV. At T0 ~ 11 keV, ignition is 
achieved with values of the fusion a-particle power Pa ^20 MW. This value is 
a reference for the design of the ion cyclotron RF heating system that provides 
18 MW, delivered through six of the large horizontal access ports. The injected 
heating system functions as a reserve heating source in order to reach ignition 

TABLE I. REFERENCE DESIGN PARAMETERS OF THE IGNITOR ULT 

MACHINE 

Ro ^ 1.32 m major radius of the plasma column 
a x 6 5i 0.47 X 0.87 m2 minor radii of the plasma cross section 
6G — 0.4 triangularity of the plasma cross section 
Ip * 12 MA plasma current in the toroidal direction 
IQ ^ 9 MA plasma current in the poloidal direction 
BT ^ 13 T vacuum toroidal field at RQ 
AJ5r^ 1.5 T paramagnetic (additional) field produced by 1$ 
Bp < 3.75 T mean poloidal field 
IpBp^ 45 MN/m confinement strength parameter 
q^p ^ 3.3 edge magnetic safety factor at Ip ^ 12MA 
PRF < 18 MW injected heating power (ICRF at 130 MHz) 
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and to accelerate it. It also provides control over the current density radial 
distribution beyond that of programming the current rise, by controlling, if 
possible, the temperature distribution (given the high densities, Ti ~ Te). Thus 
the resonance frequency will have to vary over a significant range, up to nc(

3He) 
for BT ~ 13 T. 

The electromagnetic forces that develop in the machine core are withstood 
by the well integrated structure that, for the first time in a toroidal device, 
relies upon an optimized combination of "bucking and wedging" of the toroidal 
magnet and the limited use of a vertical electromagnetic press. The bucking 
of the toroidal magnet against the central solenoid transmits a fraction of the 
radial force to the Central Post while another fraction is taken up, as in a 
Roman arch, by the toroidal compressional stress on the plates of the magnet. 

Since the feasibility of the machine core has been extensively analyzed, 
the construction of the key components has been undertaken and is close to 
completion. This has served to validate the feasibility studies and, at the same 
time, to develop the tooling and the processes necessary to fabricate multiples 
of the following components: 

- a complete module (l/24th) of the toroidal magnet that includes 10 copper 
plates (turns) and their insulating structure 

- a stainless steel C-clamp that is the major structural element of the machine 

- a 30° sector of the thick (17 to 35 mm, Inconel 625) plasma chamber that 
includes one of the 12 large access ports and a 30° sector without a port. 
Then a 60° sector has been obtained by welding, with acceptable levels of 
deformation, and tested under vacuum and cryogenic conditions 

- a segment of the tensioning wedge system. Successful tests of this system 
have been performed 

- the innermost component of the central solenoid (air core transformer) that 
consists of a set of four tightly wound copper coils, their cooling channels 
and insulation system, for which construction is still underway 

- two stainless steel cylindrical segments of the Central Post, to verify the 
feasibility of electron beam welding over the 350 mm radius. 

V. Advanced P lasma Regime Exper iments 

Given the wide range of plasma currents and particle densities that Ignitor 
is designed to produce, and its powerful ICRF system, a significant variety of 
advanced plasma regimes can be explored. Since the current required to contain 
the 14.7 MeV protons produced by D-3He reactions is about 6 MA, their effects 
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on the thermal plasma can be studied by generating an appropriate high energy 
3He population with the ICRF system. Thus about 1 MW of D-3He fusion 
power [7] can be produced. In fact, the ratio of this power to injected (18 MW) 
power is higher than the ratio of a-particle power to the injected power in the 
D-T experiments carried out so far. 

The access to the Second Stability Region, by operating at values of q0 > 1, 
can be explored by using the ICRF system for plasma heating, taking advantage 
of the favorable aspect ratio of Ignitor, to produce interesting plasma param
eters. When operating at relatively low magnetic field, long lasting plasmas 
can be maintained, taking into account the fact that the magnets are cooled 
initially to 30 K. In this, Ignitor compares favorably to existing and proposed 
near term superconducting machines. The appropriate pellet injection system 
that has been tested successfully can be used in combination with ICRF heating 
to broaden the variety of regimes to be investigated. 

