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REACTOR PLASMA DESIGN BASED ON LHD
K. Yamazaki ! and LHD Experimental Group
! National Institute for Fusion Science, Toki, Japan

The overview of helical reactor concepts and related plasma designs based on the Large Helical
Device (LHD) experimental database are described. Firstly, design requirements for helical reactors are
clarified with respect to plasma confinement improvement, density limit and beta limit. Several new
confinement scaling laws are derived using LHD database in addition to the previous medium-sized helical
confinement database. In the previous LHD-type reactor designs two times better plasma confinement time
than the conventional LHD scaling law was assumed, which has been already achieved experimentally as
“New LHD” scaling laws. One and half times higher plasma density than the conventional helical density
limit scaling law has been achieved. This condition is required at the start-up phase of reactors. Higher than
half of beta value required in reactors is also achieved in the inward-shifted configuration in ‘LHD
experiment, which beta value is beyond the theoretical Mercier stability limit. This inward-shifted magnetic
configuration satisfies high beta and low effective helical ripple operations required for reactors. Almost all
these normalized requisites have been achieved in ‘the LHD experiment. The present LHD experiment can
justify the future prospect of the LHD-type helical devices towards a steady state, efficient and reliable

reactor.

1. Introduction

Helical confinement system has a great advantage for sustaining current-disruption-free
steady-state fusion plasmas by external helical magnetic field with built-in divertor. As shown
in Fig.1 Dr. L. Spitzer invented this concept in 1951, just 50 years ago. There were two helical
research systems, planer axis and special axis systems. The former system consists of two
concepts, so-called “Stellarator” concept (extended to GStellerator, Wendelstein #A) and
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Fig.1 History of Helical system concepts
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“Heliotron” concept (to Heliotron-D & E).
On the other hand, the special axis system is
created as the & Figure concept and later as
the Heliac configuration.

Along these two systems, at present,
there are two big helical experimental
devices, the Large Helical Device (LHD,
Fig.2) [1,2] and the Wendelstein 7-X
(W7-X). The LHD had started experiments
from April 1998, and the W7-X is now
under construction. As an extrapolation of
these experiments, several reactor designs
(Table I) have been studied; MHR (Modular
Heliotron Reactor, Fig.3) [3], FFHR(Force-
Free-like Helical Reactor) [4], HSR(Helias
Reactor) and SPPS(Stellarator Power Plant
Studies).

In this overview paper, the Heliotron
reactor design and related LHD experimental database are presented.

Fig.2 Photo of LHD
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Fig.3 LHD-type plasma-coil systems with continuous coil (left up) or
modular coil (left down), and reactor system (right).

TABLE 1. Typical Helical Reactor Parameters

Name of Reactor Design LHR/MHR-S |LHR/MHR-Q FFHR-1 | FFHR-2
Major Radius R (m) 16.5 10.5 20

Average Plasm Radius a (m) 2.4 1.5 2

Toroidal Field B (T) 5 6.5 12

Maximum Coil Field B (T) 14.9 14.7 16 13
Average Plasma Density <n> (10%/m°) 2 34 1

Average Plasma Temperature <T> (ke\ 7.8 7.8 11

Volume Average Beta (%)
Enhancement Factor Designed
Thermal Power Pgr (GW)
Effective Heating Power (MW)
Energy Confinement Time ¢ (s)

5 0.7

LHD scaling (s)
GRB scaling (s)
LG scaling (s)
1SS95 scaling (s)
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2. LHD Design and Experiment

The so-called Heliotron concept is characterized by simple continuous coil system, clean
helical built-in divertor based on enough experimental databases from Japanese experiments.
To demonstrate these merits of this concept, the Large Helical Device (LHD) had been
constructed and started experiments from April 1998.

