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FOREWORD

Considerable progress towards demonstrating the feasibility of controlled
fusion as well as economically favourable fusion reactor characteristics was
reported at the Ninth IAEA Conference on Plasma Physics and Controlled
Nuclear Fusion Research. This progress extends to all approaches to controlled
fusion and fusion technology.

The Conference was organized by the Agency in co-operation with the
United States Department of Energy, with the assistance of the Princeton Plasma
Physics Laboratory. It took place on 1-8 September, 1982, in Baltimore,
Maryland, USA, and was attended by 488 participants and 145 observers from
31 countries and five international organizations. One hundred and forty-seven
papers were presented at the technical sessions, including two poster sessions.
They included contributions on theory, open and closed magnetic confinement
systems, inertial confinement systems, and related technology. The traditional
Artsimovich Memorial Lecture was given at the beginning of the Conference.

These Proceedings, which include all the technical papers and four con-
ference summaries, are published in English as a supplement to the IAEA journal,
Nuclear Fusion.

The Agency promotes close international co-operation among plasma and
fusion physicists and engineers of all countries by organizing these periodic
conferences on controlled nuclear fusion and by holding seminars, workshops
and specialists' meetings on appropriate topics. It is hoped that the present
publication, as part of these activities, will contribute to the rapid demonstra-
tion of fusion power as one of the world's future energy resources.
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GLOBAL KINK AND BALLOONING MODES
IN HIGH-BETA SYSTEMS
AND STABILITY OF TOROIDAL DRIFT MODES

R.M.O. GALVAO*, J.P. GOEDBLOED, J. REM,
P.H. SAKANAKA+, T.J. SCHEP, M. VENEMA
FOM-Instituut voor Plasmafysica "Rijnhuizen",
Nieuwegein/Jutphaas,
Netherlands

Abstract

GLOBAL KINK AND BALLOONING MODES IN HIGH-BETA SYSTEMS AND STABILITY
OF TOROIDAL DRIFT MODES.

A numerical code (HBT) has been developed which solves for the equilibrium, global
stability and high-n stability of plasmas with arbitrary cross-section. Various plasmas are
analysed for their stability to these modes in the high-beta limit. Screw-pinch equilibria
are stable to high-n ballooning modes up to betas of 18%. The eigenmode equation for drift
waves is analysed numerically. The toroidal branch is shown to be destabilized by the non-
adiabatic response of trapped and circulating particles.

I. Introduction

A new numerical approach is described for the solution of equi-
librium and stability problems in toroidal confinement systems with
arbitrary plasma cross-section. The code (HBT) (Section II) solves
for the equilibrium and high-n ballooning stability for the exact
case and for the high-g tokamak ordered case. In the latter case,
moreover, the plasma is analyzed for its global stability (low
toroidal mode numbers). Results for global kink and high-n ballooning
modes for various high-$ plasmas (Section III) show that the stabi-
lity limit on the poloidal beta for these two types of mode are in
close correspondence. The concept of cr-stability is found to be
useful in identifying the modes. A set of screw-pinch and tokamak
equilibria are analyzed for high-n ballooning modes (Section IV).
Although, at high beta, magnetic surfaces near the magnetic axis are
quite elongated, symmetric ballooning modes determine the stability
boundaries. The toroidal branch of the drift eigenmode becomes un-
stable when the collisionless response of trapped and circulating

* Laboratoiiode EstudosAvancados, Centro Tecnico Aerospacial, Sao Jose dos Campos,
Sao Paulo, Brazil.

^ Instituto de Fisica "Gleb Wataghin", Universidade Estadual de Campinas, Campinas,
Sao Paulo, Brazil.
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particles is taken into account (Section V). Analytical expressions
have been used that yield accurate approximations to these responses
for all values of the pitch-angle.

II. Program HBT

A new numerical program, called HBT, has been developed for
the investigation of magnetohydrodynamic equilibrium, stability
and spectral properties of toroidal axisymmetrie confinement sys-
tems. The present program is a generalization of the approach
started in Ref. 1 to arbitrary plasma cross-sections and exact
equilibria, preserving the idea that the high-g tokamak ordering
gives most of the global features of the solution.

In Ref. 1 the two-dimensionality of the equilibrium was exclu-
sively associated with the shift $ of the magnetic axis. Hence, a
simple Moebius transformation z(w) = (<5+w)/O+6w) was all that was
required to map the plasma region onto a circular disk |w|<_l in
the w-plane with the image of the magnetic axis at the centre. For
arbitrary cross-sections one needs to consider more general con-
formal mappings, which can only be obtained by numerical means.
A very powerful and simple method to do this is based on Hilbert
transforms for periodic functions [2] . The application to diffuse
equilibria is described in Ref. 3, which also contains an intro-
duction to the method of fast Hilbert transformations and a
review of the results of the free-boundary skin-current model.

In the program HBT the cross-section of the plasma region
bounded by an arbitrary curve r=f(G) in the z-plane is mapped by
a numerically constructed conformal mapping z(w) onto the circular
disk s=|w|_<] in the w-plane with the image of the magnetic axis
at the centre. This mapping generates the polar coordinates s,t
that are used throughout the calculation. Thus, as opposed to
ERATO, PEST and the codes that are based on the method of moments
[4] or inverse coordinates [5], the problem of generating coordi-
nates is treated here as a purely geometric one that is addressed
before the actual problem of solving the equilibrium equations is
started. [A comparison of the code EMEQ, which exploits the method
of moments, and HBT is given in Ref. 6.1

Plasma cross-sections of the following form have been studied:

x = cos (X + c sin X + d sin 2X) , y = (b/a) sin X ( 1)

where X is an auxiliary angle. This gives circles (b/a=l, c=d=O),
ellipses (b/a/1, c=d=0), D-shapes (c^O, d=0), racetracks (c=O,d^O),
and combinations of these. In Fig. 1 th.e s,t coordinate grids are
shown for 6=0.3 and six representative shapes. Notice that the
numerical procedure demands that the position (x=6, y=0) of the
magnetic axis in the physical z-plane is given beforehand and that
the associated equilibrium value eg_ is calculated from it, rather
than the other way around.
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Fig. 1: s , t grids of the conformal
mapping for 6=0.3.

a. c i r c l e , b . ' t r i ang le ' (c=0.3, d=0),
c ' square ' (c=0, d=-0.3); a l l b/a=l .
d. e l l ipse , e. D-shape (c=0.3,d=0),
f. racetrack (c=0, d - -0 .3 ) ; a l l b/a=1.5.

Fig. 2: Equilibrium solutions for the
cross-sections of Fig. 1.

e=0.25,q*=2.0,Y(f)=Tr(1') = l -V.

The equilibria are obtained by solving the Grad-Shafranov
equation in s,t coordinates. Since there is a large freedom in the
choice of parameters and profiles, let us here propose a way of
uniquely enumerating this freedom. Define a dimensionless flux
4*= $/<!>],where $ is the physical poloidal flux which has the value
$1 at the plasma boundary. The magnitude of $j is a free parameter,
represented by the dimensionless parameter a = a2B /$i,which pro-
vides the scaling discussed in Ref. 7. Next, introduce dimension-
less profiles:

(2)
)

where e=a/Ro, R is the distance of the axis of symmetry to the centre
(0,0) of the plasma, BQ is the vacuum magnetic field at (0,0), and

and HCf) are normalized profile functions; the amplitudes A
and B have become eigenvalues of the Grad-Shafranov equation by
our way of formulating the problem. Separating the boundary values
Fj and IIj (which are usually set equal to zero, corresponding to
a vanishing current density and pressure gradient at the plasma
boundary), i.e. writing

(3)= r + d -r1)Y(4') = n, + (I -
the freedom in the choice of profiles is now reflected in the
arbitrariness of the unit profiles y W and TrCf) which have the
properties Y(0)=TT(0) = 1 , y( 1 )=TT( I )=0. The following choice has
been made:
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^ 3 * (4)

which provides a bewildering variety of profiles.
The Grad-Shafranov equation, written in dimensionless form is:

( r () Bx(l + V2ex)n(¥)] (5)
xx yy x *•

where Y=0 at the magnetic axis and ¥=1 at the plasma boundary
(given by Eq. (1)). The only free parameters that occur here are 6
and £. The profiles are fixed by choosing y W a n d TTCO and the
constants Fj and ITj.

For the definitions of B and < 6 > , the poloidal and average
beta, we adopt the conventions of the INTOR study group and for
the definition of q* [8] we retain our own convention, which is
related through a simple factor to the variable qj- used by the
INTOR study group, i.e.

<3> = 2u <p>/B2 , 8 = 87rS<p>/u I2

o o p o p ( 6 )

q* = 2Tra2eB /y R I [ = 2e(b2/a2 + 1 )~l - q j
o o o p I

where < > refers to averaging over the area S enclosed by the plasma
boundary curve r=f(6) given by Eq. (1). and e is the factor of
elongation of this curve as compared to a circle: e = ̂ d£/27ra.
From the solution ^(x.y) of Eq. (5) we obtain the values of E B ,
< £ > = (a2/£)« < B > , and q*=q*/ct, so that the following scaling5

law is associated with the definitions (6):

eB = n ' <B>q*2 = n • E"1 <3>q*2 (7)

where ri = S/ira e is a geometric factor. It is a property of the
high-8 tokamak ordering (e=0 in Eq. (5)) that equilibrium solutions
do not depend on q* or e so that eB (or 6) is the only parameter
that determines the equilibrium solution. For the exact case (e^O
in Eq. (5)) both e and q* enter the description.

Figure 2 shows the equilibrium solution in the cross-sections
of Fig. 1 with the parameters e=0.25, q*=2.0, and V = V =1, a Y=a7r= - 1 ,
while the remaining profile parameters are set equal to zero.
Clearly, the s,t grid of the conformal mapping shown inFig. 1 pro-
vides an excellent first approximation to the equilibrium solution.
For the cases shown it takes less than 10 iterations to reach the
prescribed accuracy of 10 for the mean square error of the flux
function (using 50 radial and 64 angular points).

Since results with HBT on the stability with arbitrary cross-
sections have not yet been sufficiently tested, in the next sec-
tion the analysis of the local and global modes for high-g toka-
maks is restricted to plasmas with a circular cross-section.
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nq" »- nq

Fig. 3: Influence of a-stability and a
wall on the stability of a high-

8 tokamak plasma with a circular cross-
section, Y('J')=TT(V) = l-1f.
Dotted lines: a2=0.0, drawn lines: a2=0.01,
dashed lines: O2=0. 1.

•nq"

III. Global Kink and Ballooning Modes in High-g Tokamaks

From the scaling law (7) it is evident that the high-g toka-
mak ordering provides the most simple description of parameters
possible: eg is determined by equilibrium requirements so that
the maximum value of < g > is obtained from the minimum value of
q* compatible with, stability requirements. Therefore, stability
results are presented in an eg ,nq* diagram, where n is the
toroidal mode number.

In the HBT code the a-stability concept [9] has been imple-
mented by investigating the lowest eigenvalues of the modified
energy functional Wcr=W+a2I, where W is considered as a quadratic
functional of nq*: W=W]+nq*W2+ (nq*)2 W-j. The matrices Wj , W2 , W 3

are stored, so that a-stability boundaries may be determined by
varying nq*. In this manner contours are obtained that mark the
boundaries of the unstable regions for different values of a.

A typical sequence of stability diagrams is shown in Fig. 3
for a plasma surrounded by a wall at s=s

waii Owi=s
Wall-''

 u n s t abl e

regions for a2- - ( pa2q*2/B2e2)u2=0.0] are shaded. When the
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wall is far away (Fig. 3a) a large part of the parameter space is
unstable, but quite different modes play a role. Moving the wall
inward the stabilizing effect manifests itself in the appearance
of a stable region at nq*=Q. This region merges with the stable
window above nq*=1 when the wall is moved further inward (Fig.
3b), At this moment three different types of modes remain, viz.
axisymmetric modes at nq*=0, m=l external kink modes at nq*< 1.0,
and internal global ballooning modes for e|3p>0.1. The latter
two modes still give an overlapping instability region under the
usual definition of stability but they are separated by the use of
the a-stability concept. Finally, with the wall at the plasma (Fig.
3c) only the axisymmetric mode and the global ballooning mode remain.

For low-n glohal internal modes and high-n local ballooning
modes the O"=0 stability boundaries have been determined for a num-
ber of equilibrium configurations characteristic of high-(3 tokamaks.
The equilibrium profiles have been taken as F(4'l=(J-V) Y and II(T) =
(]-¥) 7T. The parameters V and V have been varied from 1 to 4 and 6
from Q to 0.6, in order to determine the stability boundaries. The
values of eg , < g > , and the overall shear of magnetic field q^/%,
increase monotonically with 8. For configurations with small values
of e8_ (6<0.2) the profiles with v < 2 have a low shear while the
profiles with Vy>2 have a high shear. As 6 approaches the equilib-
rium limit the equilibria considered tend to high-shear configura-
tions for any value of Vy.

Fig. 4: Marginal stability for a high-
8 tokamak plasma with a cir-

cular cross-section,
n00 = 0 -Y) 3.

Let us compare two typical stability diagrams for the pro-
files Vy=v7r=l (Fig. 3c, where we now consider the a=0 stability
boundary) and V =1, v.^3 (Fig. 4). There is good agreement between
the stability boundary found for low-n global modes and the lower
stability boundary found for high-n ballooning modes (indicated by
the arrow in Figs 3c and 4). The maximum value of eg is found to
be somewhat higher for high-n than for low-n modes. For fixed V ,
the discrepancy between the stability boundaries for the two types
of modes decreases as V^ increases. This indicates that unstable
modes in configurations with a narrow pressure profile are local-
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ized ballooning modes while the unstable modes in configurations
with broad pressure profiles are global internal modes. For very
high shear, however, the localized ballooning modes eventually be-
come more unstable than the global internal modes. Thus, configura-
tions with Vw=4 are completely stable for low-n modes with q*.<4,
whereas they are unstable to ballooning modes for £8 >1.49, 1.25
or 1.19, for V7r=l, 2, or 3, respectively. These configurations
have a high shear (q./qo>20).

•Xy.y.

I1
. 12

15 40 60

Fig. 5: Ballooning s t a b i l i t y diagram.
a) Vy=vlr=l (corresponding to Fig. 3c);
b) Vy=l, V1I=3 (corresponding to Fig. 4) .

The high-n ballooning stability for the profiles just intro-
duced is shown in an s,G diagram (Figs 5a, 5b). The shear parameter
is defined as s = 2¥(dq'/dvf)/q' and the pressure gradient parameter
is defined as G=-4q* /FdP/dV. The unstable region is shaded
and the configurations obtained by varying the value of 6 are
labelled with different values of e8p. The unstable region for the
V=vTT=l sequence broadens as 6 increases and a second stability
region is not reached before the equilibrium limit sets in. On the
other hand, the unstable region for the Vy=l, V1T=3 sequence is closed;
the equilibrium with e6 =1.6 is completely ballooning stable. The
value of e3 for which the unstable region closes decreases as the
value of ^increases. For \>y=l, this value is 3.08 for ^ = 2 , 1.6
for vTr=3, 0.97 for VTT=4, and 0.64 for v =5.

IV. Ballooning Modes in Screw-Pinches and Tokamaks

It is difficult to create high-g equilibrium configurations
that are stable to both high-n ballooning modes and global kink
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modes [10] . Since external kink modes can be stabilized by sur-
rounding the plasma by force-free currents [8], the stability of
a screw-pinch has been investigated to high-n ballooning modes
and the results compared with those of a set of quasi-flux-
conserving tokamak equilibria.

