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Abstract

Theoretical model of the znomalous transport in Torsatron/
Heliotron plasmas is developed, based on the current-diffusive
interchange instability which 1s destabilized due to the averaged
magnetic hill near edge. Analytic formula of transport
coefficient is derived. This model explains the high edge
transport, the power degradation and eanergy confinement scaling

law and the enhanced heat-pulse thermal conduction.
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1. Introduction

Much work has recently been done on the plasma transport
across the magnetic surface in toroidal plasmas. This is the
case for stellarators with the shear and magnetic hill such as
Torsatron/Heliotron devicesl'3). This plasma, in which the
pressure gradient rather than the toroidal current plays the
dominant role in instabilities, may yield a knowledge on anoma-
lous fransport complementary to tokamaks. Experiments have shown
that (I)the energy confinement time T degrades with power4_7).
By the comparison within different devices, a scaling law of T
has been proposed5), Detailed studies have shown that (II) the
effective thermal conductivity Io,¢¢ lucreases with temperature
for given minor radius, rg), (III) the profile of Xopp for a
given heating power, however, is an increasing function of r7’8),
and a simple form like LIPS Te£'5/82 is not valid. 1t is also
known that (IV) the thermal transport coefficient that is deter-
nined by the heat pulse propagation, iyp. 1s larger than xeffg),
These results have similarities and differences with tokamaks,
and the explanation of these will provide a key to understand the
anomalous transport in toroidal plasmas.

The interchange node!0) has been thought to be 2 candidate to
explain the anomalous transport in Torsatron/Heliotron. This
mode can be destabilized, for instance in the presence of finite
resistivity, %. Much efforts has been done on the anomalous
transport driven by the registive inlcerchange modell'l4). Theo-

retical method is either mixing length modellS), scale 1nvariance

methodlﬁ) or one/two point renormalization techniquel7). The




different methods have given the same result on X ¢ from the
physics point of view (the difference appezrsonly for a numerical
constant)lB). In spite of these intensive studies, the anomalous
transport, characterized by (I)-(IV), remains unexplained.

¥e have recently investigated the effects of transport
coefficients on the imterchange ianstability. such as thermal
diffusivity, 1, viscosity, v, and especially, the current diffu-
sivity, 119)_ The important role of the current diffusivity was
found; Below the critical beta value against global MHD mode, the
nicroscopic interchange mode is destabilized through current-
diffusivity., not by the resistivity.

In this article we derive the anomalous transport coefficient
based on the microscopic current-diffusive interchange mode
(abbreviated by ~x-mode’ ). We found xeffm(dB/dp)3/2682vA/R (8:
ratic of plasma pressure fo magnetic pressure, p: normalized
pinor radius r/a, a:plasma minor radius, &g: collisionless skin
depth, v,: Alfven velocity. R:major radius). This result is

consistent with the experimental knowledge (I)-CIV).

e use a model equation based on the reduced set of equa-

20). The cylindrica! model [coordinates

tions for stellarators
(r,B,2z)] is employed in order to look for the analytical insight.
We also consider the case of zero equilibrium current. The model
equations consist of the Ohm s law, eguation of motion and the
energy balance equation, as is explicitly given in Refs. [19,211].

(The term AV25 is added to the Ohm’ s law as E+va=nijV2j_) e

use the picture of the mean field theory; we anmalyze the growth



rate and mode structure of the A-mode by keeping %, w, i, 7. The
instability driven transport coefficient (derived by the mixing
length theory) is egqual to the one which is used fof stability
analysis.

¥e solve the eigen value equation by the Fourier transform.
The parallel derivative is approximated by Ky = kgsx (kg=m/py,
Xx=p-py, n poloidal mode number, py« rational surface, s=91;’(plL
Z: rotational transform), since we study the microscopic mode
which 1s localized to the rational surface. The variable is
changed from x to k as u(x) = explvttim6-inz/R] Su(k)exp(ikx)dk,
where u is the perturbing stream function., T is the growth rate,
and n is the toroidal mode number. Eliminating the current and
pressure perturbations from set equations, and assuming the
electrostatic perturbation, we have the ecigenvalue equation for T

in the k space aslg)