This configuration has been determined by optimizing (1) particle confinement without loss
cone at one-third of plasma minor radius, (2) 5% plasma beta achievement and (3) clean
divertor configuration formation [5]. Three designs were compared as a function of
axis-shift, and the slightly pitch-modulated coil configuration (case C in Fig.4) was decided as
a final design of LHD. The magnetic surface of axis-position of R=3.75m is so-called

standard design configuration. Inward shifted case

e, @ is magnetic hill configuration. In this case particle
# E B orbit is improved like “omnigeneous” system
[ O T (Fig.5).
B & Until now good confinement results are
TE obtained in these inward-shifted configurations.
= Table 1l shows experimental campaign of LHD
ol Q : . and related hardware achievement. The 4th
06 ) campaign has been conducted during last Japanese
e i fiscal year, and the 5th experimental cycle will be
04| B 4 started from September 2001. Table III shows
ep % maximum plasma parameters obtained in LHD 50
02 @ far. In the 4" cycle, plasma energy 1MJ and ~3%
, 8 averaged beta value have been achieved.
j (©)
6
Aaz(m) A
4 S
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Fig. 4 Stability, particle loss,
and divertor clearance vs.
axis shift for LHD configuration

Fig.5 Deeply trapped particle orbit in LHD

TABLE II. Experimental Campaign of LHD

Exp. Campaign 2nd 3rd 4th 5th (Plan)
Sep.16'98 - | July 1399 - | Oct.2'00 - | Sep.18'01 -
Period Dec.18'99 | Dec.14'99 | Feb.9'01 | Feb.15'02
Magnetic Field 1.5T 2.75T 2.8T 2.8T
ECH 0.4 MW 1 MW 1 MW 1.5 MW
ICRF 1.3 MW 27MW | 3MW
NBI 3.5 MW 4.7 MW 52 MW 9 MW
Long Pulse (NBI) 22s 80s N
(ICRF) 68s 2 min
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3. Confinement Database

As an extension of this TABLE Ill. Maximum achieved plasma parameters in LHD
LHD physics concept, the
LHD-type helical reactors LP l LI J ! I Mo Pabs
such as Modular | Electron Temperature | 4.4 keV 2.7keV 0.06 s 0.53x10"°’m™ 1.8 MW
Heliotron Reactor (MHR) lon Temperature | 3.3keV 3.5keV 0.09s 1.0x10”°m™ 3.9 Mmw
and Force- Free-like Confinement time | 1.1 keV 03s 6.5x10"m™ 2.0 MW
Helical Reactor (FFHR) |(Fusion Triple Product) (n eT,=2.0x10"" m* s keV)
are under design. These Stored Energy W, =1.03 MJ
reas:tors uave b cen Average Beta <>~3% (atB=0.5T)
fiemgned assuming Line-Averaged Density ne =1.5x10” m*
improved plasma .
confinement nearly two Plasma Duration aur = 80 s (at Pyg, = 0.5 MW)
times better than the =120 s (at Pogr = 0.4 MW)

conventional LHD
scaling. The LHD

experiments so far proved this assumption which makes it possible to make helical reactors
compact.

3-1. Transport Analysis Method

Transport analysis is required for two purposes, experimental data analysis and theoretical
prediction simulation. For both purposes a 3-dimensional equilibrium / 1-dimensional
transport code TOTAL was developed based on the previous predictive HSTR code [6]. By
adding experimental data interface code PRE-TOTAL, it has been extended to the
experimental data analysis code, and applied to the transient and steady-state experimental
transport data amalyses on LHD. Different from other experimental analysis codes,
self-consistent equilibrium with experimental profile data, magnetic multiple-helicity effect
and radial electric effects on neoclassical transport, time-varying NBI deposition profile,
bootstrap current effects on equilibrium-transport, and so on are included (Fig.6). The
self-consistent equilibrium has been treated with measured radial profiles by 11-channel FIR
laser density measurements and 120-channel YAG Thomson scattering electron temperature
measurements. lon temperature is measured by charge-exchange spectroscopy and the
radiation power loss from the plasma was measured by the bolometry.

exp. data <Hehca';/o\ <T okamak>
| 2- D Equilibrium |

Magnetic Field Tracing - 1
s : L_1aPQI1 Q] J
interface program

Free- Boundary

fonde v 3- D Equilibrium Dl N b
(using pv- wave) | ey \ Baliooning Modes
* Free- Boundary
Mercier Mode

PRE-TOTAL

I
- Ripple Transport Fast lon FokkerPlank Eq
TOTAL \ N N

1-D Transport

(HIRANS) | Neutral Transport
sort . \ . S
Lkt ana'yﬂs SR 1 Impurity Radiation

Fig.6 Flowchart of PRE-TOTAL and TOTAL code system for transport analysis
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3-2. Global Scalings

In the design of helical reactor core plasmas, the plasma confinement scaling laws
(anomalous and neoclassical confinement), density limits and beta limits are crucial, and their
requirements have been investigated for helical reactors [3]. Our final requisites for LHD-type
helical reactors, especially Modular Heliotron Reactors, are as follows:

(1) about two times higher plasmas confinement than the old LHD scaling is required,

(2) effective averaged helical ripple should be less than around 5 %,

(3) about 1.5 times higher plasma density than the helical density limit is required in the
start-up phase of reactor operation, and

(4) around 5% beta value is required.