VI. Following in the Footsteps of Ignitor 

The reasons for the original philosophy of Ignitor that gives a primary role 
to ohmic heating in order to approach ignition are well accepted by now. In 
particular, the energy confinement time is observed to degrade typically in the 
transition from ohmic to auxiliary heating, while the combination of high Ip and 
Bp necessary to reach high temperature by ohmic heating is a proven favorable 
confinement factor. The ITER design, where Ip has been raised to 24 MA while 
maintaining a relatively low power injected heating system, has changed over the 
years on the basis of these considerations, following in the footsteps of Ignitor. 
Recently, the possibility of high density, low temperature ignition has been 
pointed out [8] to exist for ITER as well. In addition, the structural solution 
adopted for ITER, where the toroidal magnet has a characteristic interaction 
(bucking) with the central solenoid and the central post, can be seen as another 
validation of the Ignitor concept. In fact, this concept incorporates structural 
elements and ideas pioneered by the Alcator and JET machines. 

On the other hand, in the present ITER design, even assuming that a field 
BT = 6 T a t 12 = 8.1 m (implying a 13 T at the inner edge of the toroidal 
magnet cavity) can be produced, Ip — 24 MA corresponds to a q = 1 surface 
that is at least 1/2 the minor radius. At the ignition fip (e.g., T0 ~ 25 keV, n0 c¿ 
1.5 x 101 4cm - 3) , the relevant ideal MHD stability condition [9] for pressure 
driven m°=l modes is violated by such a wide margin that the known stabilizing 
effect of a-particles is insignificant. In Ignitor, the high value of Bp ensures that 
(}p ~ 0.25-0.3 at ignition [10], satisfying the ideal MHD stability criterion. We 
note also that both Ignitor and ITER are characterized by having t>e» > |a/*e| ~ 
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|w^t| under ignition conditions. Therefore when considering modes which involve 
magnetic reconnection, the collisionless approximation cannot be used. The 
reason is that l / o ^ is the shortest time scale associated with reconnecting 
modes and that igniting experiments require relatively high densities. Thus 
results concerning the excitation of m = 1, n = 1 modes that involve magnetic 
reconnection and that can produce sawtooth oscillations cannot be extrapolated 
from the hot-ion regime. 

The existence of transport barriers at integer q surfaces has been reported 
with increasing frequency, on the basis of different experiments. If confirmed, 
Ignitor may use its ability to ignite with low (3P and thereby ensure the ideal 
MHD stability of m° = 1 modes, to deliberately create a g = l surface with a 
relatively large radius within which the confinement of the thermal energy can 
be enhanced significantly. 
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Abstract 

OPTIMIZATION OF MHD STABILITY IN THE STEADY STATE TOKAMAK REACTOR. 
The stability of high /3p plasmas with large bootstrap current is investigated as a function of the 

pressure profile and the current profile in the Steady State Tokamak Reactor (SSTR). In this analysis, 
MHD equilibria are generated so as to be consistent with the bootstrap current and the NB driven cur
rent, and they are tested for ideal MHD stability, i.e. the low n kink mode and the infinite n ballooning 
mode. While fusion power gain Q increases with broadening of the pressure profile, owing to the larger 
bootstrap current on the outer half-radius, pressure profile broadening reduces th making the plasma 
more MHD unstable. An MHD stable plasma without wall stabilization, which has a high Troy on factor 
of 3.45 and a large Q of 30, is obtained by making a nearly parabolic pressure profile and controlling 
the qmin value to slightly above one (—1.1) by a beam driven current. This result indicates a way to 
optimize the current profile and the pressure profile for a steady state reactor. 

1. INTRODUCTION 

An attractive scenario using a hollow current profile with a peaked pressure pro
file to obtain steady state plasmas with a high fusion power gain was presented by 
Ozeki et al. [I, 2]. This regime was employed as an advanced scenario in the design 
of the Steady State Tokamak Reactor (SSTR) [3] and the steady state operation in 
JT-60SU [4], and a similar regime was proposed for TPX [5]. In this regime, a stable 
high j8t plasma with a high bootstrap fraction is obtained by off-axis current drive in 
addition to a hollow current profile due to the bootstrap current. However, from the 
viewpoints of ash exhaust and the cold and dense divertor in a steady state reactor, 
the broad pressure profile is preferable to the peaked pressure profile. In the present 
study, the stabilization of high ft plasmas with a broad pressure profile is demon
strated by controlling q ^ (or q0), and the dependence of pressure and current pro
files on MHD stability is clarified to optimize MHD stability in SSTR. 