The plasmas considered have circular cross-sections with e=0.3.
The equilibrium profiles (see for details Ref. 11) have been chosen
somewhat different from those of Eq. 4, viz.:

rCP) = (l-MO^ +A{(]-Y)VY - (l-*)^} , H(¥) = (1-T) % (8)

The parameters have been chosen as follows. For the tokamak and
the screw-pinch we take v1T=0.5, i.e. a broad pressure profile. A
smooth almost parabolic q-profile at low 8, and the requirement
that high betas should be attainable, led to the choice V =0.7. For
the series of quasi-flux-conserving equilibria we choose X and q*
so that the values of q at the magnetic axis and at the plasma
surface are kept fixed (q = 1.2 and qj=2.5) while 6 is varied. For
the set of screw-pinch equilibria, a parameter related to X and q*
is held fixed and q. is taken to be unity [ll]. The profiles of
the toroidal current and q of two tokamak and two screw-pinch equi-
libria are shown in Fig. 6.

-1 0 + 1

Fig. 6: Radial profiles of the safety factor q and the normalized toroidal current
J inthew-plane for two tokamak equilibria (Left), tok 1 ( ) and

tok k ( ), and two screw-pinch equilibria (right) , sp I ( ) and sp 4 ( ).

The stability results are presented in s,G diagrams in Figs 7
and 8. The tokamak equilibria reach the second region of stability
only when ^ is taken to be larger than unity [i2]; results for
q =1.2 are shown in Fig. 7. The equilibria enter the unstable region
when < B > is larger than 1.96% (i.e. 6^0.17) and reach tne
second stable region when < B > is larger than 6.94% (i.e. 6^.0.416).
Flux conservation holds over a large part of the plasma but is vio-
lated near the wall as is evident from the change in the q-profile.
There the shear decreases when <£>increases, resulting in the loop
in the s,G diagram for tok 4. This equilibrium does not cross the
unstable region, even though the point corresponding to the wall
must have G=0 and s positive.
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rtok 4
- 1

Si ballooning W^
JS unstable SK̂

s p l s p
s p

Fig. 7: Ballooning stability for toka-
mak equilibria with qo=1.2 and

q,=2.5; tok 1, 6=0.166, <B>=1.62%;
tok 2, 6=0.307,<6>=4.05%; tok 3; 6=0.39,
<6>=5.6%; tok 4, 6=0.468, <B>=7. 1%.
Tok I and tok 4 are completely stable.

Fig. 8: Ballooning stability for screw-
pinch equilibria with q,=I.O;

sp I, 6=0. 15,<8> = I.91Z; sp 2, 6=0.25,
<B>=4. 12%; sp 3, 6=0.35, <6>=8. 12%;
sp 4, 6=0.45, < 6 > = 18.44%. Sketched un-
stable region belongs to sp4.

The screw-pinch equilibria lie mainly in the fourth quadrant of
the s,G diagram because the q-profile is decreasing over a large
part of the radius. Since q0 decreases when 6 increases and the
behaviour of q near the wall does not vary much from one equilibrium
to the next, at the centre the shear changes sign so that the equi-
librium becomes tokamak-like there. The four equilibria are all
ballooning stable. Only sp 4 comes close to the stability boundary.
For a larger value of 6 (<5>0.45) the flux surfaces in the tokamak-
like region, where s is positive, become unstable. The surfaces
near the magnetic axis become Mercier unstable, since qo is close
to unity, and the more outward ones become ballooning unstable. For
sp 4 these surfaces are just at the boundary of the unstable region:
when 6 increases qo decreases and thus the sketched unstable region
moves to smaller values of s [12] .

Special attention has been paid to the occurrence of asymmetric
ballooning modes. The shift of the magnetic axis for the considered
equilibria is so large that flux surfaces near the magnetic axis
are far from circular. The elongation of the flux surfaces there is
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close to 1.5 both for sp 4 and tok 4. The equilibria tok 3 and tok4
were analyzed for such modes in and near the unstable region. Here,
the symmetric ballooning modes are found to have the largest growth
rate. Screw-pinches beyond sp 4 show a different behaviour. The sur-
faces farthest from the magnetic axis are unstable to symmetric
modes, while,near the axis, flux surfaces are found where asymmetric
modes have the highest growth rate. Nevertheless, the overall sta-
bility boundary is formed by Mercier modes or symmetric ballooning
modes.

V. Unstable Drift Eigenmodes

In a plane slab geometry, universal drift modes see an effec-
tive potential that has an anti-well structure due to magnetic
shear. The corresponding convection of energy away from the region
where the parallel wave number is small causes these modes to be
damped. When toroidal effects are taken into account, in particular
ion curvature drifts, the character of the potential is changed and
local wells appear [13,14] . If the toroidicity is strong enough,
i.e. if the ratio of the density scale length to the radius of cur-
vature exceeds a critical value, such wells give rise to quasi-
bounded eigenmodes which are quasi-marginally stable [14] . This
branch of eigenmodes exists only in the toroidal case and has no
counterpart in a slab geometry. By taking into account inverse
Landau damping inthe plane slab form [15], or the inverse damping
of circulating particles alone [16], this branch becomes unstable.

In the present work the collisionless responses of trapped and
circulating electrons are fully retained and their effect on the
stability of the toroidal branch of the drift eigenmodes is inves-
tigated. We have found that the collisionless dissipation leads to
positive growth rates, and to an increase in the real part of the
frequency. The real and imaginary parts of the frequency slowly
decrease with increasing ratios of the thermal ion gyroradius to
the perpendicular wavelength of the mode.

We consider electrostatic perturbations of an axisymmetric
toroidal geometry with concentric, circular cross-sections. The
perturbed electric potential can be written in the form <jT=<|)(r,6)
exp [-icot + i£(£-q9)] . In the case of high toroidal mode numbers I,
the two-dimensional problem in (r,9) can be converted into one in
the single extended poloidal variable 9 = 0+2TTm, m being an integer,
on the domain (-00̂ 00) [17] . in this ballooning representation, the
eigenmode equation for the perturbed potential $(6) of a symmetri-
cal mode is [18]

1 d ^ d r,f2
2T2bV fl + 1/T 1 , , 2£n ,, ,„,

ro de o (

(cos 6 + s 6sin0)U+—-^- =- T—TTTW = 0 (9)
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where fi=w/aj#; o ^ k ^ / O ^ m . ^ ) ; k^q/r; Ln= |n
-1 dn/dr |-1; ^ =

eB/miC; en= Î /R; T ^ / T ^ s=rq'/q; To> ]=I0> jexpC-b), IQjl being
2

modified Bessel functions; M=b(l-rj/TQ); b=b(l+s
292); and b=

The ion contribution to Eq. (9) is derived for mode
frequencies v/hich are large compared to the transit frequency and
to the magnetic drifj. frequency of a thermal ion. These conditions
can be written as^ftb*Tqe"1 >> 1 and 2£n/^T « 1, respectively.

The function N(0; represents the non-adiabatic parts of the re-
sponses of trapped and circulating electrons. For localized modes
it is given by [19] :

,r J /-m -J C+TT

5(9) = { \ q |--| (l-«) I d9' [K+(9,9t)(()(eI+27Tm)

(10)

The kernels K are integrals over the velocity spaces of trapped
and circulating electrons. Their integrands contain summations
over the resonant denominators related to all the harmonics of the
bounce and transit frequencies, and are weighted by the Maxwellian
distribution function. For mode frequencies below the bounce fre-
quency of a deeply trapped thermal electron, more precisely for
2iTfiq(bTme/in^)

5 e~ e~5 < 1, e being the inverse aspect ratio, the
kernels can be analytically approximated by integrals over the
pitch-angle variable A of relatively simple functions [19], Neglect-
ing magnetic drift resonances, VT are given by

. (A B/B ,A B/B
K = i dA f(6,9\A)+i dA

Jo L(8)L(e') %z L(6)L(e?)

x g(6,e\A) exP|i4- (11)

dA 2 h(6,eI,A)exp " (12)

L(6)L(9') U5J

Here, A, is the value of A at_the boundary between trapped and
circulating particles; A=B0/B(9) is the value for which the par-
ticle's turning point at 9O coincides with 5=max( | 0 | , | 8' | ),; B is
a reference value of the magnetic field, L(9) = (1-AB(6)/B ) 5 ;

i

f = -|-i^-a|B| +|a232[3-3Y + iTr-2£n(a|6|)] (13)
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Y is Euler's constant; and

(14)

(15)

(2To/me)i

da
(16)

The approximate expressions (13) - (15) are valid up to second order
in a and aft. It is seen from Eqs (11) and (12) that K~ contain log-
arithmic singularities due to the simultaneous vanishing of L(6)
and L(6') at 6=±Q' and A=A. These singularities are mainly real
and arise from trapped particles. The imaginary parts of the ker-
nels originate mainly from circulating particles.

Equation (9) has been solved numerically by a shooting code.
The shooting axis is chosen to be real for growing modes and com-
plex in damped cases. The non-adiabatic responseNhas been treated
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Fig. 9: Plot of ft vs. T=Te/T£ for
Tb=£n=0.1, s=q=l and N=0.

Fig. 10: Plot of n vs. b for T=5, en=0. 1,
s-q=l, £»0.I and m-/me=1836. The

curves o and + refer_to the full case,
o and x to the case N=0.



IAEA-CN-41/P-1-1 15

iteratively. The usual boundary condition of outgoing wave energy
at large 9 has been adopted. Here, we only consider the toroidicity
induced branch. In the absence of dissipation and for sufficiently
large values of £ this mode has small damping rates of 0(10 ).

In Fig. 9, the eigenvalue ft is plotted versus xforib=0.1,
s=l, q=l and £n

=0>l- Here, the non-adiabatic electron response has
been neglected. For x-*-00 the obtained eigenvalue agrees with the
one given in Ref. 14. For values of T approaching unity, Imft becomes
rapidly less negative. However, Reft decreases drastically and is no
longer large compared to the ion magnetic drift frequency. In ad-
dition, the WKB boundary condition at large 6 becomes invalid. For
these low values of x, the ion drift resonances have to be taken
into account [20,21] . The real and imaginary parts of the eigenvalue
are given as a function of b in Fig. 10, for X=5, q=l, s=l and
e_=0.1, for the cases with and without N. It is seen that the col-
lisionless dissipation destabilizes the mode, leading to positive
growth rates, and causes a decrease in Reft. The real and imagi-
nary parts of the frequency slowly decrease with increasing b, in
contrast to the results of Refs 16 and 21. For larger values of b

- I

Fig. ) I : The eigenfunction for b=0.05; (a) case with N=»0, (b) full case.
Other parameters are the same as Fig. 10.

the model breaks down for the reasons mentioned before. The eigen-
functions are plotted in Fig. 11. Figure lla represents the solution
of Eq. (9) in the absence of dissipation, while Fig. 1 lb represents
the full solution. It is seen that, due to the dissipation, the
real part of the potential becomes smaller, the imaginary part
larger, and the mode becomes more localized.
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Abstract

REGIMES OF OPERATION OF JET AND INTOR COMPATIBLE WITH IDEAL MHD
STABILITY REQUIREMENTS.

Ideal MHD stability considerations limit the range of operation of tokamaks. Without
invoking an eventual stabilization by a shell, the onset of n = 1 instabilities limits the maximum
P which can be confined for a given current. This limit is determined for JET in its extended
mode of operation and for a class of INTOR-like plasma. A limited profile optimization is
carried out to optimize )3 at constant current. A value of 3% is obtained for JET. For the
INTOR-like plasmas the limiting p increases linearly with the current in the range qs > 2,
reaching 3.7%.

1. INTRODUCTION

The requirements of ideal MHD stability lead to restrictions on the values
of plasma current and pressure that can be reached in a tokamak. Recently one
has been led to believe that very high /3 can be obtained by letting a conducting
shell or some passive loops stabilize the unstable low-n free-boundary modes on
the fast MHD time-scale and by hoping that they will be stable on the long image
current-decay time-scale when the other smaller effects are also included. There
is no evidence yet that this does happen spontaneously in strongly heated
tokamaks, and we have not the means to control the current profile in order to
force a discharge into such a regime characterized by flat or even inverted q-
profiles to test this idea. It is then necessary to delimit the parameter range
in which tokamaks can operate according to ideal MHD theory, paying particular
attention to the problems of accessibility and compatibility with technological
constraints, so that we can find the limits corresponding to different possible
scenarios.
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Here we present the results of parametric studies made with ERATO [1 ]
to find the limits of operation of JET in its extended mode of operation and
of an INTOR-like plasma, resulting from the constraint that they be MHD stable
without making use of a conducting shell. Both shapes are represented by the
same expression r= R0[l +ecos (9 + 5sin 0)], z= eER0 sin 6, where Ro, e, E
and 5 are, respectively, the major radius, the inverse aspect ratio, elongation
and triangularity. The pressure p and the toroidal magnetic field B$ are represented
in terms of the flux function * as p = p 0 * 2 + Vi *3> rB^ = (R2, B2, +1 ̂ 2 )1/2, where
•qz = \jr — ijfS; \£s being the total flux in the plasma and Bo the vacuum field at Ro.
The three parameters p0, Pi and t control the total current I, the safety factor
on axis q0 and the volume-averaged (3 = /pdv/(B2/2)dv. Instead of j3 one can
use |8j defined as (1NT0R workshop convention) /3j = 8wfpds/fiol

2.

2. JET

The values of the parameters Ro = 2.96 m, e = 0.42, E = 1.68, 8 = 0.3 fit
reasonably well the plasma surface calculated with the real configuration of
poloidal coils and currents. The other parameters corresponding to the extended
performance mode of operation are Bo

 = 3.5 T and I = 4.8 MA.
The results are shown in Fig. 1 in the plane fi, q0. The labels M and B identify

the Mercier and ballooning limits respectively. Stability to internal modes is
below B and to the right of M. The ballooning limit B is given by the onset of
unstable modes localized around ^ « ^s /2 . As q0 increases the q-profile
becomes flat in the centre, and for values of q0 still higher than shown in Fig. 1
it peaks in the centre. The corresponding value of /? given by the ballooning
criterion increases with q0. It is 4.7% at q0 = 3.0, and for non-monotonic profiles
extremely high values of j3 are allowed. This is because in the range where
dq/d^ < 0 the ballooning criterion coincides with the Mercier criterion up to
very high values of the shear and pressure gradients [2]. To obtain such profiles,
however, would require completely different operational scenarios for setting up
the discharge and for its heating. They are also known to be very unstable to
free boundary modes, and wall stabilization is imperative.

The label K identifies the a stability limit [3] for n = 1 free boundary modes
assuming an infinite vacuum region round the plasma. The threshold for
stability is taken to be a residual growth rate of 0.01, i.e. the Alfven transit
frequency across the major radius, on the assumption of a constant density
profile and a resolution of 60/60 radial azimuthal intervals. Experience has
shown that, by using a finer mesh, the instability either disappears or the growth
rate becomes so small that it is meaningless. To be able to judge how "hard"
the stability boundary is, a second a stability limit for a threshold growth rate
3.3 times larger than for K is shown in Fig. 1 (Ka).
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FIG.l. Stable region ofoperation for JET with 1= 4.8 MA and B = 3.5 T. Curves M and B
are, respectively, the Mercier and ballooning limits. Curve K is the n = 1 free boundary
a stability limit a = 0.01, which is a good approximation to the true limit of stability,
while curve Ka corresponds to o= 0.03.

The optimum profile has q0 just above 1, but the limit is not very sensitive
to q0. Note that the optimum corresponds almost to the confluence of the
three stability limits M, B and K. The Mercier limit is expected to be a soft limit
and in the Ohmic phase q0 should decrease until it reaches this limit. It should
then relax at around this value, thus preventing the plasma from reaching the
hard n = 1 limit at q0 < 1. Along the Mercier limit M, the q-profile remains almost
the same, so that additional heating should maintain the plasma along M until
it reaches the n = 1 limit, the crossing of the ballooning limit probably producing
only a local adjustment of the pressure profile.