The precise projection of the present LHD experimental data to the reactor regime, the
experimental transport analysis and the predictive simulation using 3-dimensional equilibrium
/ 1-dimensional transport code TOTAL (Toroidal Transport Analysis Linkage) [6] have been
performed for the NBI-heated LHD plasmas compared with neoclassical ripple transport as
well as anomalous transport (empirical or drift turbulence theory). In addition to LHD
experimental data, previous database from the medium-sized helical devices (Heliotron-E,
ATF, CHS, Wendelstein- A, Wendelstein-AS) are used. In the LHD experiment, we compared
with conventional global confinement scaling laws for helical systems: LHD scaling (LHD),
gyro-reduced Bohm scaling (GRB), Lackner-Gotardi scaling (LG) and International
Stellarator Scaling (ISS95),

T, up = 017 P07 ¢ BOS RO 2, =
TGre = 0.25P‘°‘6;1'e°-630.8R0.6a2,4 ) @
7,6 =017P T, B Ra’s,"", 3)
Tiss0s = 026 P°F 7, 2 BOP ROy, 0, )

where P, 7,, B, R and a are heating power (MW), line-averaged electron density
(10*°m™), magnetic field strength (T), plasma major radius (m) and minor radius (m),
respectively. Units used here are 7,(s), P(MW), n (10"m™), B(T), R(m), a(m), respectively.
These are based on medium-sized helical experiments.

We confirmed that the global confinement of the LHD plasma is ~ 2 times higher than the
LHD scaling law (Fig.7(a)), and ~ 1.5 times higher than the ISS95 scaling laws. Here we
derived several new global scaling laws using log linear regression analysis. Two “New
LHD” scaling laws based on only heliotron-type experiments (NLHD-1) and all helical
experiments (NHD-2) are as follows:

Tounp1 = 0263P %7, B\ R*g?® )

T LHD-2 = 011 5P—0‘64ﬁeo'5430'85R1'02a 2.09 (6)

The rotational transform is not included because it is confirmed that the rotational transform
makes no dominant effects on these scaling laws. Based on these new LHD scaling we can
extrapolate the plasma confinement to the reactor regime without enhancement assumption, as
shown in Fig.7(b).

In the LHD experiments, the collisionality v,. regime relevant to reactors are already
achieved, however, we should extrapolate the gyro-radius p. effect to one order of smaller
regime as shown in Fig.8. For this purpose, we applied analysis Kadomtev’s dimensionl
analysis technique. The obtained dimensionally-correct scaling laws are as follows;

T NLHD-DI = 0269 P—0.59ﬁe0.52 Bl.os R0.64a2.58 (7)

-1 <361 017
~Bp. Ve
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TNLHD_D2 = 0 1 15P—0464—60.54BLOBRL04a 2.08 (8)
~B-lp -341y, —o‘osﬂ—o.zz
Again, NLHD-DI1 scaling is based on only heliotron-type devices, and NLHD-D2 is obtained
from all databases. These global scaling laws suggested the strong gyro-Bohm-like features,
which is different from previous conventional scaling laws (weakly gyro-Bohm) based on
only medium-sized devices.

The density boundary used in these confinement scaling studies is ~ 1.5 times higher than
the previous helical scaling laws, which condition fits the reactor core requirement.

