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ABSTRACT

New empirical and theoretical transport models for helical confinement systems are
developed based on the neoclassical transport theory including the effect of radial electric
field and multi-helicity magnetic components, and the drift wave turbulence transport for
electrostatic and electromagnetic modes, or the anomalous semi-empirical transport. These
electron thermal diffusivities are compared with CHS (Compact Helical System) experimen-
tal data, which indicates that the central transport coefficient of the ECH plasma agrees with
the neoclassical axi-symmetric value and the transport outside the half radius is anomalous.
On the other hand, the transport of NBI-heated plasmas is anomalous in the whole plasma
region. This anomaly is not explained by the electrostatic drift wave turbulence models in
these flat-density-profile discharges.

For the detailed prediction of plasma parameters in LHD (Large Helical Device), 3-
D({dimensional) equilibrium/1-D transport simulations including empirical or drift wave tur-
bulence models are carried out, which suggests that the global confinement time of LHD is
determined mainly by the electron anomalous transport near the plasma edge region rather
than the helical ripple transport in the core region. Even if the ripple loss can be eliminated,
the increase of the global confinement is 10 %. However, the rise in the central ion tem-
perature is more than 20 %. If the anomalous loss can be reduced to the half level of the
present scaling, like so-called “H-mode” of the tokamak discharges, the neoclassical ripple
loss through the ion channel becomes important even in the plasma core. The 5 % radial
inward shift of the plasma column with respect to the major radius is effective for improv-
ing plasma confinement and raising more than 50 % of the fusion product by reducing this

neoclassical asymmetric ion transport loss and increasing 10 % in the plasma radius.

KEYWORDS: equilibrium-transport simulation, neoclassical transport, anomalous trans-
port, drift wave turbulence, empirical transport scaling, LED(Large Helical Device),
CHS(Compact Helical System)



1. INTRODUCTION

Helical confinement configurations(1] have distinct advantages in realizing steady-state
operations without current drive and plasma current disruptions. To demonstrate these
advantages, the Large Helical Device (LHD) with a superconducting magnetic coil system|[2,
3,4] is under construction. The present confinement properties in these helical systems
might be within the so-called “L-mode” range of Tokamak transport, and the confinement
improvement is one of urgent issues for helical confinement systems as well as for tokamak
systems. Moreover, helical systems are supposed to suffer from serious helical ripple diffusions
in the high temperature plasma regime, different from tokamak systems. So far, the empirical
scaling law { so-called “LHD scaling” ) [5] of the global confinement time was obtained
based on several stellarator/heliotron experiments, and the Gyro-reduced Bohm scalings
was discussed{6] for the modification of the LHD scaling in the high density regime. The
past and present medium-sized experiments{7,8] suggest that the transport outside the half
minor radius is anomalous and the transport near the center is neoclassical for ECH plasma.
In NBI-heated plasmas, however, the whole region is anomalous. The spatial dependence of
the empirical thermal diffusivity is also attempted to obtain{9,10].

In next-generation large helical machines with high temperature plasmas, the neoclassical
ripple transport might be important even in the core region. In this paper, a new simula-
tion model for the equilibrium-transport in the helical confinement systems is developed
including the effect of the change in the plasma equilibrium and the magnetic siructure on
the neoclassical iransport. However, without knowing the radial dependences of anomalous
transport coefficients, it is impossible to predict whether the effect of this ripple transport is
predominant or not, compared with ancmalous transport. A new model for empirical “local”
thermal conductivities is proposed to forecast the future experiments in LHD (major radius
R ~4m, magnetic field B ~4T, plasma minor radius a, ~ 0.6m).

In Section 2, the neoclassical model of transport coefficients is described. In Section
3, the anomalous transport models based on the drift wave turbulences and also empirical
thermal diffusivities are presented in detail. In Section 4, the validity of these anomalous
thermal diffusivities is checked using CHS experimental data. A one-dimensional transport
simulation modeling coupled with 3-dimensional plasma equilibrium and its simulation re-

sults for LHD plasmas are given in Section 5. Lastly, Section 6 summarizes our conclusions.