3. INTOR

The following choice of parameters corresponds to one of the early set of
parameters proposed for INTOR: R 0 =5.2cm; e = 0.25; E=1 .6 ; BO=5.5T;
I = 5.9 MA. Figure 2 shows the results in the fi, q0 plane with the same definitions
as for JET. In particular, the threshold growth rate used for the n = 1 a stability
boundary of the n = 1 modes and the spatial resolution are the same. The results
are similar to the JET case, except for a rescaling of j3, and all the conclusions of
Section 2 apply.
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FIG.2. Stable region of operation for an INTOR-like plasma with 1 = 5.9 MA and B-5.5 T.
The curves are indentical with those of Fig. 1.
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FIG. 3. Stability limits in the (},q0 plane as given by the onset ofn = l free boundary
instabilities. A indicates the point where ballooning modes become unstable (optimum).
The label indicates the corresponding value of the current in MA. The broken line is in the
Mercier unstable region.
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FIG. 4. Maximum value of volume averaged § as a function of current I or of the safety factor
at the plasma surface qs.

4. DEPENDENCE ON THE CURRENT

We investigated the influence of a change of the total current, keeping all
the other parameters the same as in Section 3. Figure 3 summarizes the results
for the n = 1 free boundary a stability limit. Also shown are the intersections
with the Mercier and ballooning limits. Note that the maximum value of jS
stable to both n = 1 free boundary modes and internal modes increases
monotonically with the current, but there is a critical value of the current,
1 = 7.2 MA, for which the maximum j3 is only attainable in a narrow range of
q0. This value of the current corresponds to qs = 3.0. These stability considera-
tions alone show that the qs = 3 limit must be crossed carefully in order
to keep q0 in a narrow window. Below qs = 3 there is again a good operating
window.

If it is assumed that the stability limit for higher-n modes is contained
between the n = 1 and n = °° (ballooning) limit, we can extract for each
value of the current the maximum value of p which can be stably confined. This
value is shown by V on each curve in Fig.3. Cross-plotting the maximum value
of j3 as a function of the current (Fig.4), we see that the limiting (3 is reasonably
well fitted by the linear relation j3max(%) ^ 0.38 I (MA) up to I = 9.4 MA,
corresponding to qs = 2.2, or qi = 7rBoRoe

2 (1 + E2)/ju0I =1.6. To the limit in
j3 corresponds a limit on (3j: )3j «s 7.5/1 (MA).

Since the ballooning limit is known to be very sensitive to details of the
profile, it should be possible to make the Mercier and ballooning limits coincide.
This would, however, only give rise to a small correction in Fig.4 since the two limits,
as well as the optimum /3 given by the n = 1 limit alone, are close.

At higher current, above qs = 2.2, the maximum |3 drops sharply. For qs < 2
we have not yet found a stable operating range.

At the highest current, the stability diagram still has the same appearance
as at low current (Fig.2). The ballooning limit always rises as q0 increases, giving
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values of |3 in excess of 5% without careful optimization. We have noted that the
n = 1 limit becomes harder as the current increases.

5. DISCUSSION

The pressure and current profiles have been optimized with a simple
polynomial expression. For the INTOR configuration with I = 5.9 MA, we have
attempted to improve the optimum j3 by introducing higher order terms in the
polynomials for E$0 and p but have not succeeded in increasing /3 appreciably.
This suggests that the optimum can be reached with quite different profiles
but that the limit itself is rather insensitive, at least for such a low current. Since
the limit is due to an n = 1 global mode there is no indication of an eventual
improvement by a local adjustment of the profile. The values of |3 found here in
no way contradict previous results [4, 5]. The optimization here is made at
constant current and it gives higher optimum values of (3.
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Abstract

PHYSICS OF INTENSELY HEATED TOKAMAK PLASMA.
To find the guiding principle for obtaining stable high-beta equilibria, a detailed study

of the internal kink mode and the ballooning modes with arbitrary toroidal mode numbers
is carried out on the basis of MHD and kinetic models. For both modes, the second stability
regions can be found by choosing appropriate pressure and current profiles. A kinetic analysis
demonstrates the existence of a residual mode in the MHD-stable region, which goes over
smoothly into an MHD-like mode in the high-beta region. The m = 2 tearing mode is stabilized
in the finite-beta collisionless plasma. The results prove the accessibility of stable high-beta
equilibria.

1. INTRODUCTION

Realization of stable high-beta equilibria is most important for obtaining an
economical fusion reactor. Recently, experiments with intense heating in tokamaks
have reveated new phenomena concerning plasma stability and confinement,
associated with high-beta values. Theoretical beta optimization has mainly been
performed by studying the infinite-n ballooning mode. In an actual situation,
however, both current- and pressure-driven modes are important so that a systematic
theoretical investigation is required. Kinetic effects should also be taken into
account in a study on the accessibility of high-beta equilibria. In this paper, we
analyse the linear stability of 1) the internal kink mode, 2) the finite-n ballooning
modes and 3) the kinetic modes which are responsible for the limit of attainable
0 in an intensely heated tokamak plasma.

The internal kink mode (poloidal mode number m = 1 and toroidal mode
number n = 1) is studied with respect to the occurrence of internal disruptions.
In a toroidal geometry, this mode is stable for a very small poloidal beta value,

* On leave from Fujitsu Ltd, Ohta, Tokyo 144, Japan.
** Institute for Fusion Theory, Hiroshima University, Hiroshima 730, Japan.
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/3p, as was pointed out in Ref. [ 1 ]. We analyse the stability of this mode in a wide
range of poloidal beta values.

The finite-n ballooning modes are studied to find out the second stability
region [2-4]. These modes constitute a serious obstacle for the confinement
of high-beta plasmas since they affect the plasma in a global manner. On the
other hand, infinitely-large-n modes are localized in a narrow region and enhance
local diffusion.

Finally, we shall investigate the stability of n = 1 and n = °° kinetic modes.
When the plasma temperature is high, kinetic effects have a substantial influence
on plasma stability. One effect is the coupling with electrostatic (ES) waves due to
the finite gyroradius, and the other one is wave-particle interaction. By this
kinetic analysis, we compare MHD and residual kinetic modes. We note that the
m = 2 tearing mode becomes stable in medium-beta toroidal plasmas.

These investigations put us into a position to discuss the method for beta
optimization and also possible consequences of the instabilities induced in
intensely heated tokamak plasmas.

2. INTERNAL KINK MODE

By using the ERATO code [5], we study the linear stability of the internal
kink mode in high-/? tokamaks with the safety factor at the magnetic axis below
unity. Some series of equilibria with circular and elliptic cross-sections and an
aspect ratio of three are prepared on the basis of the FCT (flux-conserving
tokamak) process for the following initial pressure p(\p) and toroidal-magnetic-
field function T(i//):

dp/di// = p0 [ 1 - <»// - (1 -a ) i//4], T (dT/d</<) = 0

where \j/ (0 < \£/ < 1) denotes the poloidal magnetic flux and the parameter a is
chosen so that the ratio of the safety factors at the plasma surface (qs) and the
axis (q0) is adjusted to a prescribed value. The increase in pressure, Ap, is given
by Ap = S(l - <//)2. Stability analysis is carried out in the (q0, (3p)-plane. Equilibria
with the same poloidal beta value (j3p = 87r/pdS//u0Ip) and different qo-values
are obtained by varying the total poloidal flux for each step of the FCT process
according to the scaling q0 = a~lq0 and \p = a\p.

First, the stability of the internal kink mode in a circular tokamak is investiga-
ted for low-(qs/q0 = 2.5) and high-(qs/q0 = 4) shear equilibria. Figure la shows
the /3p-dependence of the squared growth rate, 72, for q0 = 0.8 and q0 = 0.9. The
dashed and solid lines correspond to low- and high-shear equilibria, respectively.
The internal kink mode is stable when j3p is lower than a critical value j3pi and
the mode becomes stable again when |3p exceeds an upper critical value of /3p2;
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the values of ppi and /?P2 are 0.7 and 1.4 for the low-shear case, and j8pi = 0.4 and
(3p2 = 2.4 for the high-shear case. The results are summarized in the (q0, j3p)-plane
in Fig. lc. The unstable regions for the equilibria with qs/q<>= 2.5 and qs/qo = 4
are surrounded by marginal stability lines, and there exists a second stability
region against the internal kink mode. We also see that the growth rate is
larger for equilibria with higher shear. To study the toroidal effect on the mode
in high-|3p equilibria, we decompose the potential energy, W, into Fourier
components, Wj^:

Wj>k=

where L is the potential-energy operator and %m(\p) is a Fourier component of
the displacement vector | ( ^ , x) with respect to the poloidal angle in natural
co-ordinates. The toroidal coupling terms W01 = W10 (< 0) and Wi>2 = W2>1

« 0) are almost identical in magnitude, with W00 (> 0) and W2 2 (> 0),
respectively. Therefore, the total potential energy reduces t o W s WX1 + W01 +
W, 2- In a toroidal plasma, WJJ for the internal kink mode is always positive
[6], which exceeds the destabilizing term [W0;1 + W12] as j3p increases. Then, the
mode becomes stable in the second stability region.

Next, we study the stability of an elliptic tokamak. Though the m = 1
internal kink mode in a cylindrical plasma with circular cross-section is marginally
stable up to the first order of the inverse aspect ratio, the mode is unstable in
this order when the cross-section is elliptic [7]. Therefore, an elliptic tokamak
plasma is considered to be more unstable against the mode than a circular
tokamak. In the following, the stability of equilibria with ellipticity E = 1.2
and qs/q0 = 2.5 is discussed. Figure 1 b shows the ^-dependence of y2 for
q0 = 0.8 and qo= 0.9. As is expected, the mode in the elliptic tokamak plasma
has a larger growth rate than that in the circular tokamak plasma. The critical
values, j3pi and j3p2, are also found, but the unstable region is much broader than
in the circular case. The stability diagram in the (q0, /3p)-plane for the elliptic
case is shown by the dashed line in Fig. 1 c. The j3p-dependence of Wj;k indicates
that the same mechanism as in the circular case works for second stability.

We consider the role of the internal kink mode in plasma confinement [8].
For low |3p, the azimuthal component, £x, is localized in a narrow region around
the q = 1 surface, whose width is much smaller than that of the resistive layer.
For this case, the unstable mode is purely resistive. The non-linear development
of this mode is observed as sawtooth oscillation in the tokamak experiments.
With increasing /3p and when the unstable internal kink mode has a large growth
rate, the localization width becomes wider than the resistive layer and this
mode forms a saturated magnetic island [9]. This situation is more likely to
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prevail in higher-shear and/or elliptic tokamaks. The heating experiment in
the JFT-2 tokamak [10] shows results that are consistent with ours.

3. FINITE-N BALLOONING MODES

In this section, the n = 3, 10 and 50 modes are studied as examples for
low-, middle- and high-n ballooning modes in order to find the second stability
region. The dependence of the stability of ballooning modes on the pressure
profile is investigated. Two series of FCT equilibria with peaked (case 1 :
Ap = S(l -1/>)2) and flat (case 2: Ap = S(l - I/*4)4) pressure profiles are used.
The ratio, qs/q0. is fixed at 2.5.

By using the ERATO code with quasi-mode representation [5], we have
72 for different values of q0, j3p and n. The (3p-dependence of y2 of the n = 3, 10
and 50 modes is shown in Fig.2 for q0 = 1. For the equilibrium with flat pressure
profile, the n = 3 mode is always stable, and the n = 10 mode has a second stability
region for the poloidal beta above 2.2. On the other hand, the n = 50 mode is unstable
above a critical /3p ((3p ^ 1.1 for both peaked and flat pressure profiles) and there
is no second stability region. The stability diagram in the (q0, /3p)-plane is given
in Figs 3a and b for cases 1 and 2, respectively. The figure shows that there is
no second stability region around q0 = 1 for case 1, whereas the equilibrium for
case 2 has that of the n = 10 mode for q0 ^ 1. The n = 3 mode for case 2 is
always stable in the region q 0 ^ 1. The dashed line in the figure is the stability
limit obtained by solving the n = °° ballooning-mode equation [11]. The n = 50
mode for case 2 has a very narrow second stability region around q0 = 1.75 and
)3p ^ 1.6, while the mode for case 1 has no such region.

To find a guideline for optimizing the equilibrium, we investigate the
destabilizing factors driving the finite-n instabilities. The difference in the pressure
profile changes the stability mainly through the ballooning term Vp-£ £ •/? in the
potential energy [12], where it is the curvature of the magnetic field line. The
normal component of K. to a magnetic surface has a destabilizing effect through
the derivative of the total pressure, Vp-lc = Vp- V(2p + B2). The binormal
component of ic relates to the local shear which increases with j3p. The derivative
of the total pressure for j3p = 2.2 is shown in Fig.4a. The derivative is smaller
for case 2 than for case 1, expect near the plasma surface, which means that the
contribution of Vp-/c to the potential energy is smaller for case 2. We evaluate
the potential-energy contribution by classifying it as the Alfven term (A), the
ballooning term (B), and the kink term (K) in the total potential energy (W) [12].
Figures 4b and c show the poloidal-averaged terms for case 1 and 2, respectively,
where n = 10 and j3p = 2.2. The peaked pressure profile can cause broad convective
motion in the plasma column. In the flat-pressure-profile equilibrium, the stabilizing
Alfven term exceeds the ballooning term. The mode is more localized near the
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that of 'm = 2' mode versus § is in (c), where K denotes kinetic mode and line C is obtained
in the cylindrical limit. Parameters: R/a = 3, a/pi = 200, s = 2.25, qs/q0 = 2.52, TJT\ = 2 and
mjme = 1836. J5 is 0.009 for (bj and q0 is 1.7 for (c).

plasma surface. The existence of the second stability region of the middle-n
ballooning mode depends on the pressure profiles. The figures also show that the
kink term has the same order of magnitude as the ballooning term for n ^ 10.
Therefore, optimization of the current profile remains still effective for the
stabilization of the middle- as well as the low-n modes.

4. KINETIC MODES

To study the stability of high-temperature plasmas, we develop kinetic
analyses of the n = 1 and n = °° modes.

The n = 1 kinetic modes are studied for a moderate-j3p plasma, employing
a model equilibrium with density and current profiles of (N(r), j(r)} = {No, j0}

xexp(-sr2/a2), and keep the first-order correction of r/R. We treat the quantities
0, pfd2/dr2 and u/ve as of first-order smallness (pi is the ion gyroradius, ve the
electron thermal speed and u = -j/eN). Magnetic-axis shift and trapped-particle
effects are neglected, for simplicity. The compressional magnetic component
can be ignored because j3 •€ 1.

There are three characteristic n = 1 kinetic modes: the internal kink mode,
the ballooning mode and the tearing mode. Figure 5 shows the instability region
and the growth rate of the n = 1 modes. The prominent mode is shown in the
stability diagram in the (q0, j3)-plane (Fig. 5a). For q0 ^ 1, the 'm = 1' mode
becomes unstable. The 'm = 1' tearing mode, which is unstable for the low-)3
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1 2 3

F(G.6. Growth rate versus & of high-n ballooning mode obtained in high-n approximation
for kpi = 0.2 (solid line) and kpx =0.5 (dashed line).

and/or low-q0 regimes, turns into the internal kink mode for the higher-0 regime
as described on the basis of the MHD model. The 'm = 1' tearing mode is unstable,
even in the cylindrical limit, with the growth rate of the order of the drift
frequency, co*. Figure 5b shows the growth rate of the kinetic mode for 0 = 0.009.
The growth rate of the MHD mode given by the reduced set of MHD equations
and that of the m = 1 tearing mode in the cylindrical limit are also shown. The
transition from the tearing mode to the MHD mode is observed around q0 = 0.6.