SSTR, which is based on a small extension of the present day physics and tech
nology, has been proposed as a realistic fusion power reactor [6]. The major feature 
of SSTR is the maximum utilization of the bootstrap current in order to reduce the 
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power required for steady state operation. This requirement leads to the choice of 
moderate current (12 MA) and high /3p (~2.0), which are achieved by selecting a 
high aspect ratio (A = R/a = 7m/1.7m = 4.1), moderate shaping (elongation 
K = 1.85, triangularity ô = 0.3) and high toroidal magnetic field (~ 10 T). A nega
tive ion based NBI system is employed for both heating and current drive with a high 
beam energy (2 MeV). 

2. DEPENDENCE OF PROFILES ON /3 LIMITS 

To obtain a high /3p and high /3t plasma, it is important to clarify the relation 
of the MHD stability limit with parameters of the pressure profile and the current pro
file. In this section we use the equilibrium generated by prescribed profiles of the 
plasma pressure (dp/dip(\p)) and the current density (<J-B>). The equilibria are 
checked for stability to the infinite n ballooning mode and low n kink modes 
(n = 1,2,3 and 5) without wall stabilization by using the numerical codes ERATO-J 
[7] and BETA [8], respectively. Figure 1(a) shows the dependence of the pressure 
profile on the stability limit in g-e/3p space. Here g is the Troy on factor 
(= /5t/(I/aBt)). As the plasma pressure profile becomes broad, the (3 limit is clearly 
improved, though the pressure gradient near the plasma surface increases. When the 
pressure gradient reaches the limit imposed by the infinite n ballooning mode in the 
whole of the outer half of the radius (A in Fig. 1(a)), further broadening of the pres
sure profile is limited so that the improvement of the /3 limit is saturated. The maxi
mum g value reaches about 5. The result in Fig. 1(a) is obtained for a relatively high 
i- (= 1.2) plasma. As I- decreases to 0.8, the maximum g value decreases to about 
4 (Fig. 1(b)). The broad pressure profile has a higher /3 limit than the peaked pressure 
profile in a similar way. The j8 limit for the broad pressure profile with low ^ of 0.8 
is imposed by the n = 1 kink mode or by the ballooning mode. 

These results show that a broad pressure profile with high i- can reach high g 
and high e/?p. However, in the high /3p plasma, the broadening of the pressure pro
file reduces Í,, owing to the large bootstrap current near the plasma edge, and 
reduces the ¡3 limit. Therefore, in the next section we discuss the optimization of pro
files from the standpoint of MHD stability by calculating the equilibrium and includ
ing the pressure profile and the current profile in a self-consistent way. 

3. OPTIMIZATION OF PROFILES 

3.1. Self-consistent analysis 

The self-consistent equilibria are obtained by using the ACCOME code [9], for 
which the geometric parameters and the profile data (T¡(p), Te(p), n^ip) and Zeff(p)) 
are required for the input data. Here p is the normalized effective minor radius 
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(= VV(i/0/Vtot). MHD equilibrium is obtained by an iterative calculation for 
p'(= dp/di/'), including the a particle pressure and the beam pressure, and the cur
rent density < J -B> of the bootstrap current and the beam driven current. For a steady 
state plasma, the MHD equilibrium is solved with the restriction that the total plasma 
current is kept constant by the regulation of NBI power at every iteration step. Here 
we consider the following profile function of the plasma temperature: 

T¡(= Te) oc [ ( l - p 3 r + 0.01] 

The density profile function is chosen to be (1-p 2 ) 0 5 + 0.01 as a standard case, 
and the ratio Te(= T /̂rig is constant (= 2 x 10"19 keV-m3). Zeff(p) is assumed to 
be uniform against the minor radius (= 1.5). 