2. NEOCLASSICAL MODELS OF THERMAL CONDUCTIVITIES

The neoclassical transport losses in helical plasma configurations are divided into axi-
symmetric(SYM) tokamak-like part[11,13] and asymmetric(ASY) helical-ripple part [12,14].
Effects of the radial electric field E, ( = —ed®/0p ) are included in the ripple transport
simulation[15]. Multiple-helicity effects of the magnetic field configuration[16] are taken into
account in the 1/» regime by introducing the form factor ratic of multi-helicity case to the
single helicity case, F,,/F,. Multiple helicity form factor £, is calculated by using “GIOTA”
codef17]. Asymmetric particle and heat fluxes, I 45y, and Q a5y, of species a (electron (a=e)

or ion (a=i)) as a function of flux-averaged radial variable p are given[12] by
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Here, ¢, €1, N, T, Yda, Ve, Wg and wp, are toroidal inverse aspect ratio {s/R), helical ripple
modulation, plasma density, plasma temperature, toroidal drift velocity, thermal velocity,
ExB drift and VB drift frequencies, respectively. The collission frequency 7, is U, = Ve + ve;
with z, = Z s for electrons and 7, = »,; with Z; = 0 for ions. In the above equations, the »
regime transport was modified according to Ref.[14]. The radial electric profile is determined
by the balance between the asymmetric electron and ion loss fluxes,

Lasve(E,) = Tasvi(E,). (8)

The validity of these multi-helicity neoclassical iransport has been examined by using the
DKES code [18].



3. ANOMALOUS MODELS OF THERMAL CONDUCTIVITIES
3.1 Drift Wave Turbulence (DWT) Models

(1) Electrostatic DWT Models

The drift wave turbulence (DWT) models have been successfully applied to simulate
tokamak discharges [19,20]. The electrostatic models related to §ExB/B? turbulent diffusion
with long wavelength ( kip, ~ 1/3; ki being the perpendicular wave length and p, the
ion Lamor radius with the ion sound velocity (7./M;)}"/* ) consist of electron or ion modes;
collisionless or dissipative modes; and cylindrical, toroidal or helical modes. The diffusion
coefficient of circulating electron {CE) mode for collisionless (CCE, v,; < wie) or collisional

(XCE, wier < V) Tegime is given by

Dep = max(Decg, Dxcr) (9)
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where, w,e = £ T./L.eB (L, = n [n' is the characteristic density length) and w,., =
Ushe{¢ / R) are electron diamagentic frequency and electron toroidal transit frequency, respec-
tively.

On the other hand, the torcidally trapped electron {TEt) mode diffusion of collisionless
(CTE, vessr < wi) or dissipative (DTEL, whe < Vejpr < Wier) mode is

Dy e = min(Dgrge, Dpre:) (12)
Derge = filzw—? {13)
ki
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where vepre = weife; is effective toroidal collision frequency. The “Gyro-Reduced Bohm

(GRB)” scaling[21] coincides with this CTE mode by omitting ¢,-dependence:

w*e _
Dgrs = e Derpes; (15)
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In addition to these cylindrical and toroidal electrostatic DWT model, we added he-
lical ripple contributions (e: helical ripple) of the collisionless (CTEh, vfp < w..) and
dissipative (DTEh, w.. < vepsn < win) mode:

Dygn = min(Dergn, Dpres) (186)
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where, the effective helical collision frequency v.;¢, and the electron helical transit frequency
Wyep, are given by
Vepfh = Vez/fh,
M
Weeh = Uthei:

respectively, with helical ripple ¢, helical mode number M and electron thermal velocity
Uahe = (2T fme) 2.
As for ion mode, the ion temperature gradient (IT'G) turbulence is important especially

for flat density profiles:
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We adopt the total anomalous transport coefficients due to electrostatic DWT modes as:

Dane=coeDer + ergeDrpe + crenDren (22)
5 I,
XANe = ;DANe(l + 3Ce£EnifITGth) {23)
5
XAN: = ;(CieDANe + cire Drre) {24)

Z

The coeflicients ccg, ¢rgs, CTER, Ceiy Ge and 76 are usually set to zero or unity in this paper.