As q0 exceeds unity, the 'm = 2' MHD mode (n = 1 ballooning mode) can
become unstable for j3p> |3pi "v CR/a (C is a numerical factor of 1/3-1/2).
This mode is excited by a toroidal effect, Vp-VB force, and causes a global
deformation of the plasma column. When j3 becomes small, the perturbation
tends to localize around the q = 2 surface and the mode turns into the ES
ballooning mode. This mode is destabilized by the toroidal effect and by the
coupling with the ES drift mode. The growth rate is of order of co*. Figure 5c
shows the mode transition from ES to MHD around /3 = 0.005 (j3p = /3pi).

The m = 2 tearing mode is also identified in the collisionless limit. The mode
is stabilized when |3 increases [13]. The toroidicity further stabilizes the mode.
If the q = 2 surface is located close to the plasma edge and the temperature at
the rational surface is low, the collisions can destabilize the mode and the
instability may persist for much higher values of 0.

The high-n ballooning mode is studied in the high-n approximation, maintaining
the effect of toroidal shift [14]. Owing to wave-particle interactions, this mode
is unstable in the first as well as in the second stability region. Figure 6 shows
the growth rate versus j3 for the parameters L N / R = 0.1 (LN = |VN/N|), q = 3.2,
rq'/q = 1, Te = T; and kp; = 0.2 (n = 0.063 a/pi; solid line). The dashed line
refers to kpi = 0.5 (n = 0.16 a/pi). The change in the growth rate does not occur
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abruptly at the MHD critical |3-value. The higher-n modes are especially affected
by the finite gyroradius effect. For kp[= 0.5 (n «* 50 for a/pi« 300), the MHD
growth rate does not exceed co*, and the growth rate is reduced as the density increases.
The middle-n mode (say, n ^ 20) may set the most serious barrier to the second
stability region.

5. SUMMARY AND DISCUSSION

In this paper, we have analysed the MHD and kinetic instabilities from,
the viewpoint of beta optimization of tokamak plasmas. The results of the
studies may be summarized with some concluding remarks and discussions
as follows:

(1) The second stability region against the internal kink mode is found.
An equilibrium with high magnetic shear and/or elliptic cross-section is more
unstable against the mode. In the unstable region of this mode, no internal
disruption appears.

(2) The ballooning instabilities with low to high mode numbers are
investigated. The second stability regions are found for n ^ 10 modes in the
case q0 ^ 1 and a very flat pressure profile. The stabilization of low- and middle-
n modes requires optimization of both pressure and current profiles. The n = 50
mode is unstable for j3p ^ 1 . 1 . The high-n modes are, however, localized in a
narrow region with a width of a/y'n, enhancing the local diffusion; they are
substantially affected by kinetic effects.

(3) The n = 1 and n = °° kinetic modes are identified in toroidal plasmas.
In the MHD-stable region, it is shown that there are residual modes due to the
collisionless resistivity and the modes are smoothly connected with the MHD
modes in high-|3 regions. The m = 2 tearing mode is stabilized by Landau
damping and the toroidicity when j3 increases.

One of the methods of improving the attainable Rvalue is to increase the lower
critical beta, $uas realized by large ellipticity and q 0 ^ 1 [15]. The middle-n
mode instabilities, which cause the worst global effect on high-/3 plasma confine-
ment, have their second stability regions in the higher-|S and q0 <i 1 regimes. The
kinetic treatment shows the accessibility of this regime. To reduce the upper
critical beta, (32, and the growth rate, for the purpose of easy accessibility, an
equilibrium with a flat pressure profile and a large /3p value for fixed (3 (i.e. a
circular cross-section) is favourable. The stabilization of the m = 2 tearing
mode suggests that major disruptions become less frequent for higher ^-values.
Non-linear analysis of toroidal resistive modes (or toroidal kinetic modes) in
the high-j8p region should be performed to provide information on the accessibility
to the second stability region and to clarify the confinement properties in this region.



32 TAKEDA et al.

REFERENCES

[1] BUSSAC, M.N., et al., Phys. Rev. Lett. 35(1975) 1638.
[2] COPPI, B., Comments Plasma Phys. Controll. Fus. S (1979) 1.
[3] GREENE, J.M., CHANCE, M.S., Nucl. Fusion 21 (1981)453.
[4] TUDA, T., et al., Ballooning Stable High Beta Tokamak Equilibria, Japan Atomic

Energy Research Institute Rep. JAERI-M.9472 (1981).
[5] GRUBER, R., et al., Comput. Phys. Commun. 24 (1981) 363.
[6] ZAKHAROV, L.E., Fiz. Plazmy 4 (1978) 898; Sov. J. Plasma Phys. 4 (1978) 503.
[7] LAVAL, G., Phys. Rev. Lett. 34(1975) 1316.
[8] TOKUDA, S., et al., Nucl. Fusion 22 (1982) 661.
[9] AZUMI, M., et al., Internal Disruption in High-j3p Tokamak, Japan Atomic Energy

Research Institute Rep. JAERI-M 9787 (1981).
[10] YAMAMOTO, S., et al., these Proceedings, Vol.1, p.73.
[11] CONNOR, J.W., HASTIE, R.J., TAYLOR, J.B., Proc. R. Soc. A365 (1979) 1.
[12] GREENE, J.M., JOHNSON, J.L., Plasma Phys. 10(1968)729.
[13] ITOH, S.-I., ITOH, K., Nucl. Fusion 21 (1981) 3.
[14] ITOH, K., INOUE-ITOH SANAE, TOKUDA, S., TUDA, T., Nucl. Fusion 22 (1982) 1031.
[15] TUDA, T., et al., Scaling of Critical Beta for High-n Ballooning Modes in a Tokamak,

Japan Atomic Energy Research Institute Rep. JAERI-M 82-104 (1982).



DISCUSSION

ON PAPERS IAEA-CN-41/P-1-1 TO P-l-3

V.D. SHAFRANOV: What plasma pressure profiles do you use in kink mode
investigations?

J.P. GOEDBLOED: We have used profiles for the quantities TT(^) and y(\p),
which are related to the pressure and diamagnetism gradients, of the form (1 — \j/)v.
Four different values for un and Vy were investigated, i.e. 16 profiles altogether.
For all these profiles, the reported correlation between the /3p-limit for global
internal kink-ballooning modes and for local high-n ballooning modes was
established.
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Abstract

RESISTIVE INSTABILITIES IN TOKAMAK GEOMETRY.
A numerical program has been carried out to study resistive instabilities in a finite

pressure, axisymmetric toroidal configuration. The approach is a generalization of the
boundary layer matching method to a torus, involving calculation of marginally stable
solutions of the ideal MHD Euler-Lagrange equations, solution of the scalar resistivity
boundary layer equations, and complex root-finding techniques for the solution of the
dispersion relation for the normal modes. In zero pressure systems it is found that
toroidicity and non-circularity can stabilize the m = 2 tearing mode. At finite (3 the nature
of the solutions is illustrated and the stabilization at small values of resistivity is confirmed
for systems with negative DR.

I. Introduction

Comparison of numerical calculations and experimental data
indicates that resistive instabilities play a major role in a
tokamak discharge. A complete MHD simulation is beyond our
present capability and the use of simplified models is required.
It is essential that such models be able to reproduce the most
important physical effects, especially those which are significant
in the linear limit. We have extended the approach of the linear,
ideal MHD, Pest code [1] to determine the growth rates of
resistive modes in finite p, finite aspect ratio, arbitrary cross
section tokamaks by treating the problem as a boundary layer
calculation.

The boundary layer approach in simple slab and cylindrical
models was formulated almost two decades ago [2,3]. To obtain
quantitative results even in these simple configurations, however,
requires that three separate numerical problems must be
addressed. These are: calculation of the ratio of asymptotically

Permanent address: Auburn University, Auburn, Alabama.
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large and small power-like solutions to the ideal MHD Euler-
Lagrange equations between the rational surfaces; numerical
solution for the same ratios in the resistive boundary layer
around each rational surface; and numerical solution of the
dispersion relation for the growth rates obtained by matching the
inner to outer asymptotic forms. We have recently carried out
this program in cylindrical geometry [4] and performed extensive
comparisons with alternative direct numerical solutions to
demonstrate that the boundary layer approach can provide an
extremely accurate and efficient method to study resistive
modes. Toroidicity complicates these calculations in the outer
ideal MHD regions through the coupling of components with
different helicity and in the dispersion relation because of the
existence of multiple rational surfaces.

II. Solutions in the Outer Ideal HHD Regions

Between the rational surfaces we consider marginally stable
(to » 0) solutions of the ideal MHD Euler-Lagrange equation [5]

n = o CD

where £ = f'Vĉ  = C(4),9)e~
i(a)t+n^) is the displacement of a fluid

element in straight magnetic field line coordinates with Jacobian
J E V(J) x V9«VC, and F is the two dimensional partial
differential operator

JF = [(& -inq)o + Q+]G[d,(5 -inq) + Q]-R (2)

Here G, Q and R are expressible in terms of equilibrium quantities
and involve operators with respect to the poloidal angle 0 only.

As in the cylindrical limit the solutions to Eq. (1) are
singular in the neighborhood of each rational surface,
q(4)s) = ms/n, and a Frobenius expansion shows that the dominant
behavior of £ is

I ~ xP exp(im 9) (3)

where x^ = (<JJ-(|> ) are generalized functions defined to the right
and left of ty =S<\> and p = p. = - y ±/-D , with Dj <0 the Mercier
criterion for ideal stability to localized interchange modes which
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we assume to be satisfied. It is an important feature of the
choice of coordinate system that at each rational surface the non-
resonant Fourier components enter only in higher order in the
expansion for both the big (p_) and small (p+) singular solutions,
thus simplifying the matching procedure.

Around each rational surface there are therefore four
independent solutions. A system with S rational surfaces has 2S +
2 independent solutions, two of which are determined by the
boundary conditions at the magnetic axis and at the plasma edge
while the remainder are determined by matching to similar power-
like solutions in the boundary layers. To represent those
singular solutions with big and small components we introduce a
set of 2S basis functions constructed from combinations of odd and
even parity generalized functions;

im 9 p_T
S + < A ' W

p im 9 p'
5 = |x| "e S + £ B ' .|X| +sgnx
even ' ' l2 ss ' '

+ \ A-ss.|x|
P+}eire + Sreg , s = 1, .... S (4)

with implied summation over all Fourier components with resonant
surfaces in the plasma. Each of these is a global function
defined over the complete plasma domain i> <<J><<[) , with

sxifi erfse
5 a regular function chosen so that the Euler solutions satisfy
the boundary conditions.

The most general solution of the Euler equation can be
expressed as a linear combination of these basis functions once
the matrices of coefficients of small singular solutions have been
computed.

Computation of the coefficient matrices is carried out by
extending the finite-element Fourier-Galerkin expansion of the
PEST 2 code [5] to include finite elements with the appropriate
leading order asymptotic forms and solving the block tridiagonal
algebraic equations which are obtained by substituting each of the
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basis functions as a t e s t function into the d iscre t ized weak form
of the Euler equations. Writing Eq. (4) as

with

± + 1 s ^ e x p i(mB,9 -nC). i - 1. ••-2S

s* = 1, . . . S (6)

and

4> = I 4> (40 exp i(XG - nC) (7)
1 |A|<L *

i - 2S+1, ...2S+M

these equations have the form

Wij a j ( S ) " V i , j - 1, . . . 2S+M(2L + 1) (8)

with matrix elements

Here the (j>.((|<) are expanded in M regular piecewise linear finite
elements (with nodes <|> , m = 1. ..^M packed logarithmically near
the rational surf aces) m and s^s , s^s;, b^8"', b^ s ; are elements
with the correct leading orcler slngula° behlvior at the s t n

rational surface and having support in a small
domain (<|> -6, i\> + 6 ) . ^i-p whose elements correspond to a
Galerkin representation or 6W within the space of regular and
small singular expansion functions as computed by PEST 2, is a
self-adjoint matrix whose positive-definiteness gives an improved
estimate of the ideal MHD stability of the configuration over
previous calculations. The most effective approach is to compute
the new elements of W analytically using the Frobenius expansion



IAEA-CN-41/P-2-1 39

9

8

A'
7

6

' 1

; i

\
~ P6 = 0.2

A ^ 8.459

_ A'S = 8.4 31

, I

1

-

^ . —

—

1

0.001 0.002

(1921(168) (144) (120)
I i I

(96)

0.02 0.04 0.06

FIG.l. Example of the numerical convergence properties of A' for a finite parabolic pressure
cylindrical model. Convergence is quadratic in the number of finite elements and linear in the
parameter 6 measuring the support of the singular elements. The result of the convergence
procedure A^ is close to the value A's obtained from a shooting code.

of JF, so that these matrix elements have numerical errors which
scale in a known way with the small numerical parameter 6.

With Wjj and b^ s' computed, solution of Eq. (8) provides an
approximation for each of the 2S basis functions of Eq. (4), with
the coefficients ers',i = 1, ...2S, giving the four matrices
A*,I",A* and B'. The numerical values for these coefficients
depend on 6,M and on the number of Fourier components (L) included
in Eq. (7). For reasonable values of 6 we find that the
procedure converges linearly in 6, quadratically in M and
exponentially in L. An example of the convergence behavior in a
cylindrical model is given in Fig. 1, where the value for A" can
be directly compared with the result obtained from a shooting
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FIG.2. Example of an odd basis function for an e = 1/3 circular cross-section pressureless
tokamak equilibrium. Plotted are the radial variation of various Fourier modes of
% = f- V^ in (a) and 55-V^ in (b).

code. In Fig. 2(a,b) we Illustrate the behavior of one of the odd
basis functions for a finite aspect ratio, zero pressure toroidal
equilibrium illustrating the toroidal coupling of the resonant
component to other Fourier modes.

III. Solution of the Linear Resistive Equations

For a scalar resistivity, finite pressure toroidal model the
resistive boundary layer equations, at each rational surface, can
be written in the form [6]

Y" = U«Y + V»Y' (10)

with

J\
0)

-x/u

( \1 -H/u)
\ HKw

-xu
x /w

-(G-KE)u)

0

0
0

H

0
0

x /u + (G+KFW

(11)

and ' = d/dx, with x and w measured in units which scale as r\~
The constants E,F,G,H,K are equilibrium surface quantities
evaluated at the rational surfaces, and Y (x) = {^(x),
S(x), T(x)} has components related to • the resonant Fourier



IAEA-CN-41/P-2-1 41

component of the perturbed normal and parallel components of
magnetic field (¥(x), T(x) respectively) and to the normal
component of the plasma displacement (E(x)).

Equation (10) is a sixth order set of homogeneous ordinary
differential equations, whose solutions have either odd or even
parity about x = 0 and singular behavior as x •*• °°, where they are
to be matched to the solutions of Sec. 2. Of the six independent
solutions we eliminate two exponentially growing solutions by
imposing boundary conditions at large x, leaving two which are
exponentially damped and two which have the power-like behavior of
Eq. (3). Then, for each value of u>, Eq. (10) is solved
numerically for the ratio of the coefficients of the big and small
power-like solutions. In the notation of Eq. (4) we write

p p i(m 0-nC)
Sodd~ <IXI ~ + K +

and
Pi

{|| ±{|x| ± A (a>)|x| }e (12)
even l' ' 2 s ' ' '

We have compared three different numerical methods for
determining the values of As(u)) and A (co) [7] . In the series
matching method we use a recursion relation for the coefficients
of a .power series expansion around the origin to evaluate
Y* and x at a point X = L and then match to the values obtained at
the same point by evaluating a high order asymptotic series about
x - °> from a recursion relation for the coefficients of the
asymptotic expansion of v at large x. For given w an optimal
matching point L can be chosen by balancing the errors which occur
at small L, where the asymptotic expansion may not converge
accurately, to the errors which occur at large L, where roundoff
errors introduce an unwanted component of the large solution which
can dominate the calculation. This method is extremely fast, and
very accurate results can be obtained for intermediate values
of (o.