(a) (b) 

Temperature profile, a Temperature profile, a 

FIG. 2. Fusion power gain Q, internal inductance í¡, q0 and qmin, and the squared growth rate of the 
n = 1 kink mode as functions of the profile parameter of the plasma temperature, a, for a plasma 
(a) without and (b) with current profile control. (ip is fixed at 1.7 (g « 3.1). 
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3.2. Optimization of profiles 

First, we try to modify the temperature profile within a realistic range (the 
parameters of temperature profile oc are 0.5-5) for SSTR with central NB current 
drive with a cross-section of 1.6 m X 0.6 m. Figure 2(a) shows changes of 
parameters characterizing the equilibrium and the results of the MHD stability analy
sis for various temperature profiles with a fixed 0 value j3p = 1.7 (g « 3.1). 
As the pressure profile becomes broad, the peak of the bootstrap current profile shifts 
from half the minor radius to the edge, so that 4 gradually decreases and qmin 

increases where the q profile is weakly hollow. Furthermore, the bootstrap fraction 
of the total plasma current increases and Q becomes large, where Q is the ratio of 
the fusion power Pf to the NB power PNB. Through a decrease in the pressure gra
dient, the ballooning mode and the n = 1 kink mode are stabilized from oc = 3 
and 2, respectively. But further broadening of the pressure profile destabilizes the 
kink mode again (a > 2.5) owing to an increase in the bootstrap current near the 
edge. Consequently, no stable region is obtained. 

Next, we try to control the current profile by the modulation of the beam posi
tion and the beam cross-section. In order to obtain higher 4 qmin is reduced to a low 
value (—1.3). Figure 2(b) shows variations of parameters characterizing the 
equilibrium and the MHD stability by the control of qmin with the same g value 
(=3.1). Through an increase in lc\ with decreasing qmin, the stability region of the 
low n kink mode becomes wider (0.8 < a < 3). Since the ballooning mode is stable 
in the broad pressure profile region (a < 2), a region stable against the low n kink 
and the ballooning mode is obtained in profiles with a of 0.8-2.0. 

It is important to find a region stable against the pressure profile and the q pro
file. In this study the q profile is scanned by qmin, which is controlled by NBI. 
Figure 3(a) shows the stability boundary of the low n kink mode and the ballooning 
mode in the space of qmin and the temperature profile parameter a. The n = 1 kink 
mode is stable in the low qmin region ( < 1.6), and the ballooning mode is stable with 
the parabolic or broad profile (a < 2). Therefore a plasma with low qmin (1.0-1.5) 
and a nearly parabolic plasma (0.8 < a < 3) could be stable. In this stable region, 
the q profile is slightly hollow or monotonie. The fusion power gain Q increases with 
the broadening of the pressure profile because of the reduction in the externally 
driven current, and thus the higher Q value of 21-28 is obtained. 

In the previous work [1] using relatively peaked temperature and density pro
files (the peaking factor p0/<p> is 3.1, which roughly corresponds to a » 2.5) 
combined with a strongly hollow q profile (qmin = 2.4), an MHD stable plasma 
with a high bootstrap current (65% of the total plasma current) and g of 3.0 was 
obtained. In the present scenario, in order to find a larger Troy on factor g, we choose 
a relatively low qmin of 1.1 for higher ij. Figure 3(b) shows the maximum Troy on 
factor g against the temperature profile. Though the stable region shrinks as the 
g value increases, a plasma with high g (maximum = 3.45) stable against the low n 
kink mode and the ballooning mode is obtained without the wall. This high g plasma 
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is attained with an average density <ne> of 1.1 x 1020/m3 and an average tempera
ture <nT>/<n>of21 keV, and produces 6 MA bootstrap current and a fusion power 
of 2500 M J (Q = 30) with an NBI power of 84 MW. 

4. CONCLUSION 

In SSTR, the influence of the pressure profile and the current profile on ideal 
MHD stability and the bootstrap current is investigated. A plasma with high g of 3.45 
and high ejSp of 0.46 is found to be stable against ideal MHD modes without wall 
stabilization. This plasma is obtained by controlling qmin to slightly above one 
(—1.1) with a nearly parabolic pressure profile (~ ( l -p 2 ) ) . This result shows a 
realistic scenario for the optimization of MHD stability in SSTR. 
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Abstract 