(2) Electromagnetic DWT Models

Different from the long-wave-length turbulence, the electromagnetic drift wave has short
wave length of collisionless skin depth c/w,. and gives rise to v6B/B diffusion. The diffusion
coefficient is given for tokamak systems (EMt)[22] and is extended to the helical (EMh) modes
as:

Daxe = comeDiyie + cemaDiamn (25)
C 14
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where electron bounce frequencies, wpe and wyep, are
12t
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This electromagnetic mode in tokamaks is similar to the Ohkawa model[23]
c _
Doikowa = ( )2wtcf = Dpane; ! (30)

.lpe
which has successfully explained the Alcator scalings.

The schematic drawing of the DWT mode transport coefficients is given in FIG.1.

3.2 Empirical, Anomalous Transport Models

In helical systems the transport process is anomalous as in tokamaks, and the empirical
scaling of global confinement time 7z ,,,,(s) for helical systems (so called "LHD scaling”[5]})
is given by

5 ey = 01T fons Py nd? BYH ROToG2, (31)
where, Pyw,nag, Br, B and a,, are total absorbed heating power (MW), average plasma
density (10%° m —3), magnetic field strength (T), major plasma radius (m) and minor plasma
radius (m), respectively. We take into account the confinement improvement by an enhance-
ment factor fe,s. As for local transport coefficient x(g) (m?/s) as a function of flux-averaged
radial variable p, the Heliotron-E scaling[9] near the position of r/a,=2/3 (a,:plasma radius)

was deduced as
xz-£(p) = 30.6B7 " Thev{p) . (32)
On the other hand, the W7-AS semi-local y scaling[10] was derived by using total absorbed
heating power P:
Xwr-as(p) = 0.64Py15 By g (p) 7055 704, (33)
The former x(p)} scaling is only valid in the half-radius region, and both scalings do not
include the major radius dependence which is important to estimate future machine perfor-

marnces.



By using the relation x(p) ~ p*/47£(p), we define a new scaling for semi-local thermal
diffusivity as a combination of n(p)&T(p)-dependent diffusivity x;(p) and n{p)-dependent
diffusivity x2(p) with P-dependent coefficient:

Xemp(£) = XX5 % (34)
xi(p) = 15.8 £, 558 By R0 (r )y Fnao(p)* (35)

and
xa{p) = 147 f L Phiw Br"% R, % P (p) "%, (36)

where, s is an adjusting parameter to fit the experimental data. The radial profile of x;(p)
decreases outward due to temperature dependence, and does not reproduce experimental
profile data. On the other hand, the coefficient x2(p) depends only on the density profile
and increases outward, but still disagrees with the experimental data. The proper s value is
0 5 s 5 0.5 as shown in Section 4. The ECH plasma with the central neoclassical transport
and the outer anomalous property corresponds to s ~ 0.3 — 0.5 . The anomalous transport
in the whole plasma region as NBI plasmas is described by s ~ 0 — 0.2 . This semi-local
coefficient can reproduce experimental profiles.
The another model (local model) is to add the spatial factor g{p) on the local value x;

Xemp(0) = X19(p): (37)

for example,
a(p) o (1+10.0p°7)*°

or
glp) & (1.1 = p*%)71%.

These coefficients are chosen to fit the experimental data.

4. COMPARISONS WITH CHS EXPERIMENTAL DATA

The transport coefficients described in the previous section are compared with typi-
cal experimental data of two ECH plasma discharges and one NBI-heated discharge[8] in
CHS ( Compact Helical System, helical period M =8, major radius R= 1.0 m, magnetic field
B=1.5T ). The experimentally obtained density and temperature profiles of (a) low density
and (b) medinm density ECH discharges are approximated by the following {orms:



(a) low n, ECH case { 0.9T magnetic field, 180kW absorbed heating power)
nef10%em ™) = (4.0 — 0.5)(1 — p%)*(1 + 3.50%) 4 0.5
T.leV] = (900 — 100)(1 — p**)* + 100
TieV] = (100 — 20)(1 — £%) + 20,
(b) medium n, ECH case ( 0.95T magnetic field, 63kW absorbed heating power)
ne[10%em™] = (8.0 — 1.0){1 — p?)*(1 4+ 3.50%) + 1.0
TieV] = (400 — 50)(1 — p*°)° + 50
T[eV] = (80 - 10)(1 — p?) + 10.

The profile of the NBI-heated discharge is given by:
(c) NBI case ( 1.5T, 1.1IMW NBI)

ne{10%cm ™ = (25 — 0.5)(1 - o) (1 + p?) + 0.5

T.[eV] = (450 — 20)(1 — p™*) + 20
TeV] = (200 — 20)(1 — p*) + 20.