The second and most robust technique solves the problem as
a finite difference boundary value problem. A fourth-order
accurate finite difference scheme is used to approximate Eq. (10)
for Y (x ) at a set of N grid points equally spaced in the domain
0 < x < L. Three boundary conditions at the origin specify the
parity oj the solution, two conditions are obtained by
matching Y" (L) to the value obtained (as in the series matching
method) from the asymptotic solution at large x, and the final
boundary condition, which corresponds to an arbitrary
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FIG. 3. Example of the function As(co) describing the inner resistive boundary layer solution
as the parameter Z)R is varied. The analytic expression [6] is evaluated for comparison (dashes).

normalization of Eq. (10), is used to write the difference
equations as a 3 x 3 block tridiagonal algebraic system which can
be solved directly for the coefficients A (<*)) and A (oo). The
accuracy of this method can be additionally improved by Richardson
extrapolation and typically 6 digit accuracy can be obtained with
N ~ 200.

The third method converts Eq. (10) to a fourth-order system
by introducing the Laplace contour integral representation
Y(x) = / dze Zy(z), and treats the transformed equations as an
initial value problem. In the transform variable z, the point at
infinity is an irregular singular point with two pairs of
exponentially growing and decaying solutions. The origin is a
regular singular point with four power-like solutions. The
equations are initialized at large z to asymptotic series for each
of the two decaying solutions and integrated to small z by an
adaptive numerical technique. The solutions are then decomposed
into four power-like components by inverting the fundamental
matrix of series solutions to obtain asymptotic coefficients. The
contour integrals are evaluated term by term to relate the
solutions back to configuration space and yield analytic
expressions for t&, Ag in terms of the asymptotic coefficients.
This method is faster than either of the other two. While there
are regions of parameter space where it fails to converge, a
simple test determines where these regions are, and they are found
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to lie primarily outside the regions of practical importance.
Because of this test, it is possible to organize the calculation
so that the boundary value technique is called whenever this
method fails.

We have found excellent agreement from an extensive
comparison of these methods over a wide range of values of the
coefficients E, F, G, H and K and complex to. In Fig. 3 we
illustrate some typical results for the quantity A s(w), showing
its dependance on the parameter D^ = E+F+H which plays an
important role in the theory of resistive interchange modes.

IV. The Dispersion Relation

For an equilibrium configuration with S rational surfaces,
each eigenvalue OJ must allow for the simultaneous matching of the
inner and outer solutions at all the rational surfaces. The
condition that such a solution exist is obtained by matching a
linear combination of the basis functions of Eq. (4) to a solution
of the form of Eq. (12) at each rational surface. This leads to
the condition

D(u>) A' - A(CO)
A*

(13)

where the S x S matrices A^, T", B' and A' were given in Section
II and A~Tu>) = A (co)6 A A?o>) =• A (co)6 „ are diagonal matrices
computed in Section III. For a zero pressure system with one
rational surface this dispersion relation reduces to the
usual A' criterion [6]. With multiple rational surfaces in a
cylindrical zero pressure system it is possible to show that only
purely growing tearing nodes exist and their existence can be
determined from Eq. (13) independent of the value of the
resistivity (and hence without solution of the inner region
equations). At finite p, Eq• (13) permits overstable modes and
it is doubtful that a criterion based only on the solutions in the
outer region exists.

Thus in the general case it is necessary to carry out the
solution of Eq. (13) numerically. This is a complex root-finding
problem which, for the purpose of understanding the nature of the
modes, is best handled interactively [8]. As seen from Fig.3,
D(u) can exhibit quite complicated behaviour with zeroes
frequently located in the vicinity of poles, so that care must be
exercised in evaluating the results, especially when constructing
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the root locus under the change of a parameter of interest
(e.g. T)) . Usually Muller's fixed point iteration method is
adequate, so that the determination of u proceeds iteratively
with repeated solution of the inner region equations for
each A a n d A

s at a sequence of values of w until D(co) has been
reduced to a sufficiently small number. Clearly the effectiveness
of this relies heavily on rapid solution of the inner region
equations .

V. Application

The implementation of the computational program described
above has proceeded as an integral part of the PEST package with
the intention that a systematic study of the stability properties
of an MHD equilibrium can be carried out across the spectrum of
ideal interchange, ballooning, kink and resistive modes. To carry
out a resistive study we construct an axisymmetric toroidal
equilibrium and map this into generalized PEST coordinates. We
then run the PEST 3 code (Sec. II) which constructs the four outer
region matrices A', I"*, A' and B' and the other equilibrium
surface quantities which are required for solution of the
resistive layer equations. We then execute the interactive root-
finding code which solves the dispersion relation.

In an undertaking of this size^ considerable importance must
be placed on testing against known results. Extensive comparisons
have been made in the cylindrical limit where alternative
numerical methods are available. We have recently begun a
comparison of results with finite toroidicity against those
obtained from the time - dependent reduced high-(3 MHD model [9],
which has been extended to keep higher order terms in the aspect
ratio expansion, and reasonable agreement has been obtained. We
hope to extend this work, which is important for developing
reasonable 3D nonlinear models, in the future.

The principal application to date has been the study of the
effects of toroidicity and non-circularity on the m = 2, n = 1
tearing mode in pressureless systems. To do this we choose a q-
profile and plasma cross section, construct a sequence of
equilibria with different aspect ratio or ellipticity, then
compute A' for each case. Typical results are given in Fig. 4,
which shows that for broad current profiles toroidal and non-
circularity effects can modify the current profile with typical q-
profiles so as to stabilize the m = 2 tearing mode. With very
peaked current profiles, where the Shafranov shift is less
pronounced, the cylindrical results are less affected.
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i i I I i i i i i i i

FIG. 5. Roo ts of the resistive mode dispersion relation for a toroidal (R/a = 10), finite pressure
equilibrium as a function ofS = rj'1. Heavy arrows indicate the locus of the root as rj is
decreased.

At finite f3, resistive interchange modes [3,6] are the
principal concern. For normal pressure profiles analysis of the
resistive layer equations [6] showed that coupling to the slow
magnetoacoustic branch could result in complete stabilization of
the configuration provided the quantity DR was negative and that
A' was less than some Ac . Although that calculation ignored
the even-£ contribution to the normal modes and was based on a
number of ordering assumptions, a preliminary analysis of our full
numerical treatment of several FCT equilibrium sequences
substantiates these results. In Fig. 5 we illustrate the
stabilization process by plotting the locus of roots of the
dispersion relation for a small aspect ratio (e = 0.1), low-
f3 (1/4%), toroidal equilibrium. On the heart-shaped branch, for
large resistivity two purely growing modes exist. These coalesce
as T) is reduced, become overstable and finally stabilize at some
critical TI . In addition to this principal branch, we find other
unstable roots at large resistivity, which behave in a similar way
as T) is decreased, stabilizing at larger values of TI than the most
unstable branch. For sufficiently small r\ all branches approach
the marginal point as r\ from the damped side. Additional work
is required to complete our understanding of the spectrum of
resistive modes in this model.
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Abstract

STABILITY COMPUTATION OF MULTIHELICAL RESISTIVE TEARING MODES.
Marginal stability against multihelical tearing modes for tokamaks with shaped cross-

sections is examined by the energy principle method, which allows high accuracy despite
inclusion of a large number of singular surfaces. D-shaped and nearly elliptical cross-sections
are compared, low and rather high poloidal m numbers being taken into account. It is found
that D-shaped plasmas can be completely stabilized for well chosen current distributions.

1. INTRODUCTION

The stability of resistive modes is one of the fundamental
problems in plasma confinement. Though this problem is not too
difficult for 1-D equilibria.it becomes challenging for 2-D
equilibria like those of tokamak experiments. The geometrical
coupling of poloidal harmonics induces many more resonances with
the rational values of the safety factor q than in the 1-D case.
Moreover, the non-Hermitian character of the stability operator
makes the analytical and numerical analysis orders of magnitude
more difficult.

Fortunately, an "energy principle"' ' exists for the sta-
bility of resistive 2-D plasmas within the tokamak scaling which
allows the stability problem to be reduced to a Hermitian one.
This method takes into account multihelical modes with long
wavelengths along a strong toroidal magnetic field. The minimi-
zation of the functional found in [jH using _the eigenvalue solver
of ERATO RTF allowed a numerical code[3>4_[ to be developed.
First results have been published in (31_f°r the double tearing
mode in 1-D cylindrical geometry and in |_4j[ and \_p_j for multi-
helical tearing modes in 2-D geometry.

In this contribution we complete the picture with parameter
studies where the elongation of the plasma cross-section and the
current distribution are varied and a free plasma vacuum inter-
face allowing external kink modes is taken into account.
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The starting point is the energy functional |_O •

0

A being the z component of the vector potential, which vanishes
at the boundary, and ty, 8, z a flux coordinate system with straight
magnetic field lines. If A is expanded in a Fourier series:

*• /i\ i(m6 + n2irz/L)
I a (iM e

m
m

then A, which is the weighted surface average of A, is given by

A-l = Z —^- a W ei(m9 + n2iTz/L) O)
nq(|)+ m Y

where n is the toroidal mode number and q denotes the safety
factor. This simple representation for A-A prompts the Fourier
expansion in eq. (2). The regularity condition for the a (t/i)
at the origin reads m

a (ip=0) = 0 for m =j= 0 (4)

da \
-2.) =0

The stability problem reduces to minimizing 6W for a given
equilibrium. The Galerkin method used in connection with a
finite-element representation for the radial dependence of A,
i.e. the a (<|0 in eq. (2), leads to a Hermitian matrix eigen-
value probTem similar to that of ideal MHD computations [jT].
The sign of the lowest eigenvalue X determines the stability.
The band structure of the matrices allows the use of very
efficient matrix solvers. The numerical method is explained in
more detail in Refs [3, 4~[.

The equilibria are computed numerically with the Garching equi-
librium code [jT] for a given current profile j(ip), a constant
longitudinal field B and a prescribed boundary, as solutions
of the equation for ihe poloidal flux iji

J" V2^ = JOJO (5)
o
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Both straight and toroidal equilibria can be produced and fed
into the stability analysis. The mapping into flux coordinates
is done with the ERATO [j2j algorithm.

The code has been tested for circular cross-sections (single
and double tearing modes) and for elliptical cross-sections
(external kinks) with moderate ellipticity as described in Refs
[jJ,4]. This testing was continued for constant-current equili-
bria with axis ratio e = b/a of up to 7 in Ref. [~5J .
For a distant wall the numerically evaluated stability limit
obtained by elaborate convergence studies_aj>rees extremely well
(better than 1%) with the analytical oneL_7-l for m = 2,3,4 and 5,
even for such large elongations as e = 7. For this extreme
ellipticity the broadening of the m = 5 instability region ex-
tends from nq = nq = 1,2 up to nq = 5. This external kink mode
calculation is pursued as a test case for the vacuum routines if
the wall is defined as a confocal ellipse as in Ref. {j7~^\ •

Now that strong confidence can be placed in the code we
apply it to equilibria with realistic current distributions and
D-shaped as well as elliptical cross-sections.

2. D-SHAPED CROSS-SECTION

Let us start with a straight,strongly D-shaped;plasma with
a bell-shaped current distribution and a half-axis ratio e = 2
for the outer surface and e = 1.6 on axis. The contours
s = vty/i/j = const and 6 = const are displayed in Fig. 1 , and the
current profiles together with the shear are shown in Fig. 2.
The plasma boundary is first taken as fixed for the perturbations.
We start with a current cojrresDQnding to that of a circular
cylinder with j(r) = (1-r /a ) , where the ratio of the safet
factor on the surface and on the axis is q /q = 3 (see Ref.
The shaping increases the shear near the plasma boundary to a
value of q /q =6.3. We find a strong m = 1, where m denotes
the dominant poloidal component, if the q = 1 surface is located
inside the plasma. This mode, however, is easily stabilized by
increasing the safety factor above one. For q = 1.15 we are
left with unstable n = 1, m = 2 and n = 2, m = 3 modes induced
by the q = 2 and 1.5 surfaces. The higher n modes are stable.

If one tries to flatten the current around q = 1.5 and 2.0,
as indicated by the broken line^in Fig. 2, one excites higher
m harmonics. The n = 1 mode is now stabilized. The n = 2 mode
is still unstable and has a dominant poloidal component m = 5

1 I.e. the dotted-and-dashed line.
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FIG.l. Magnetic surfaces showing lines of constant s = s/^/ips and the angle 8 pertaining
to the equilibria with the currents in Fig.2 (D-shape and elliptical shape).
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FIG.2. Current and safety factor profiles of cylinder-like (dotted and dashed curves),
destabilized (dashed curve) and stabilized (solid curves) profiles.

(instead of 3) resonant at q = 2.5, while m = 3 and 7 are of
lower amplitude. The n = 2 mode is unstable only if - at least -
the m = 3, 4, 5, 6 and 7 components are present. The n = 3 mode
is also unstable and is rich in higher harmonics, as can be seen
from Fig. 3. Especially the derivatives of the harmonics m = 3,
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nq = U 5 6 7813 nq= t S 6 7813

0.0

FIG.3. Radial dependence of the five dominant poloidal harmonics and their derivatives for
an unstable n = 3 eigenfunction. The broken lines indicate the singular surfaces (D-shape).

5, 7 and 9 have large values. The n = 3 mode is unstable only if
- at least - the m = 3, 5 and 7 components couple. To summarize,
we have found instabilities with m = 5 and 7 components due to
poloidal coupling, which as pure modes are stable in the circu-
lar case.

An interesting question is whether there are current distri-
butions with complete stability. Such profiles are known in the
circular case from Refs QT] and QT[. The current distribution
is therefore once more modified to make it less steep between
q.,= 1.5 and 2.0 and steeper for q > 2.0, as represented by the
solid line in Fig. 2. The ratio is now q /q = 3.7. It is found
that this current distribution is completely stable for q =1.15
with eigenfunctions similar to those displayed in Fig. 3. In
order to prove stability for higher toroidal mode numbers such
as n = 3, 4 and 5, no fewer than 9 to 20 resonant singular
q-surfaces have to be taken into account. If we leave the plasma
vacuum interface free, it can be shown by using ERATO that the
external kinks are stable for ideal MHD. The coupling between
tearing and external kinks is not, however, contained in ERATO
but could be obtained after programming of the vacuum in our
code. This is being done and will appear soon.

3. NEARLY ELLIPTIC CROSS-SECTION

We now increase the elongation to e = 2.4 for the outer
surface and to e = 2.0 on axis and decrease the triangularity
as displayed in Fig. 1. The shear of this configuration is smaller
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nq= A 5 6 789 5 6 7 69 18

0.8 1.0

FIG.4. Radial dependence of the three dominant poloidal harmonics and their derivatives for
an unstable n = 3 eigenfunction. The broken lines indicate the singular surfaces (elliptical
shape).

than that of the D-shaped one. We first take the peaked
current profile of Fig. 2, for which q /q = 5. If q =1.15
is chosen as before, there are instabilities for (n, m) = (1,2)
and (2,3). For q 5 1.25 new instabilities such as (3,4) appear
near the centre at s = 0.38 or q = 4/3, as shown in Fig. 4.