2
e b2 Po¥e 2k y
5 -, T Jf_—_—z'—u - {rkSruk e = 0, (1)
L® a8k mtak] ak T+k -7

where kE = ksz P k2, 1/L - kgs, Dy - "BOQ'peq’/ﬁsz, peq=p0(p)/p0(0)
(po being the equilibrium pressure)}, £=a/KR and Q' 1is approxi-
mately given as Q'=£2(N/ﬂ3972(1p4)'. (N is the toroidal pitch
nunber and & is the multiporarity.) The term DO denotes the

drive by the pressure gradient with the bad curvature. The
transport coefficients are normalized as % = xrAp/a2, 7 o= nrAp/
yoaz, U o= UTAp/aZ, A =ArAp/p0a4, and the time is normalized as 7=

TrAp’ where Tap = RJuOmini/Bo, n; s the 1on density, m; 18 the



ion mass and BO is the eguilibrium magnetic field.
Equation (1) is solved by Rayleigh-Ritz method. Writing
Eg. {1} as fu=0, and the functional A u] is defined as A ul=

b

g:iudk/juz dk. Test function of u:exp(fagkg/Z) is enployed,

ﬁ;ﬁatioﬁ; HMul=0 and aMul/8w=0 determines the growth rate T and
oo. The value o is the typical radial exteni of the mode. Apart
from a numerical coefficient of order unity, the transport coef-

ficient 2 1s given asl5)

X o= T ot (2)
The Rayleigh quotieat A is obtained as
BR=-s23 1o (y2-2y3exp(v®)Brtc(y)) - 20k rexo(2?)Erc()
Tk 2 (1+1/72y2) TR L+ /y2e8 /4y (3)

where y=a2k92, £=a2(?/i+k62), and Erfc(y)=/g:xp(—v2)dv,
[Resistivity contribution is small if 5<Xk92_ This condition is
satisfied, as shown a posteriori, and » is neglected. i In order to
obtain the physics insight, we obtain the analytic expression.
Ir the following, we assume that x=y, since the electrostatic ExB
transport is studied. (It is straighiforward to study the
general case of arbitrary ratio of %/u, but this does not change
the result qualitatively. )

In the large ok Iimit, Lhe asymptolic limit of the fumction

Erfc is used. Taking the leading term in aky (note X=U=To®), the



eigenvalue equation Aul=a8H ulAa=0 gives the growth rate and the
radial extent « of the fast interchange modelZ’ as ?;/55/(ak9)2
and a2=/i(?+23k92)/s. For the small aky limit, the Tayler
expansion of Ris used. The first order term is written asT~
Qﬁ/@mke/ﬁb. From these results, the largest growth rate is given
for the poloidal wmode number satisfying kgovl.,  For such mode, we

have the stimate

?'—“/ng (4'1)
ol = s 1/33/Dy. (4-2)

Substituting Eq.(4) into Eq.(2), we have

3

A
1=— —0,%/? (5)
2_
s X

Ye use the relation23) i/im(ﬁs/a)z_ Noting the normalization,

the explicit form of x is finally given as,

x = F(p) (da/dp)3/25 %y, R ! (6-1)

where F(p) is the geometry-dependent numerical coefficient

3(N 1 d . 1 8/2
F(p) = _é — ‘a —(zp )} ) (8-2)
s*L 24 p? dp



The ratio between the relative amplitudes of density aad
potential fluctuations, n/n and e&/T. can be derived from Eq. (4).
Since the convective change dominates in n., we have the relation
n/n=(w,/T)ed/T, where o, is the drift frequency, Tkgr/eB (k=
|Vo/n| and we assume that Te=Ti)' Using the condition kga=l and

the expressions for 7T and & we have
A/n = [3.1sDy LR 8(2)1 e¥/T. (1)

This result gives that the density fluctuation is usually smaller
than the potential fluctuation.

¥Fe study what is predicied from this model, comparing to the
experimental results (I)-(IV).

Firstly. the dimensional dependence of % 1is such that [2]e
[TJI'S/RB2 and is independent of that of demsity. Equation(6)
predicts x of the experimental range (see Fig.1). Second, the
peint model analysis gives the energy transport scaling law as

2y - 40250 8,0.8,2p-0. Bpy0. 4 (8)

where A is the ion mass ratio, P is the heating power and <F> is

the average of F near the boundary24).