As for beta value, a world highest beta value in helical systems (~3% in average) has been
achieved in LHD. This beta value is still half of the required value for reactors; however, the
experimental value exceeds the theoretical limits in the inward-shifted case (~15cm inward
shift from the standard configuration R=3.75m). This configuration leads to the strong
reduction of neoclassical transport values due to the good magnetic helicity spectrum, and
typically its ripple transport diffusivity is ~5-10 times smaller than that of the standard
configuration. The effective helical ripple at the core (at half minor radius) is less than 5% as
small as reactor start-up requisite. \
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Fig.7 Reactor plasma projection based on (a) old LHD scaling and (b) new LHD scaling NLHD-1
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Fig. 8 Plasma regime as a function of P, vs. V,. and pP. vs. B.
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3-3 Local Scaling

Local transport analysis has been carried out and the effective thermal diffusivity Xefr is
defined as

Xt = - (QneitQrrtQon - dW/dt)/(2.5ndT/dr)

to avoid the uncertainty of ion temperature. Here, we use the following dimensionally
normalized scaling:
Xe! (Ba®)~10°p.2v." B

The exponents of each parameter are obtained as a function of normalized minor radius by
regression analysis as shown in Fig.9. It is found that the radial distribution is weak
gyro-Bohm in the core and strong gyro-Bohm near the boundary. The global confinement
feature is qualitatively consistent with strong gyro-Bohm-like local ransport coefficient near
the edge region.

Figure 10 shows a set of the diffusivities normalized by the neoclassical values for more
than 50 discharges. Almost all data of this figure are in the ionrroot negative-electric- field
regime. The effective thermal diffusivity is same order of magnitude of neoclassical ion

transport with the assumption of Ti = Te,
R-36m R~3.75m . . .

e especially agrees with them in the case qf
Sp=mp wbeep” [ - outward shifted case (R>3.7m) as shown in
g elmp sstan} the right figure of Fig.10. On the other

hand, in the case of inward-shifted
configuration = (R<3.7m)  neoclassical
transport is not dominant in the core region.
According to the analysis of electron and
ion diffusivities, the empirical electron
thermal diffusivity is smaller than the
neoclassical value, however ion diffusivity
: ; agrees well with neoclassical value. The
0 02 04 06 08 1 radial electric field has been measured and
r/a . :
roughly agrees with theoretical
neoclassical values.

Exponent

ssaalansalasy

Fig.9Radial profile of dimensionless analysis
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Fig.10 Comparisons with neoclassical transport and
experimental values for a variety of discharges.
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4. Reactor Plasma Projections and System Analysis

E or  reactor plasma INPUT
projection, system code

analysis (Fig.11) has been done.
Using zero-dimensional plasma Magnetic Configuration
power balance model with
radial profile corrections the — ey
POPCON plot is given in Fig. Plasma Design Engineering Design
12 with plasma confinement
. SC Coil (Field,
improvement  factor of 2 or raraysie ubinin \ / mm,ff:f,,&,, Stvess)
neoclassical confinement with Beta Limit ;"':'."‘"s"”
edge helical ripple of 15% for R Cost Analysis | s emsize
R=15m, B= 5 T, m=10 Remote maintenance
LHD-type system. The real
POPCON  boundary is a @

Fig. 11 Flowchart of Helical System Design
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FIG.13 Reactor size vs. confinement improvement factor 4 Neo-CIaseslc?l Scailng
based on various helical confinement scaling laws in ‘ (Ener0i5)
LHD-type helical reactors. 31N
combination of these two plots. In Figure 13 The y
“New LHD” scaling laws and other previous ”
conventional scaling laws are compared as a ‘
function of confinement improvement factor. 0 — T

According to this new LHD scaling compact design ! ’ v ° “

is feasible without confinement improvement. The
detailed physics projection to the LHD-type helical
reactors is also carried out by TOTAL code
simulation predictions with new empirical local transport coefficient.

Based on these plasma projection analyses, we made system design and cost analysis.
Figure 14 shows the COE (Cost Of Electricity) values of m=8 compact design and m=14
larger-sized design. In this figure, 10 keV temperature and 5% beta value are assumed. The
engineering constraints on superconducting condition (jeoi1<jcr), mechanical stress (<250MPa),
neutron wall loading (<3MW/nt), reasonable magnetic energy (<500GJ) etc. are also added

FIG.12 POPCON plot of helical reactor
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Fig. 14 Cost of Electricity of compact (left) and large (right) systems. Unit is Yen/kWh.

and evaluated in these figures. The COE value of large system is not so high in comparison
with compact design, however the compact design has definite advantage of rather lower
direct cost.