Let us now take the flat profile of Fig. 2, which was found
to be stable in the D-shaped case, but keep the stronger elongat-
ion. The overall shear is now q /q = 3.2. With q =1.15 the
n = 1 mode is stable, but not tne n = 2 and n = 3. For larger
q values there are more instabilities near the boundary and
centre. The near-centre modes seem to have a strong ideal MHD
contribution which is also included in functional (1). ERATO
calculations again show stability against external kinks. A
further flattening of the current as a tool for avoiding the
unstable tearing modes is reasonable only as long as there is
stability against external kinks. Reference \^T\ , however, has
shown in great detail that a flatter profile with a steeper
current gradient near the edge of the plasma and less shear
cannot avoid unstable ideal kinks unless q is increased to
large values up to q s 2.0.

We thus see no way of avoiding in this geometry the un-
stable tearing mode occurring as "pure" tearing modes or coupled
to ideal unstable internal or external modes.

4. CONCLUSION

Two aspects of the results of this paper are emphasized.
Firstly, the code reproduces the test cases satisfactorily and
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provides good accuracy and convergence. It is able to answer
quantitatively the linear stability problem of very sophisticated
multihelical tearing modes for shaped plasmas and general
current distributions.

Secondly, the stability studies show the existence of
completely stable equilibria against tearings and kinks for a
certain range of current distributions and D-shapes with half-axis
ratios of about 2 to 1. As the more elliptic cross-sections are
less favourable, we are continuing the optimization study in
the space of equilibria to find the most attractive shapes and
current distributions.
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Abstract

STABILIZATION OF THE TEARING MODE IN HIGH-TEMPERATURE PLASMA.
An analytical and numerical study of the stability of tearing modes has been carried

out using the Braginskii fluid equations. An electron temperature gradient coupled with
finite parallel thermal conductivity causes large parallel currents to flow in the vicinity of
the singular layer (k*-B = 0). These pressure-driven currents are stabilizing and in the limit
/3L|/Ln > 1, where (3 is the ratio of the thermal to magnetic pressure, Ls and Ln are the
magnetic shear and density scale lengths, the tearing mode is completely stable. In this
high P limit, the magnetic perturbation of the tearing modes is completely shielded from the
singular layer so that no reconnection of the magnetic field can take place. The relationship
between the tearing mode and previously investigated temperature-gradient-driven modes
and the implications of the results for resistive modes in present and future tokamak discharges
is discussed.

1. INTRODUCTION

Tearing modes have a strong influence on both the global
stability and transport in tokamak discharges. The linear
stability of this mode in both present and especially future
higher temperature discharges is therefore of critical
importance. In the most primitive resistive MHD models,
tearing mode stability is determined by the well known
stability parameter A' (A' > 0 for stability), which is a
function of the equilibrium current gradient and the mode
wavelength[l]. In toroidal geometry, average favorable curvature
has a weak stabilizing effect[2]. The purpose of the present
paper is to demonstrate that at high temperature and (3, the
electron temperature gradient coupled with parallel thermal
conduction is strongly stabilizing and; in particular when

2 2
$L /L > 1, the tearing mode no longer exists.

S Tl
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The stabilization of the tearing mode is a consequence of
large pressure-driven currents which flow near the rational
surface in a finite g plasma. The parallel force on electrons
in a magnetically confined plasma with a density gradient is
to lowest order given by

F, e

He
= -neE,, - V,,P = - i - e A, (to-w. ) (1)

II H e c 1 *n

where u^ = (k cT /eB )d[ln n (x)]/dx is the diamagnetic
frequency. The DJ^ term arises from tipping B in the

ldirection of the pressure gradient. Parallel electron force
balance therefore requires that the mode propagate with
to - a). [3]. In the presence of a temperature gradient (1)

*n*n
becomes

where k (x) = k«B /B = k x/L . K is parallel thermal
conduction and x is the distance from the rational surface.
Because of the spatial dependence of k (x), force balance can-
not be satisfied everywhere so that large parallel currents
are driven in the non-ideal region near the mode rational
surface. For sufficiently high g these large currents
disconnect the magnetic perturbations near k« B = 0 from those
in the outer ideal MHD region.

Sketches of the structure of the tearing mode in low and
high 3 plasmas appear in Fig. (la) and Fig. (lb), respectively.
In the case of low g the magnetic perturbation extends over
all values of x, being nearly constant in the limiting case of
vanishing B. At high g the large plasma currents flowing near
the rational surface cause the magnetic perturbation to
acquire significant structure. In fact, there exist two
classes of modes: a purely magnetic localized mode (dotted
line) and an Alfven-like mode which is shielded from the
rational surface so that no magnetic island is formed. The
MHD driving energy does not have a destabilizing influence on
either of these modes so the tearing mode effectively no
longer exists at high g.

2. SLAB EQUATIONS

The equations governing the tearing mode in the vicinity
of the mode rational surface are derived from the Braginskii
fluid equations [4,5]. In a plasma with g « 1, these equations
reduce to a set of second-order coupled equations for the
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F/G. 7. TAe structure of the tearing layer is shown at (a) low and (b) high § = $LJLn.

parallel vector potential A and scalar potential §. In
normalized units these equations can be written as

with

2~ 2 ~ ~
d A /ds = - 3ua(A, ,-s<f>)

d2£/ds2 = i CCJS(A-SJ)

(o)-l)(l-hcs
z:)-an

=—2
ta)s -Hcs

a = 1.71; a = 1.95; K = 1.07

n ; n e = d[ln(n)]/d[ln(T)]

u ; D | = T e / ( )s2 =

,....., 1/2, . 4. l/2_3/2
v = (4/3) (2IT) lnA ne /m T
e e e

C = .51(ve/Witn)(me/rai)(Ls/Ln)
2

2 2
6 = SL /L

s n

(3)

(4)

(5)
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FIG.2. The various regions of the tearing mode are shown in the @-C plane where C =
(me/mj (L\JL\). The mode is stable above the dashed line.

and we have assumed Ln/Lg « 1. These two coupled equations
depend only on the parameters f (normalized 3) and C (normalized
colllsionality) with the eigenvalue to to be determined.
The matching of the layer equations with the outer ideal equa-
tions introduces a third parameter, A 'ps , where pg is the ion
Larmor radius based on Te. We have taken T^ = 0 and assume
n ^ 1. The coefficient K in the expression for 5 in (5)
represents thermal conduction in these normalized variables
and in particular the <s in the numerator of (5), which
introduces a turning point into the conductivity, is of
crucial importance in stabilizing the tearing mode [compare
with Eq. (2)].

3. ANALYTIC SOLUTIONS

Because of the complicated spatial dependence of the
conductivity 3 in (5),exact analytic solutions of Eqs (3) and
(4) cannot be obtained and we therefore divide the g-C
parameter space into separate regions where the construction
of analytic solutions and the determination of resultant
eigenvalues w is possible.

Our analytic results are summarized in the $~C phase
space shown in Fig. 2 where the various limits of the tearing
mode are bounded by solid lines. In the low g limit in
Regions I and IV the tearing mode is nearly purely growing
with |u | » 1 (u >> u A and diamagnetic effects are
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unimportant). In Region I, the spatial dependence of 3 can be
neglected and the growth rate of the collisional tearing mode[l]
is given by u <* i c ' . In Region IV the full spatial
dependence of 3 is important and the semi-collisional growth
rate[6]is obtained with u <r i C

At higher values of B in Regions II and V of Fig. 2, the
diamagnetic terras become important and the mode becomes a
drift-tearing mode with the real frequency given by [3]

a) = u H 1 + 1.71 n (Region II)
o e

and[5,6]

0) = = 1 + .84 n (Region III)

which is larger than the growth (damping) rate. Above the
dashed line in Fig. 2, given by

I = .46 A'p C/ri1/2 (1 + 1.71 n ) 1 / 2 (Region II)
s e e

I = .26 A'p /n 3 / 2 (1 - .84n ) 1 / 2 (Region III)
s c e

the drift-tearing modes are stable. Stabilization in this
limit does not result from a strong modification of the
structure of the tearing mode, but rather is due to increased
dissipation near the rational surface. In crossing the
stability boundary, the local electron power dissipation
associated with the large pressure-driven currents becomes
much greater than the magnetic energy released by the
formation of the magnetic island (the power circulation
between electrons at varying distances from the rational
surface is large). The condition that the net electron energy
dissipation be small yields a damped mode. Others have
obtained similar stabilizing effects[7].

At still larger values of 2, in Regions III and VI of
Fig. 2, the pressure-driven currents become so large that the
entire structure of the tearing mode is altered as shown in
Fig. lb. The localized modes are essentially purely magnetic
(A >> s<j>) and have a dispersion relation given by

u - coQ - i 1.35 [ne/0U + 1.71ne)]
1/Z (4m+l) (6)

* 3/2
where m < 3 /C is a non-negative integer. Because of the
strong localization of„these modes, they are completely
unaffected by A'. As 3 is increased,the damping rate in (6)
becomes small and the number of these localized modes becomes
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large. If the time-dependent thermal force[5,6,8] is included
in our equations these modes are readily destabilized. These
unstable localized modes are clearly related to the previously
discussed microtearing modes[9]and should be very important in
plasmas with £ > 1.

The second class of modes in Regions III and VI connect
with the ideal MHD solution at large |s| but are shielded from
the rational surface. Therefore, these modes cannot release
magnetic energy since they do not tear the magnetic field.
They essentially become stable shear-Alfven modes. In Region
III of Fig. 1 the dissipation region of this shear-Alfven mode
is strongly localized around the Alfven cut-off (see Fig. lb)
and the lowest-order dispersion relation and the location of
the dissipation region are given by the two conditions
w = k C" and a = 0, which yield the quadratic dispersion
relation

/C) = 1.71n (7)
e

where only the stable root of this dispersion relation has the
proper asymptotic behavior. Corrections to this dispersion
relation are obtained by solving the equations near the Alfven
cutoff and matching with the ideal outer MHD solutions. The
root given in (7) is the lowest-order solution in an infinite
hierarchy of dissipative Alfven modes in which A' simply
shifts the real frequency but Is not destabilizing.

Finally, In Region VI the Alfven-like mode Is again
shielded from the rational surface and Is therefore stable,
although,because C << 1, the disipation region is no longer as
strongly localized around the Alfven cutoff as in Region
III. The dispersion relation for the lowest-order modes is
given by

2 2
4TT m 1

3 l [-ln(13.7n C)

with m a positive integer. This dispersion relation is of the
canonical form for dissipative kinetic shear-Alfve'n waves [10],
which in non-normalized units is u>(u>-tô  ) = (mk'C p )2.
Corrections associated with A' are again not destabilizing.

4. NUMERICAL SOLUTIONS

The coupled equations for A and <Ji in (3) and (4) have
also been solved with a shooting code which matches the
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10'

FIG.3. The normalized eigenvalue to = co/coxn of the tearing mode is plotted versus § for
r/e = 1 and &'ps = 0.00707 with C = (a) 752.2 and (b) 2.09 X 10~s. Circles (squares) denote
the growth rate (frequency).

ideal MHD solution at large |x|. The numerical results are
summarized in Figs 3,4. In Fig. 3 we have fixed
A'pg = .00707 with n e = 1 so that the eigenvalue UJ is shown as
a function of 3 for C = 752.2 and 2.09 x 10~5, corresponding
to vertical slices up the right and left sides of Fig. 2. The
tearing mode Is strongly unstable at low 3 and evolves to a
drift tearing mode and is stabilized at intermediate £\ At
high £ in the high C regime,S = 2.71, which corresponds to the
localized mode. At low C by contrast u - 1 at high 3,
corresponding to the kinetic shear-Alfven wave. The analytic
dispersion relations are shown as solid lines in this figure.
Agreement is excellent.

The transition of the tearing mode to two different types
of modes at high 3 depending on C implies the existence of a
critical point where the Alfven mode and localized mode are
degenerate. This occurs at {3,C = 50, 22. The existence of
this critical point and others In the ?-C plane is important
since It implies that in following the tearing mode from low
to high £ the mode that is finally obtained at high 3" depends
on the path taken through the $-C. plane. This strongly
reinforces our contention that the tearing mode does not exist
at high $.

The complete structure^of even A , odd $ modes are shown
in Fig. 4 as a function of 3 for high and low C. At low i?
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P

FIG.4. The real frequency for the spectrum of drift (Dn), Alfven (Anj and tearing modes
(T) versus $ for C = fa) 752.2 and (bj 2.09 X 1O'S.

there exists three classes of modes: the tearing mode (T) and
an infinite hierarchy of electrostatic drift (Dm) and Alfven
(A^) modes. At high £ there are the localized modes and
Alfven modes. The connection between the various modes at low
and high 3 depends on C. In general some fraction of the
Alfven modes at low 3 connect with the localized modes at
high g' and the remaining retain their Alfven-wave character.
This connection cannot be seen in the low C plots in Fig. 4b
because it occurs at higher values of 3 than we are able to
study numerically. However, we have shown analytically that
this type of transition also occurs at low C.

5. TOROIDAL EQUATIONS

The equations for the tearing mode have also been derived
from the Braginskii equations for an axisymmetric toroidal
plasma with arbitrary aspect ratio and 3« We obtain a set of
four coupled field-line-averaged equations for
A , £, P and T. These equations reduce to those of resistive
MHD in the appropriate limit. These equations have not yet
been solved for arbitrary 3* and aspect ratio, but in the low
3, large aspect ratio limit, they reduce essentially to the
slab equations with two modifications: the ion inertia [left
side of (4)] is enhanced by the Pfirsch-Schluter factor
~ 1+q ., where q is the safety factor; and a curvature term of
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2 2 2
order e = r /R « 1 is now present on the right side of
(4). Because the average curvature is so small in a large
aspect ratio torus, curvature is negligible everywhere except
in the limit of large C (> e ) and high £(> A'p /e ). The
slab results therefore appear to be qualitatively correct even
in toroidal plasmas.

6. CONCLUSION

The tearing mode should be completely stable in a
sufficiently high 3 plasma. In present tokamak discharges,
tearing modes are approaching marginal stability. In PLT, for
example,with B « 35 kG, T z. 500 eV (at the q = 2 surface),
n e « 5 x 10 /cm and A'a6* 20, C = 2, (5 = .04 and
A' Ps - .04. For these parameters, the m=2 tearing mode is
near the lower vertex of Fig. 2, which is close to marginal
stability. Because of the strong temperature dependence of
(3 and C, future higher temperature discharges should be
completely stable.
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Abstract

NON-LINEAR MHD EQUATIONS AND DISSIPATIVE BALLOONING MODES.
An investigation is made of the non-linear stage of the dissipative ballooning instability

and its effect on transport processes in tokamaks. The analysis is made by using a simplified
non-linear system of MHD equations which can describe both kink and ballooning instabilities
of a non-ideal plasma. The equations were derived by expanding an initial MHD system in
terms of reciprocal powers of the strong longitudinal field allowing for dissipation and ballooning
effects. In addition to Alfven oscillations, this system of equations can also take into account
ion acoustic oscillations which are important for dissipative ballooning modes. As a result of
the physical clarity and simplicity of this simplified system, the role of non-linear effects under
conditions of strong turbulence can be identified and the transport coefficients as a result of
the dissipative ballooning instability can be estimated.

1. INTRODUCTION

Progress achieved recently in the theory of instability and non-linear processes
in a high-temperature tokamak plasma has been to a considerable extent due to the
use of two simplified scalar non-linear MHD equations proposed in Refs [1, 2].
These equations have been used to develop a theory of the non-linear stage of ideal
kink instability [1 ] and to construct a theory of first-mode reconnection [3] which
has been fully confirmed experimentally.

In view of the physical clarity of the scalar equations, it has also been possible
to develop a non-linear theory of the tearing instability [4] which shows good
agreement with numerical calculations [5, 6].