The weak but positive
dependence on the mass ratio is obtaiped. ¥e also find that the
improverent of the confinement by increasing the shear (s™2 term
in F) is almost offset by the increment of Lhe magnetic hili

({N(p4;)’}3/29—3 term in F). This resull explains the fact that,

from the comparison beiween different devices, Tp Seems f0 weakly



depend on the rotational transform/ shear. <F>0 % weakly depnds
on geometrical parameters., The predicted indices to B, n, a, R,
and P, as 2z whole. agrees to the scaling 1aw5).

Third, the formula % includes the radial dependence (8'/n)8/2,
not TS/Z, and predicts a 1afge transport near edge. Since the
pressure gradient is substantial near the edge (even though the
pressure 1tself must be small) and n(r}/n{0) is decreasing
towards the edge, the anomalous transport can be large near edge.
With this radial dependence and that of F(p). % is larger near
the edge. as is shown in Fig.!1,

Forth, the heat pulse propagation time is faster than Tg.

For simplicity, we assume that |VT/T|>>|Ve/n] in the region where
heat pulse propagation is studied. Writing the heat flux q=q0+§’
and ¥T= VTO+ V%j we have 322_51€ff f?, where X,pr 1s the ratio
between g, and [VIg| (i.e.. % in this article). From this
relation, we see that the heat transport coefficient, which is

derived from the heat pulse propagation, Xip satisfies the

relation
X.HP =2.5 xeff' (9)

Fifth, the relative perturbation of density is smpaller than
that of the potential. ¥We have DOmGUkpaﬁ(G) and s~4 for Helio-
tron-E plassa®), which gives F/nn [2(x/k,)%8(a)/8(0)1ed/T (k-
|Ve/p|). This number is order of onc tenth. Flucluation meas-
urements in high power heating experiments have shown that n/n is

smaller than e¢/T26’27), confirming our model. This relation



also suggests that (ﬁ?n)/(e%?T) increases as the pressure
profile becomes broader.

These results are consistent with experiments including (I)-

(IV).

In summary, we have developed a new model for the anomalous
transport in the toroidal helical plasma with magonetic hill and
magnetic shear and presented an analytic formula. The micro-
scopic current-diffusive interchange node (A-mode) is analyzed by
keeping the transport coefficients x, v, and A. Mixing length
estimate 1s used to derive the transpori coefficient from the
node growth rate and structure. The mean filed theory is employ-
ed so that the obtained transport coefficient is eqguated with the
given value of 2. By this theoretical analysis we derived the
formula of the anomalous transport coefficient., The mode anraly-
sis gives that the nornalized density pertiurbation is usually
spaller than the normalized potential fluctuation. The compari-
son with experimental result shows that the derived formula
recovers the scaling law, radial shape of % and difference
between xyp and ¥, ;s and that the relation between the amplitudes
of the density and potential perturbations is also reproduced.
This formula alsc explains the weak effects of ion mass and
magnetic shear/rotational transform on 7.

We would like to note that Eg.(6) is derived aparf{ from a
numerical cocefficient of the order of unitly. The previous analy-
ses 0n resistive interchange mode by i{wo poinl renormalization

method Rave shown the factor 5 enhancemeni over ihe mixing length



estimatell’13). Equation (6) will be changed by a factor like
that, but the physical dependences of x is not altered,

In this work the importance of the currewnt diffusivity is
shown. The resistivity is negligible if ﬁ(Ikez holds. This
condition is rewritten by using the result of « (zi/ke) as x/m
(a/&s)zﬁs_z/ﬁa,_which is usually satisfied for experimental
plasmas for which transport analysis is made,

We compare Eq.(6) to the formula derived by Ohkawa for

28)

magnetic turbulence Compared to the Ohkawa formula, %~

582Ve/R, Eq.(6) has an additional dependence con g8 In our

model, the current diffusion is proportional to 532, so that the

2

similar dependence on b is obtained, though the perturbation is

assumed to be electrostatic
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Figure Capiion

Fig.1

Example of the predicticn of Eg.(6) in the model of

Heliotron B (£(e)=zy+1.62 %, e=0.1. B=2T, T(0)=500eV,
0(0)=5x101%"3).

p2 and n(p)/n(0) =C1+4-02)1/2 (p-0. 05).

Profiles are chosen such that peq(p)=1+ﬂ—

Thick dashed line

indicates 4-times of the formuia (6). Shaded region shows

the range of experimental data. which i1s quoted from

Ref. [18,257.
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