All these density profiles are hollow type. The calculated transport coefficients are shown in
FIG.2 and compared with experimental data. The neoclassical values of symmetric (SYM)
and asymmetric transport {ASY) parts are also plotted in this figure. The radial electric
field £, plotted in this figure is obtained from Eq.(8). These calculated radial electric fields
agree with experimental values in the plasma core except near the plasma surface[24] . The
helical-ripple asymmetric transport near the edge might be smaller than this plot because
of the higher electric field than expected. The ripple transport estimated here includes
multiple helicity of the magnetic field componenis, therefore, it is larger than the single
helicity estimation given in Ref.[8]. The radial electric field for low density ECH plasmas
1s positive, and the so-called “electron root” solution is realized. On the other hand, for
NBl-heated higher density plasmas, the electric field becomes negative and the “ion root”
solution is obtained. From FIGs.2(a)-(c), it is apparent that the experimental electron
thermal conductivity near the plasma center is neoclassical for ECH plasmas, while, the
transport of NBI plasmas is anomalous in the whole plasma region. As for anomalous
empirical transport model combined with neoclassical model, the best fitting s value for low
density ECH plasma case (FIG.2(a)) is — 0.4 and the obtained diffusivity is

Xeno(e) = 0.57 25 PIE By B2 T (0) g (0)75, (59)

€



and the optimal s value for NBI-heated plasmas (FIG.2{c)) is 0. and the resultant diffusivity
1s

XemP(p) = 1.47 i P_f?fﬁngi—"D-MR;LO-TSRQO(/))_D‘ag' (39)

enh

As for DWT models , the diffusivity of the collisionless irapped electron mode due to
toroidicity (CTEt) is almost same as that due to helicity (CTEh), and the total CTE mode
combining the ITG mode roughly agrees with the experimental data. However, in the present
CHS parameters CTE modes are stabilized and dissipative (DTE) modes are dominant, since
Vesjt > Wee . LThe electrostatic dissipative DWT transport combined with ITG modes does
not explain the experimental data, different from ATF results[].

The eleciromagnetic mode related with toroidicity (EMt) is close to the experimental
transport coefficient for ECH plasmas. These modes for helical ripple (EMh)adopted here is
too large and is unrealistic. For NBl-heated plasmas, even the EM mode does not fitted to

the experiments near the center.

5. TRANSPORT SIMULATIONS FOR THE LARGE HELICAL DEVICE
5.1 Simulation Model

For the analysis of the LHD transport, a 2.0-dimensional equilibrium-transport code has
been developed in which 3D-equilibrium code VMEC [25] and 1D-transport code HTRANS
are used. The NBI deposition is calculated by the HFREYA code which is a helical modifi-
cation of FREYA code[26]) and the slowing-down calculations is done with a Fokker-Planck
code FIFPC[27]. The neoclassical transports and anomalous transports as described in Sec-

tions 2 and 3 are used. The schematic flow chart of this simulation code is shown in FIG.3.

(1) Equilibrium Analysis

The initial vacuum magnetic surface is calculated by the magnetic tracing code HSD[29]
with carefully arranged multi-filament currents. In this paper, the fixed boundary version of
VMEC code is used, and the FCT and bootstrap currents are not included. These currents
are estimated not enough large to affect the present transport analysis. A full transport
simulation which employs the free boundary VMEC code and includes the current equation
is under progress. The 3-dimensional magnetic field obtained by the finite beta equilibrium
of VMEC is used to evaluate the NBI heat deposition and the multiple-helicity neoclassical
coefficients.



(2) Transport Equations
The one-dimensional particle and energy fluid transport equatious are of the general

form
on, 1 9.,
i -mgg[V (o)Te] + 8. — Tye/ Ly (40)
a3 1 9., 5
gg(gneTe) = V’(p) a_p[v (p)(o..e =+ §Tere)] - FeEr - Paz + PHe - Prad - QEEe/LH (41)
9 3 18 5
EEH;TJ = —Wa_p[v (P)(Q: + §T;I'g)] + 0B + P+ Pai — P — Q/Ly (42)

where, S, denotes the particle source due to the neutral beam fueling and the feedback con-
trolled gas puffing calculated by the Monte-Carlo code AURORA[28]. The variables Py,
and Py; are the input heating power to electrons and ions from the neutral beam calculated
by Fokker-Planck code[27] and/or the RF heating. P., Pr.q and P., are the electron-ion
power exchange, the radiation power loss, and the charge exchange power loss, respectively.
The particle flux I' and heat flux @ are defined by using diffusion coefficient D and thermal
diffusivity x .

on.