5. Summary

This paper describes overview of helical concept features, present LHD experimental
database and related reactor plasma design. Three design requirements for helical reactors are
clarified: (1) confinement improvement , (2) plasma density regime and (3) beta limit, as
follows.

(1) Four new LHD confinement scaling laws are derived using LHD database in addition to
the medium-sized helical system database. In the previous reactor designs two times higher
plasma confinement than the conventional LHD scaling law was assumed, which has been
achieved experimentally as “New LHD” scaling laws.

(2) One and half times higher density than the conventional helical density limit scaling has
been achieved, which condition is required at the start-up phase of reactors.

(3) Half of beta value required in reactors is achieved in the inner-shifted configuration in
LHD experiment, which value & beyond the theoretical limit. This configuration satisfies the
high beta (~5%) and low effective helical ripple (<5%) operation required for reactors.

Based on these new scaling laws the reactor system design has been carried out. The COE
(cost of electricity) value of large reactor system is not so high in comparison with that of
compact design, however the compact reactor has advantage of rather lower direct cost.

The present LHD experiment can justify the future prospect of the LHD-type helical devices
towards a steady-state efficient and reliable reactor.
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IMPOEKT TEPMOSIAEPHOI'O PEAKTOPA, IIIO BA3YETHCS HA LHD
K. fIma3zaxki, Excnepumentanbua rpyna LHD

3po6sieHO OrIs KOHLENLH rBUHTOBOTO PEAKTOPA Ta TOB’I3aHMX 13 HUM TIa3MOBHX MPOEKTIB, LIO
basyiorbca Ha 6asi excriepuMEHTANBHHX [aHMX, OTPMMaHHX Ha npuctpoi Large Helical Device (LHD).
Crniovatky Oy;o 3’COBaHO NPOEKTHI BMMOrHM 0 IBUHTOBHX PEAKTOPIB MIONO MOKPALIEHHS YTPUMaHHS
M1a3MH, TPAHUYHOI IyCTHHH Ta rpaHuuHoro Gera. ITotimM Ha Gasi gamux LHD 6yno oTpumaHo aekinbka
HOBHMX 3aKOHIB IONIOHOCTI yTpumaHHA. V nonepeiHix mpoekrtax peakTopis Tuimy LHD npuiiMaBcs 4ac
YTPHMaHHS MU1a3MH, AKKH OyB yIBidi KpallMMm, HiXK TOH, IO BiANOBiAae 3BUYARHOMY 3aKOHY MOXIGHOCTI, i
AKHHA HapewTi, 6y0 JOCATHYTO eKcriepuMeHTanbHO. OCTaHHIN € BigoMHuM 3apa3 sk “Hoeuit LHD-3akon
noftibHocTi”. By/no OoTpUMaHO rycTHHy Iuiasmu, sKa B TIBTOpa pasu MEPEeBHULIYE I'PAaHUYHY TYCTHHY 3a
CTaHIAPTHUM 3aKOHOM IOAIGHOCTI. BHKOHAHHA Lii€l YMOBH Ha MOYATKOBIiH CTazii peakTopiB € HeOOXiHMM.
B excnepumenti Ha LHD 3 MarsiTHOIO KOHGIrypawiero 3i 3cyBoM ycepeamHy Takosx JOCATHYTO BETHYHUHY
Gera, sika € Ha 50 % Ginbwow, HiX Ta, WO NOTPi6HA s peakTopa, ¥ fika 3HAXOOUTHCA 3a MEXaMH
rpaHM4YHOro 3HaueHHs Mepc’e. Lig MarniTha koHdirypanis i3 3cyBom ycepenuny 3a6esnedye Bucoke 6eta Ta
Maly e(peKTHBHY TBUHTOBY TO(pPOBKY, fKi € HEOOXigHMUMH i peakropis. Maibke Bci ui nepeaymou
oTpuMaHo B ekcriepumenTax Ha LHD. Cywacni excrniepumentn Ha LHD MoxyTh migTBepanTH MaHOyTHI
TIepCTIeKTHBH TBUHTOBOTO MpUCTpoio THITy LHD sk HenepepBHO Mpaiiior0uoro, epeKTHBHOrO i Ha[iHHOrO
peaxropa.
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