The simplified system of MHD equations was derived specially to study
instabilities excited by the longitudinal current when effects associated with the
plasma pressure are negligible. As a result of success recently achieved with
auxiliary methods of heating, the thermal energy of the plasma in tokamaks is
comparable with the energy of the longitudinal current and, in this situation,
ballooning instabilities excited by the plasma pressure may play an important
role. It has thus become necessary to generalize the equations [1, 2] to the case
of a finite-pressure plasma.
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In the present paper, we derive a complete scalar system of non-linear MHD
equations which generalizes the equations derived in Refs [1, 2] to the case of
finite plasma pressure and enables both kink and ballooning instabilities to be
investigated.

2. NON-LINEAR MHD EQUATIONS

In this section we shall give the derivation of the simplified non-linear
equations by using the expansion applied in Ref. [7]. We shall assume that the
plasma is situated in a strong toroidal magnetic field Bo such that the thermal
energy of the plasma and the magnetic field energy of the current are substantially
less than the longitudinal field energy. In this situation, the thermal energy of the
plasma and the field energy of the current are insufficient to perturb Bo. In other
words, we shall assume that the frequency of the magneto-acoustic oscillations
KLCA *S substantially higher than the frequency of the Alfve'n oscillations kycA

and the acoustic oscillations k||Cs. In this case, to a first approximation, the field
lines can only be bent without becoming more crowded or more spaced out.
These oscillations can be described by a single longitudinal component of the
vector potential A||. Subsequently, it will thus be more convenient for us to use,
rather than the magnetic and electric fields, the vector and scalar potentials:
$=curlA\ 2 = -V^-8A/c3 t .

Using Ohm's law j * = a(E + (l/c)v* X B) and expanding this in terms of the
parameter Bj/B0, we can express the transverse velocity in terms of the scalar
potential: Vj_ = c!$ XVf/B2. From the condition div B* = 0, we can express the
transverse components of 3 with respect to S o in terms of the magnetic flux
function \p: Bj_ = es X Vi///h, where h = (1 — kr cros \p) is the Lame coefficient in
the quasi-cylindrical system of co-ordinates r, co, s [8]. From the longitudinal
component of Ohm's law, using the relationship <// = hA|, we then obtain an
equation for i/>:

b\b -> dip c
rf+Cvx-V^ + c — = — hj|| (1)
dt os a

We obtain another relationship between i// and j | | from curl B = (4TT/C)T:

4TT
| V n / / = - — hj|| ( 2 )

This is none other than the Grad-Shafranov equation.
An equation for <p (or, which is equivalent, for v^) can be derived from the

equation of motion
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dv
—
dt

and the quasi-neutrality condition div j = 0, expressing the current in the form of
the sum j = jj_ + J ||. As a result of simple transformations, we obtain:

1^" 3t
-eg- ,i)_(3,)i.0(3)

Equation (3) contains another unknown function - the pressure p. This is
determined by using the energy equation, which we shall give in the form:

3-7 3-7
—

(4)

Here we have assumed that div v± = 0.
To close this system of equations, we require an equation for the longitudinal

velocity component vy. This is obtained from the longitudinal component of the
equation of motion and takes the following form:

•I^P-O (5)

For the sake of generality, we shall also give the equation for the density:

dp _» 5 .y
^ + ( v r v ) p + — v y p = O (6)

Equations (1) - (6) have a simple physical meaning. Equation (1) describes
the entrainment of the magnetic flux by the plasma. Equation (2) is the conventional
Ampere equation rewritten in a slightly different form. Equation (3) describes the
propagation of vortices in a conducting fluid. The first term in this equation is
the normal inertial term. The second term, which is related to the pressure
gradient and the curvature of the magnetic field lines, is similar to the gravitational
force in a normal fluid. In a plasma, this term describes flute and ballooning pertur-
bations. The last term, which is proportional to the current jy, is responsible for
kink instability and also describes the Alfven waves. It gives a force which causes
helical twisting of the plasma which can be seen from the operator 3 •V/B; for
helical perturbations this operator vanishes. Equations (4) and (5) describe the
propagation of perturbations along the field lines at the velocity of sound. Equation
(6) is the normal equation of continuity which, together with Eq. (4), yields the
relationship p ^ p^-
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3. LINEAR THEORY OF DISSIPATIVE BALLOONING MODES

Before presenting the results of linear theory, we shall generalize the linearized
variant of Eqs (1) - (6) to some extent. To do this, we shall add to the right-hand
sides of these equations terms of the type V(D0V i//), V(D0V^), ... (depending on
the equation). This is equivalent to replacing the linear-theory growth rate 7
(all the perturbed quantities are assumed to depend on t in accordance with
exp(7t) with the operator (7 - V(D0V)). This substitution follows logically from
the structure of non-linear terms of the type (v\-Vi//), (yi*7v),... if we assume that
at the non-linear-stage collective plasma transport processes occur at right angles to
the magnetic field. In this case, small-scale fluctuations cause efficient diffusion
spreading of large-scale perturbations [7]. After making this substitution, we can
use two approaches: 1) assuming that Do = 0, we can calculate the instability
growth rates 7 and the localization dimensions of l/kj_, which separately yield
little information; 2) assuming that 7 = 0, we can find Do which immediately
gives us the combination 7/k|, which has the dimensions of a transport coefficient.
However, at this point we cannot state that Do 'v 7/k| corresponds to the true
transport coefficient. It will be shown subsequently that this is not always the
case. The growth rates and localization dimensions were calculated in Ref [9-12],
and at this point we shall find the value of Do required for the non-linear cal-
culations.

The linearized equations allowing for Do take the following form:

c2

(8)

[ ( 7 - D 0 A i )
2 -c2(S-V/BS)2]p ='(cp1/v/gB8)

(9)

where TS = 4iraa2/c2 is the skin time, a is the plasma minor radius (introduced
for normalization). A system of co-ordinates z, 6, s with 'straight' field lines is
used here [8], Bs is the contravariant compenent of the steady-state magnetic field,
g is the determinant of the metric tensor, and cs = (70p/p)2 is the velocity of
sound.
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As a result of an investigation of higher harmonics of the ballooning modes
using a technique developed in Refs [10, 12] and assuming that y = 0, we obtain
from Eqs (7) - (9) (for the Fourier harmonics):

dt2 N2 1 + t 2 P + -Dn

sar
2( l+ t 2 ) (1+t2)2

D n +-=•
Dg ( 1 + t 2 ) 2

s2C?

C 2 +Dj( l+t 2 ) 2

d2

p = 0

P = Dl-
Dos2C2 d 1

( l + D 0 ) ( l + t 2 ) dt 1+t2 dt

(10)

(11)1 (1 + t 2) 2 dt2

Here we have

D o = D o r s / a 2 , Cs = Cs 7S/Rqh2q2, N = r s / r 0 h 2 q 2 , s = q1T/q, a = - 87TP1 Rq2/B2,

, ce = (B2 , V = ^+e(l-qr2) ,

= r/R

R is the major radius of the torus, n is the azimuthal number with respect to s.
An analysis of these equations shows that the result depends strongly on the ratio
of the velocity of sound to the skin penetration rate. For simplicity, we shall
immediately analyse the two limiting cases cs = °° and cs = 0.
1. The limit cs = °° corresponds to an incompressible plasma. It can be envisaged
that in this case, ion-acoustic oscillations transfer the perturbations from the
unstable region and the oscillations are more stable than for finite cs. In addition,
they have a pressure threshold. The corresponding expression for Do is determined
from

Dj /6(l+D0)1/6 =
N1/3 fsa? o?

4s s / 3( l+2q 2) 1 / 6^ 2 2
(12)

The threshold a0 is found from the condition

a2 sa2

«v-y-— = 0 (13)

2. The limit cs = 0 naturally corresponds to more unstable conditions; in this
limit there is no pressure threshold and Do is determined from
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C2

, Cs=O

1 0 = Ae (Jj

FIG. 1. D andD0 versus a for cs = 0 and cs = °°

-13/6

(1+Db)5* N*

a2 sa2\ - a2

---—) Do-y(l+s) (14)

Both cases are shown in Fig. 1. Curve 1 corresponds to the case of ideal
ballooning modes and shows two stable zones at low and high pressures. Curve 2
corresponds to the case cs = °° and a^°°, and shows that, in this case, only one
stable zone is found at low pressures (criterion (13)). In the case cs = 0 and
a^°° (curve 3), the plasma is always unstable.

Equations (12) and (14) are valid in the first stable zone in accordance with
the ideal criterion. A model problem was solved for the second stable zone and
in this zone curves 2 and 3 are qualitative.

At low pressures, a « 1, where the oscillations can be considered to be
potential, the typical value of Do is of the order of the pseudo-classical value
Do 'Wc2/47ra)0 j (0j = 87rp7Bp.

As a increases in the region a «* a0 (condition (13)), the oscillations become
non-potential and the value of Do begins to depend on the mode number (nq), and
when the criterion for the stability of ideal ballooning modes [12] ceases to be
satisfied:

- s2 + en V — a2 — sa2 = 0
2 2 2

(15)

it tends to the ideal value 7/kJ ^ ac^/n2q2.
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This value of Do cannot characterize real transport processes and indicates
the formal nature of Do .

4. COLLECTIVE TRANSPORT PROCESSES DUE TO BALLOONING MODES

In the case of ideal conductivity, the expression for the velocity contained
in Eqs (1) - (6) can be written in two different form:

v = i i
x B y Bk,c

Here for simplicity we have introduced a local system of co-ordinates with the
"X"-axis at right angles to the magnetic field and we use the quasi-classical
approximation y -* ik. The two variants (16) are derived from the frozen-in
condition l t-2 = B(-kB(£- (7/c)A,|) = 0, i.e. ̂ > = 7A | |/(k | |c). The first expression
in Eq. (16) may be considered to be the velocity of the material whilst the second
can be regarded as the 'rate of displacement' of the field lines. The velocity of
interest to us is the rate of penetration of the plasma across the magnetic field,
for which it is logical to take the difference between these expressions:

V " ~ 1 B V k,,c

In the case of ideal conductivity, Eq. (17) by definition vanishes. I f a # ° ° , using
the equation for AB (or \p) (1), we can express AB in terms of tf> and obtain the
following expression for the rate of penetration:

«>_ . ckv (z/ k?

Here, we again assume that the oscillations are small-scale, and we use quasi-
classical theory.

Equation (18) logically yields the estimate for the diffusion coefficient:

D = <v£>r (19)

where <v£> is the average characteristic velocity and r is the correlation time of the
appropriate oscillations. Using eq. (18), we can write
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Here Do = (ck^/B)2T = £2 /r is equal to the square of the characteristic displace-
ment of a plasma element % in the wave field, divided by the correlation time.

If the plasma motion is turbulent, 7 on the right-hand side of Eq. (20) can be
replaced by DkJ, where D is the unknown diffusion coefficient ((DkJ) - 1

characterizes the dispersal time for fluctuations with the scale kj1). As a result,
we obtain the following equation:

D = DO(1+D/DS)2 (21)

where Ds = c2 /4-iro is the pseudo-classical diffusion coefficient.
Thus, everything depends on the value of Do . Do = £2 /T can be estimated for

strong turbulence as (7 /k | ) m a x and this value was in fact determined in Section 3.
Equation (21) then gives D = Do for D <<C Ds and

D = Di/3D2/3 ( 2 2 )

for D » D S . Figure 1 also gives the real transport coefficient as a function of
pressure.

At low pressures, the transport coefficient D is the same as Do ; on approaching
the region of ideal instability, it becomes increasingly lower than Do and at its
maximum reaches the values of D «(ac^ej3j)1/3(c2/4irCT)2/3. If the pressure is
increased further, the transport coefficient D begins to decrease.

It should be noted that in the region where the ideal criterion ceases to be
satisfied and near this region the transport coefficient D increases as the mode
number decreases, D ^ (l/nq)2 /3 . In this case, the main contribution to the trans-
port processes could be made by lower-order modes. It is, however, well known
from analytical and numerical calculations for ideal ballooning modes that
higher-order modes begin to develop preferentially. Thus, it may be considered
that this result is also valid for non-potential dissipative ballooning modes and,
in that case, the reasoning put forward above regarding the nature of the transport
processes is valid.

This analysis has shown that in the so-called stable zone (for a = °°) the
transport processes due to dissipation remain finite whilst in the region of ideal
transport instability they increase (TJTQY1* times.
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DISCUSSION

F.W. PERKINS: With regard to the third part of our paper, the classical
diffusion coefficient is introduced through use of the resistive form of Ohm's
law. Have extensions to kinetic relations between j j and E | been considered?

B.B. KADOMTSEV: No, we considered only the simpler resistive collisional
mode of instability.

B. COPPI: The second stability region is of interest for high-temperature
regimes, where the simple model you adopted is probably inadequate and where
your predictions are probably too pessimistic. Work we have carried out suggests
that this region where there are no ideal MHD (e.g. shear-Alfven) normal modes
should be relatively quiet.

M.N. ROSENBLUTH: Professor Kadomtsev, would you not expect the
magnetic field to become stochastic, enhancing the thermal conductivity far
beyond your estimate and also inducing electron parallel viscosity, which plays
a destabilizing role?

B.B. KADOMTSEV: We considered the particle transport only. The
stochastization of magnetic fields may lead both to electron thermal conductivity
and to parallel viscosity enhancement.

R.J. TAYLOR: Experiments show that the external forces involved in the
plasma feed coupled with the rather free movement of the electrons determine
the transport, which is dominated by convection under drive conditions. Did
you consider the effects of the DC potentials, not just that of diffusion?

B.B. KADOMTSEV: No, we did not consider these effects.
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Abstract

MHD ACTIVITY AND NEUTRAL-BEAM-DRIVEN TRANSPORT EFFECTS IN ISX-B
TOKAMAK.

In the first part of the paper the equilibrium and MHD stability studies for ISX-B
plasmas are described. Present results indicate that ISX-B equilibria are marginally stable to
ideal MHD modes. The resistive MHD model can explain the dominant role of the n = 1 mode
and its changing behaviour with increasing 0p. Resistive ballooning modes could be responsible
for the long frequency tail of I fluctuations and cause the confinement deterioration observed
in ISX-B. The second part of the paper describes beam effects. Unidirectional neutral-beam
injection, such as employed on ISX-B, is also expected to alter the particle and energy confine-
ment because of the net momentum transfer and the accompanying plasma rotation. Such
beam-dependent modifications to standard neoclassical processes are observed in the impurity
transport at measured central, toroidal rotation velocities in the range of 106 to 107cm-s"1.

1 . MHD ACTIVITY IN THE ISX-B TOKAMAK

1.1.INTRODUCTION
The ISX-B tokamak with up to 3 MW beam heating power

(P b ) , about ten times i t s Ohmic heating (OH) power, i s
exploring a to ta l ly new regime of tokamak plasmas. The

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under
contract W-7405-eng-26 with the Union Carbide Corporation and other contracts.

' Present address: Junta de Energfa Nuclear, Madrid, Spain.
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results obtained [1,2,3] have raised many questions related
to the stability of such plasmas. These questions can be
separated into three areas: 1) Ideal MHD stability; 2) Causes
and description of the observed MHD activity; and 3) Effect of
the MHD activity on the confinement. Since the ISX-B
experiment is an ongoing effort, definitive answers to all
questions have not yet been found. However, a great deal of
progress has been made in understanding some of these
problems and we will present here the current perception of
what these answers are. In addressing such questions we had
to: 1) carefully model ISX-B discharges, 2) develop further
the theoretical understanding of the MHD instabilities, and
3) make detailed comparisons between theory and experiment.
We will present in the next three sections the results of
such studies.