T.=Tasve — (Dsyare + Dane) <| Vo > E (43)
, 0T,

Q. = Qasye — (Xsyae + Xane)ne <| Vp [*> 3 (44)
.. OT;

Qi = Qasy: — (xsyai + xani)ni <| Vo [*> 7 (45)

The particle and heat flux to the limiter or divertor is related to the sound velocity C, mul-
tiplied by the coefficients a(= 0.2 ~ 1.0} and (=~ 2.9),

I‘n = neaC‘s (46)
Qi = 2yn.T.aC, (47)
Q= 2n,T,aC, (48)

which determine the plasma edge temperature with the assumption of the wall temperature
( typically ~10 eV ).



5.2 Simulation for LED Plasmas

The LHD magnetic configuration{3 4] is characterized by the £ = 2 heliotron/torsatron
with continuous helical coil system. The major radius is 4m ( finally determined to 3.9 m
) and the magnetic field strength is '4T. The winding law of the helical coil with the major

radius R, and the minor radius a, is

m ..m
g = mg—qﬁ + sm(fqﬁ)
. ma,

*~ IR

where v, and o, are coil pitch parameter and pitch modulation parameter,and # and ¢
are poloidal and toroidal coordinates, respectively. Three sets of poloidal coils are used to
produce various shapings of the plasma cross-section, and three block layers of helical coils
are energized to change v value for the control of the plasma size and the divertor layer. A
schematic cross-section of the LHD machine is depicted in ¥1G.4. Typical simulation resulis
of 20 MW NBI-heated LHD plasmas are shown in FIG.5 for {a)low density and (5)high
density discharges. Anomalous particle inward flows are not included in the simulations.
Then flat or hollow density profiles are obtained. Such hollow density profiles are seen in
many of the existing experiments. For electron thermal transport, the empirical thermal
conductivity overweights the neoclassical value; on the other hand, for ion energy transport
the neoclassical helical-ripple contribution can not be neglected. Typical predictions from
the DWT model with neoclassical transports are presented in Ref. [3]. Because of the flat
density profile, the ion iemperature gradient (ITG) mode is dominant in the ion transport
process of the plasma core, instead of CTE, DTE, CCE and XCE modes.
In order to assess the ripple transport effects, the simulation results without and with
“ripple transport are compared in FIG.6 (a) and (b). Inclusion of the ripple transport loss
leads to the 20 % reduction in the global confinement time. The average temperature is
not different, but the central ion {emperature is decreased 20 %. The central density is
decreased due to the ripple diffusion process. By changing the magnetic configuration from
(b) @, = 0 to {¢) a. = 0.1, the plasma radius defined by the last closed surface is enlarged
from 0.55 cm to 0.60 cm for the case of the inward axis shift of A,,, = — 0.1 m. This
moderate positive pitch modulation of the helical coil reduces the central temperature by
20 % because of high ripple ion loss, but leads to a slight increase in the plasma radius
and hence, a increase in the global confinement. Moreover, the positive ¢, configuration

with higher effective helical ripple provides easier access to the hot ion regime with positive



eleciric field at the low density operation, as shown in FIG.5(a). The higher nT'rz value in
LHD is achieved by adding positive pitch modulation to get larger plasma volume, instead
of negative pitch modulation which is favorable to the neoclassical transport. The final
magnetic configuration for LHD was determined by several physics criteria [3] on beta, high-
energy particle orbit confinement, divertor configuration, plasma transport, and also on
engineering constraints[29].