ADVANCED DESIGN OF A PULSED TOKAMAK FUSION REACTOR. 
The effect of advanced plasma physics on the design of an inductively operated, pulsed tokamak 

fusion reactor has been studied, and it is found that ultralong pulse operation of several hours or more 
is possible with a device of a major radius R of 7.5 m, and a flexible operation mode to adapt a large 
variation of electric power demand during one day is available. The plasma parameters employed here 
are: A = 4, K = 1.7, Bt = 7.32 T, fHe = 10%; conventional engineering constraints, B tmax = 
BoH.max = 13 T, are assumed. By reducing the plasma current to Ip = 10.6 MA, the poloidal beta 
value is increased in order to realize a plasma with a high bootstrap current fraction of 70-80%, while 
a confinement improvement factor H from ITER-89P scaling of 2.6 is required for sustaining an ignition 
plasma. The transformer flux of 600 Wb realizes a pulse length of 5-8 h, keeping the supply of a fusion 
power of 2.7 GW, which is provided for the electric power demand during daytime. The reactor is oper
ated with a reduced fusion power of 1.5 GW for 10 h or more during the night by reducing the plasma 
current down to 7.9 MA, where further improvement of plasma confinement with H = 3.3 is required. 
Use of non-inductive current ramp-up is helpful in prolonging the pulse length. It is estimated that a 
lower hybrid wave power of 40 MW is sufficient to ramp up the plasma current within 100 s in the low 
density (<ne> ~ 1019 m"3) regime. This yields an extension of the pulse length by a factor of 1.4. 
Results of transport simulation support these advanced operation scenarios and predict a capability of 
producing a hollow current profile by the combination of ohmic and bootstrap currents only. 
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1. INTRODUCTION 

The social demand for electric power changes drastically during one day; for 
example, the maximum demand during daytime prevails only for a few hours, and 
a supply of a half maximum demand is sufficient during the night [1]. A fusion 
reactor which can play the role of a load following electric power plant might be 
appealing if we were to supply almost all electric power from fusion power plants 
in the future. It is only a pulsed operation mode reactor with a pulse length of a few 
hours that can cope with this variation because the pulsed reactor is designed to be 
operated routinely several times with a short dwell time, say 5-10 minutes, during 
one day. Assuming conservative physics and conventional technology, we have 
proposed an ultralong pulse tokamak reactor, where a major radius R of 10 m is 
necessary to ensure a pulse length longer than 10 h [2], If long pulse operation is 
possible with a device of smaller major radius, this is quite attractive from an 
economical viewpoint. Recently, plasma physics has advanced, especially as far as 
plasma confinement (H = 3-4) and toroidal beta limit (Troyon g = 4-5) are con
cerned [3], Here, we examine the effect of the progress of plasma physics on the 
performance of a pulsed tokamak fusion reactor. 

2. DESIGN PARAMETERS AND OPERATIONAL SCENARIO 

We design a device with R = 7.5 m, under conventional engineering con
straints, Btmax = BOHmax = 13 T. Other parameters employed are: A = 4, K = 1.7, 
Bt = 7.32 T, fHe = 10%. If a confinement enhancement factor H from ITER-89P 
scaling of 2.6 is expected, a plasma current Ip of 10.6 MA (q^(95%) = 4 at 
<5 = 0.3) is sufficient to attain ignition at an averaged density <ng> of 1.8 x 
1020 m~3, where a fusion power Pf of 2.7 GW is available. The fraction of the boot
strap current is estimated to be 70-80%, depending on the profile of the safety factor 
q(r), as will be discussed in the next section. Since a total flux $tot of 600 Wb is 
available in this device, a pulse length sufficient for the electric power demand during 
daytime (5-8 h) is achievable. 

In addition, we can prolong the pulse length by a factor of 1.4 if a non-inductive 
current ramp-up is applied to save a plasma flux $p of 170 Wb in the startup phase. 
When the efficiency of the current ramp-up obtained experimentally and deduced 
theoretically in the lower hybrid wave (LHW) [4] is applied to a reactor plasma, an 
LHW power of about 40 MW is sufficient to ramp up the plasma current of 10.6 MA 
within 100 s in the low density regimes, i.e. <ng> = 1019 m~3 with nn = 1.5 or 
<ne> = 1.7 X 1019 m~3 with n¡ = 1.2, where an upshift factor (3 of 1.4 and a 
coupling efficiency rj of 0.75 are assumed. Of course, another non-inductive current 
ramp-up would be of use, and it would be preferable if the heating power system 
could be shared with the current drive system. 
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During the night a fusion reactor should be operated for a longer period with 
reduced fusion power. Here, we reduce the fusion power to 1.5 GW by decreasing 
the plasma density to <rig) = 1.3 X 1020 m~3. When the fusion power is reduced, 
the pulse length is generally shortened because the bootstrap current fraction 
decreases owing to the decrease of the poloidal beta value. To overcome this 
disadvantage, the plasma current is further decreased to 7.9 MA so as to recover the 
boostrap current fraction up to the value of the full power. As a result, a pulse length 
longer than 10 h is realized, although a further improvement of the confinement, i.e. 
H = 3.3, is required for a plasma with a reduced plasma current. 