To reduce the ripple transport and improve the plasma confinement in LED, the inward-
shifting of the plasma column is effective as demonstrated in several recent helical device
experiments. In our simulation,; the reduction of the ripple loss is included as described in
Section 2. The achievable nT'rp is plotied as a function of the magnetic axis shift A,,;,
for several enhancement factor fen, in FIG.7. The neoclassical loss dominant plasma with
fenn = 10 is improved obviously { almost twice nT'rg ) by the inward shift. For f..; = 1 the

fusion product nT'7g increases 50 % by the inward axis shift of 0.2 m.
6. SUMMARY

In order to predict LHD (Large Helical Device) plasmas, a new 3-D{dimensional) equilib-
rium / 1-D transport simulation model for helical confinement systems has been developed.
For the transport processes, we have considered the neoclassical transport theory including
the effect of radial electric field and multi-helicity magnetic components, and the drift wave
turbulence transport for electrostatic and electromagnetic modes, or the anomalous semi-
empirical transport. These electron thermal diffusivities are compared with CHS (Compact
Helical System) experimental data,

Finally, we have come to the following conclusions:

(1) According to the comparison between the CHS experiment and the present model, the
central transport coefficient of the ECH plasma agrees with the neoclassical axi-symmetric
value and the transport outside the half radius is anomalous. On the other hand, the
transport of NBI-heated plasmas is anomalous in the whole plasma region. It is impossible
to explain this anomaly completely by the electrostatic drift wave turbulence models such
as dissipative trapped electron modes for CHS flai-density-profile discharges.

(2) In the LHD simulation, it is clarified that the global confinement time is sensitive
to the electron anomalous transport. The effect of the neoclassical transport on the global
confinement time is around 10 %, however, the central ion temperature can be raised 20
%larger by the reduction of ripple transport. When the anomalous loss can be reduced to
the half level of the present scaling, like so-called “H-mode” of the tokamak discharges, the



neoclassical ripple loss through the ion channel becomes important even in the plasma core.
(3} The reduction of anomalous loss is important in LED and the moderate positive pitch
modulation to increase the plasma radius is effective to improve the global confinement rather
than the sophisticated neoclassical transport optimization.
(4) The radial inward shift of the plasma column is effective for improving ion confine-
ment and raising the central ion temperature, by reducing this neoclassical asymmetric ion

transport loss as well as increasing the plasma radius.
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FIGURE CAPTIONS

FIG.1

FIG.2

FI1G.3

FIG4

FIG.S

Schematic drawing of transport coefficients for drift wave turbulence model. The col-
lisionless or collisional circulating electron mode { CCE or XCE ), the collisionless or
dissipative trapped electron mode due to toroidicity ( CTEt or DTEL), the collision-
less or dissipative trapped electron mode due to helicity { CTEh or DTEh), the ion
temperature mode (ITG) and the electromagnetic mode (EM) are shown as a function
of the collision frequency v,,.

Comparisons of modeled thermal conductivities with CHS experimental data[8].

Top figures of density profile n. and temperature profiles 7,,7T;: are obtained from
experimental data, and the radial electric field profiles E, in the second figure are
calculated using the ripple transport model. The experimental diffusivity ( CHS Exp. )
is compared with semi-empirical model combined with neoclassical transport( emp+NC
} with several s value in the lower figure. The drift wave models are also compared in

the lowest figures.

(a) low density ECH case

(b) medium density ECH case
(c) NBl-heated case

Flow chart of equilibrium-transport simulation analysis.

The 3-D equilibrium VMEC code is coupled in the FCT manner to the 1-D transport
code HTRANS including neoclassical ripple transport GIOTA and various NBI heating

codes.

LHD machine configuration and plasma equilibrium.
Helical pitch M= 10,

Major raidus R= 4.0 m,

Toroidal field B= 4.0 T.

Transport simulations of LHD plasmas in 20 MW NBI heating case.
(a) Low density case with positive electric field (Electron Root),
(average electron density: 3.0 x 161¥m~2)

(b) High density case with negative electric field (Ion Root).

(

average electron density: 1.0 x 10*m~3)



FIG.6 Effects of the helical ripple transport and the magnetic configuration.
(a) Without helical rippie diffusion

Empirical anomalous model with symmetric neoclassical transport is taken into ac-

count,

(b) Standard configuration case { @, = 0.0 ) with empirical anomalous loss and neo-

classical total loss

{c) Positive helical pitch modulation { @, = 0.1 ) with empirical anomalous loss and

neoclassical total loss

FIG.T Effects of the radial inward shift A,,;, and the confinement enhancement factor fun;

on the central valve of the fusion product n(0)7(0)7g.
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