3. PHYSICS DESIGN OF ADVANCED PULSED TOKAMAK PLASMAS 

We simulate inductively operated tokamak plasmas with a 1-1/2 tokamak trans
port code. For the diffusion coefficient, we employ a semi-empirical model deduced 
from JET L mode experimental results and given by 

Te q2 

where (L*)"1 = aVpe/pe with plasma minor radius a; the relationships xe
 = Xi = X 

and x/D = 3 are assumed [5]. Since this yields a Bohm type L mode diffusion coeffi
cient, we modify the diffusion coefficient into x/CH so as to simulate improved con
finement plasma; this improvement factor, CH, is generally related to the global 
improvement factor H by CH = H2. To incorporate MHD effects into the plasma 
transport, we introduce a stability criterion on ballooning instability while kink mode 
and sawtooth effect are not taken into account. When the pressure gradient becomes 
larger than that of the ballooning limit at each flux surface, the diffusion coefficient 
is artificially enlarged in the transport simulation. The bootstrap current formula in 
Ref. [6] is adopted, and the current profile is determined by the combination of ohmic 
and bootstrap currents. The recycling coefficient RHe of helium is assumed to be 
0.95, and the inward pinch is incorporated in the form of vpinch = — cv(2r/a2)D, 
with cv = 1. 

Figure 1 summarizes various simulation results ina<T>-<ne> diagram, where 
two cases, CH = 5 and 9, are plotted; the results of no constraint on the ballooning 
instability are also presented. Even if the ballooning instability is not taken into 
account, this model yields the deterioration of the confinement in the high density 
regime, as depicted by the turnover of the operation temperature in Fig. 1, since the 
increase of the safety factor in the interior of the plasma column takes place because 
of current profile flattening. This deterioration is strongly enhanced when the bal
looning instability is taken into account. The operation temperature seems to be 
insensitive to the confinement improvement factor CH in the high density regime 
where the ballooning instability governs the plasma parameters. 
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FIG. 1. Operation points in (T)-(ne) diagram, where two cases of the improvement factor of diffu-
sivity are presented (CH = 5: circles, and CH = 9: triangles); results with no ballooning criterion are 
depicted by dotted lines. The upper (lower) value in each box denotes the confinement improvement fac
tor H from ITER-89P (the fraction of bootstrap current, fbs). 

As the density is raised, the bootstrap current fraction increases, resulting in a 
spontaneous inversion of the safety factor profile in the central plasma region. In 
Fig. 2, profiles of safety factor, plasma currents and electron density/temperature are 
plotted for <ne> = 1.8 x 1020 m"3 at CH = 9, where the ballooning instability is 
switched on at a plasma minor radius of 0.2 < r/a < 0.75. We note that a hollow 
current profile is produced only by the combination of ohmic (JOHC1")

 a T|/2(r)) and 
bootstrap currents, and the increase of the safety factor in the central plasma region 
helps to enhance the bootstrap current fraction. From these results we can say that 
a bootstrap current fraction of 70-80% is available under the condition of the ohmic 
seed current only. The current profile in Fig. 2 is free from an m = 1 mode since 
the safety factor is larger than unity in the whole region, while the stability for the 
m = 2, 3 , . . . modes and the double tearing mode should be examined carefully. 
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CONCLUSIONS 

The concept of advanced plasma physics is applied to an inductively operated 
tokamak fusion reactor with R = 7.5 m, where advanced plasma parameters 
(H = 2.6-3.3 and fbs = 70-80%) are anticipated. Since long pulse operations of 
5-8 h during daytime and of 10 h, or more, during the night are available with this 
device, the inductively operated tokamak fusion reactor might seem to be attractive 
as a load following electric power plant, adaptable for a large variation of electric 
power demand during one day. Transport simulation results support these advanced 
operational scenarios and predict a hollow current profile by the combination of 
ohmic and bootstrap currents. 
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