1 .2. IDEAL MHD STABILITY STUDIES
The ideal MHD stability studies require a careful

reconstruction of the ISX-B equilibria. These equilibria are
calculated using the data analysis code ZORNOC [4]. This
code requires as input the plasma geometry parameters (major
radius, minor radius, elongation and triangularity) which are
obtained from the poloidal magnetic measurements [5]. With
this information providing the boundary conditions, an
equilibrium is calculated using the experimental pressure
profile and an assumed current profile. The pressure profile
is obtained from the midplane Thomson scattering profiles and
from central ion temperature measurement supplemented by
neoclassical ion power balance and beam slowing down
equations. The shape of the current profile is then varied
to match the measured poloidal coil currents, the magnetic
field measurements, and the location of the q=1 surface as
determined by soft X-ray measurements. Equilibria which
closely match all experimental data have been found with
poloidal beta, g , ranging between 1 and 2. These equilibria
were tested for low-n (toroidal mode number) ideal MHD
stability using the ERATO code [6], and high-n stability
using the MBC code [71. In ERATO studies it is not possible
to use enough grid points to obtain a fully converged growth
rate. So, extrapolation to zero spacing between grid points
is necessary. Fig. 1 shows a typical plot of the squared
growth rate as a function.of N~2, where N is the number of
grid points. The extrapolation yields zero growth rate, or
marginal stability for the low-n modes, within the accuracy
of the present numerical studies. This has been the general
result for all ISX-B equilibria studied. Similarly, the
large n calculations lead to eigenvalues with magnitudes
which are many orders of magnitude smaller than the typical
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FIG.l. Growth rate squared, y2, versus
number of grid points used, N, in the radial
and poloidal directions.
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FIG.2. The safety factor q, pressure p and
current density j for the <|3> = 0,0253 case
studied. Each curve is shown as a function
of the major radius Rat the midplane. The
peaks in the pressure and current density
profile are normalized to the safety factor at
the edge.

stable or unstable eigenvalues. These are judged to be too
small to be of numerical significance in all cases except
one. Only the equilibrium with highest < p> and gp
(<3>•= 0.0253, gp = 1.95) among the cases studied shows signs
of possible instability in a small region halfway between the
magnetic axis and the plasma edge. When finite u» effects of
the thermal and beam ions are taken into consideration, this
equilibrium is stable to all modes with n > 7. In
conclusion, all the ISX-B equilibria studied at present show
marginal stability to ideal MHD modes within the accuracy of
the calculations. These results differ from earlier studies
[8], which indicated that ISX-B had exceeded ideal mode
thresholds. The present equilibrium calculations have been
improved to give better matches to more experimental data.
The most significant difference in the equilibria is the
toroidal current distribution. As can be seen in Fig. 2, the
current distribution has "shoulders", which are more
pronounced at smaller values of q ., the safety factor at the
plasma edge.

1.3. DESCRIPTION AND CAUSES OF THE OBSERVED MHD ACTIVITY IN ISX-B
A way to describe the observed MHD activity in ISX-B is

by looking at the frequency spectrum of the Mirnov coils.
Two characteristic observations are:



-67.9
50 (00 150 200 250

a; (kHz)

FIG.4. Time history of (Bejl00 kHz
and j3p for an ISX-B discharge.

FIG.3. Bg power spectra measured 4 cm
behind the limiter near the equatorial
plane on the outside for a discharge:
(a) with no detectable q= 1 surface in
the plasma and (b) with significant
plasma volume within the q = 1 surface.

1) A clear peak at frequencies between 5 and 25 kHz
(depending on the parameters of the discharge) with possible
higher harmonics being present (Fig. 3 ) . This peak
corresponds to the n=1 mode and dominates the spectrim when
there is a significant plasma volume within the <j=1 surface.

2) A high-frequency tail resolved out to 250 kHz (Fig. 3 ) .
These fluctuations are present independent of the n=1 mode.
The amplitude level increases with beam injection in a
fashion similar to the development of & (Fig. 4 ) . The
poloidal correlation lengths are typically of order 5 cm, but
in some cases highly coherent structures appear between
100 kHz and 200 kHz with longer poloidal correlation lengths.

The fact that the spectrum is dominated by the n=1 mode
when there is a significant plasma volume within the q=l
surface agrees well with theoretical predictions based on 3-D
resistive MHD calculations [9]. They show that the (m=1;n=1)
mode is then the dominant instability. This mode drives many
other helicities through the toroidal and nonlinear
couplings. The main results of these calculations are:
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i) For a given q profile, the growth of the 1/1 island slows
down with increasing g_, from exponential to linear, before
reconnection takes place. ii) If &> is high enough, the
island saturates without reconnection and therefore produces
continuous m=1 mode activity. This happens when the
(m=1;n=1) mode is primarily driven by pressure. iii) The
largest driven mode is the (m=2;n=1). This component, like
the other driven modes, is mainly localized near the q=1
surface. It produces a large value of 8" at the limiter but
only a small 2/1 island near the q=2 surface. iv) A broad
spectrum of other driven modes is produced. These generate a
variety of magnetic islands that overlap and break magnetic
surfaces when the 1/1 island is large enough, v) As q^ is
raised, the instability reverts toward the classical low-6
m=1 mode[10]. The growth of the m=1 island speeds up due to
increasing shear at the q=1 surface, and the amplitudes of
the driven modes and R at the limiter decrease because the
radius of the q=1 is reduced.

These theoretical results and the gross features of the
experimental observation are in agreement for the n=1
dominated discharges. A comparison at a more detailed level
is done by calculating model X-ray fluctuation (X0 waveforms
for the theoretically predicted mode structure. This has
been done for the reconstructed equilibria described in the
previous section. These X" waveforms have been compared in
detail with the experimental ones [2] , and show excellent
agreement.

The resistive MHD calculations show that at finite g
there are also unstable resistive pressure-driven modes, the
saturated level of which increases with gD. Their spectrum
falls off slowly with n and they are possible candidates to
explain the high-frequency tail observed in the ff frequency
spectrum. In the framework of the incompressible resistive
(k||V-j./ve£ < 1] MHD model, for g > 1 and below the critical g
for ideal instabilities, it has been found that the fastest
growing mode has a linear growth rate Yn =
(n 2/S) 1 / 3 [gQq

2/(e p L ) ] 2 / 3 TJ^, where S is the ratio of
resistive time ( TR) to poloidal Alfve"n time (xhp) ,
Bo = 2p(0) PQ/BQ is the peak g, e is the inverse aspect ratio,
Lp = [(-dp/dp)/p(0) 3"

1 and p, 0 < p < 1, is a flux surface
label. These modes are highly extended along magnetic field
lines, with a characteristic width given by
Wn = a [q" S

2 n 2 yn T ^ / C P2S) ] ~ 1 / l f where S = [p(dq/dp)/q] .

If the incompressibility condition is relaxed and
parallel dynamics terms are included, there is a stabilizing
effect on the resistive ballooning modes. The ion sound
effects undercut the destabilizing pressure and the linear
dispersion relation becomes

Y3 + ^
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FIG. 5. Scaling with S of the linear growth
rate (for n = 1, 3 and 6 modes) calculated by
the 3-D MHD code RST [11] compared with
the linear growth rate calculated with the linear
ballooning equation [22].

FIG.6. Toroidal mode num her spectrum
from 3-D MHD calculations when the q = 1
surface is present (o) and when it is absent
(*) from the plasma.

where yn is the growth rate for the incompressible limit.
This can weaken the growth rate power dependence on the
resistivity from 1/3 to some value between 1/3 and 1. The
effect is negligible for modes such that
n> [(S 1 / 2 ep Lp)/(B0

1/lt q7/2) ][p( p)/p(0) ]3/i* which for high
Bp discharges in ISX-B implies n > 5. Ion sound terms tnay be
vulnerable to turbulent and viscous effects, which further
decrease the lowest bound on n for the instability to be
present.

It is interesting to notice that numerical calculations
of the linear growth rate using the 3-D MHD equations agree
with the ones done with the ballooning equation (n -*- °°), even
for very low values of n (Fig. 5 ) . Finite aspect ratio
corrections do not modify this result. Therefore, the large-
n equations contain, within the limitations of the model, all
the physics of these modes and are a useful tool for
analytical calculations.

Using the nonlinear resistive ballooning equation, a
calculation of the renormalized response has been performed.
This calculation shows that the dominant nonlinear effect is
due to the convective nonlinearity in the pressure evolution
equation, which reduces the turbulent pressure response, p,
to $, the electrostatic perturbation. This causes a
reduction of the interchange destabilizing term, without
changing basically the structure of the eigenfunction. The
resistive ballooning modes saturate when the pressure
fluctuation mixes dp/dp over the radial extent, A, of each
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poloidal subharmonic, p = A dp/dp. Since the pressure is
mainly convected.we have p = [inq'$(dp/dp)/( pYn) ]. Therefore,
the kinetic energy of these modes at saturation is
E k = <|nq^p!

2> ~ A2(yn %p)
 2, which is also obtained from

the analytic saturation criteria. The scaling of E k with BD
and S has been confirmed by numerical calculations using the
3-D MHD code RST [11]. These numerical calculations give
also the n spectrun for these modes (Fig. 6), which shows the
slow fall off with n mentioned before. This is contrasted in
Fig. 6 with the n spectrum when the n=1 mode dominates.

Diamagnetic and finite Larmor radius effects have been
incorporated into the theory, using renormalized kinetic
equations to construct the moment equations and nonlinear
dispersion relation, which for purely growing modes
(Te E T A ) , is [ (y + dn)

 2 + «?)](Y + dn) = y*. Saturation is

predicted in the u* > Yn regime when dn = y^/u£.

1.4. EFFECT OF THE MHD ACTIVITY ON CONFINEMENT IN ISX-B
A deterioration in confinement is observed in ISX-B

discharges [1,12] with high neutral injection power at high
gp. The present experimental results, alone, are not able to
identify whether the cause of the confinement deterioration
is due to the neutral-beam effects ( T £ « I

3 / 2 P^273) or is
intrinsic to high 3 plasmas ( T E =1172 (C

2)t Or both. A
possible cause of this deterioration, linked to high 0 , is
the MHD activity. P

The role of the (m=1;n=1) mode and its driven activity
on the energy confinement has been studied experimentally by
toroidal magnetic field and plasma current scans [2,3,12].
In the case of BT scans, for instance, at fixed plasma
current and density, raising q . reduces the intensity of the
(m=1;n=1) and driven modes and, presumably, any associated
losses. Such scans lead to no change in confinement time.
It is then concluded that the (m=1;n=1) mode and its driven
activity is not responsible for the pronounced degradation of
confinement observed in ISX-B. The resistive ballooning
modes are a possible explanation. Using the analytic model
for the saturated amplitude of the resistive ballooning modes,
an estimation can be made of the induced losses [13]. It is
found that convective losses are negligible and the dominant
loss channel is the electron conduction. We can calculate
the magnetic field line diffusion coefficient DM, using a
renormalized drift-kinetic equation for a static system with
magnetic nonlinearity, appropriate for toroidal systems. We
use the calculated saturation level for the fluctuations and
estimate the electron conductivity Xe - vTeDM • w n i c n leads
to
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This theoretically predicted value for ^ agrees with the
experimentally measured Xe for most of the ISX-B discharges
with (L> > 1E12.13].

The diamagnetic modification to Xe °an be written as
<Xe>a»*) = «Xe>ui»=0 ( k o ^ k r m s

 + k c
2>) 1 / 4 where kc is the k for

which a»=Yn.

2. NEUTRAL-BEAM DRIVEN TRANSPORT EFFECTS IN ISX-B
Another influence on the confinement properties of ISX-B

discharges, in addition to the MHD modes that have been
discussed, may stem from the use of unidirectional
neutral-beam injection. It is expected that net momentum
transfer and the accompanying plasma rotation alter the
transport of particles and energy. The fact that such
effects should be considered in analyzing ISX-B discharges
has been inferred principally from studies of impurity
transport [14,15], and the results of these studies are
sunmarized here.

Theoretical calculations generally show that plasma
rotation caused by co-injection should decrease the usual
transport velocities of impurities, although they remain
inward directed [16]; the effects of direct momentum transfer
to the particles may then be strong enough to reverse the
flux, at least for contaminants in small concentrations [17].
In contrast, rotation caused by counter-injection should
cause the inward transport to be much larger than in
Ohmically heated discharges. Such effects have been observed
both from intrinsic impurities (oxygen, iron, titanium) and
from argon and titanium injected as test impurities.

Figure 7 shows the behavior typically observed for
peripheral (Ar VII) and interior (Ar XVI) argon ions in
Ohmically heated, co-injection and counter-injection
deuterium discharges. Argon is introduced as a test impurity
in short, 1-7 ms bursts at 90 ms after the discharge begins.
In the Ohmically heated case the intensity of the Ar XVI
continually builds up until the shot terminates while the
peripheral radiation slowly decreases. All of the
calculations we have performed to analyse such data indicate
that changing plasma conditions alone (rising electron
density and decreasing temperature) cannot explain these
results, and that the argon must be accumulating in the
interior while it is depleted from the scrape-off region
[18]. We have interpreted such results to indicate that
neoclassical transport mechanisms, rather than anomalous
mechanisms, generally dominate the impurity transport in
deuterium (accumulation is not observed in hydrogen
discharges). This interpretation is substantiated by the
observation that laser-injected silicon [19] and titanium,
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of discharge.

which do not recycle, have confinement times much longer than
100 ms; i.e. longer than the time of the discharge remaining
after their introduction.

The argon behavior in the two injection cases is
distinctly different from that of the Ohmically heated
plasmas; no accumulation is observed during co-injection,
also, the titaniun introduced by the laser blowoff technique,
has a characteristic confinement time of only 15-20 ms. But
during counter-injection, both the accumulation of argon and
of the intrinsic impurities is so rapid that the plasma
disrupts within 30 ms, most likely because of the extreme
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cooling in the center which becomes greater than 1 W/cm3

[20], For the case shown in Fig. 7 the discharge is not
extinguished by the disruption, but both the particle and
energy confinement times are strongly reduced. At the
present time it appears that beam-driven neoclassical
impurity transport explains the counter-injection data. But
with regard to co-injection, it can be argued that the
shortened confinement times could result from the
superposition of enhanced anomalous transport [21] as well as
from beam-driven decreases of the standard neoclassical
terms. We have no way of distinguishing the two effects at
the present time.

Toroidal rotation resulting from parallel neutral-beam
injection has been detected in ISX-B plasmas by observing the
Doppler shifts of spectral lines. Fig. 8 shows typical
rotation velocities measured from C V and Ti XV lines as a
function of time. The carbon is intrinsic, but the titanium
has been introduced by the laser blowoff technique 20 ms
before the neutral injection begins in order to allow the
concentration to build up to a level at which the magnetic
dipole transition at 2545 A can be observed. The rotation
velocities reach a steady state in about 30 ms following the
onset of injection. The titanium line can be detected for
only 30 ms after injection begins because it rapidly
disappears from the plasma once the beams are turned on.
From modeling calculations it is estimated that the maximum
emissions from these two lines occur at values of r/a equal
to 0.4 and 0.8. An estimate of the rotation profile
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indicates that the central velocity is approximately 1 x 107

cm/s, about a factor of three smaller than the thermal speed
of the plasma ions as determined from the charge-exchange
neutral atoms formed at the center of the discharge. A
rotation speed of 1.4 x 107 cm/s was measured from Ti XVII
during a counter-injection experiment 10 ms before the
disruption when the titanium was becoming strongly peaked in
the center of the discharge. The observed peak rotation
velocities have been reproduced with a model which includes
only charge exchange and radial neoclassical diffusion of
toroidal angular momentum for the damping. A newly
calculated neoclassical expression

riĵ  = ^(Braginskii) (1 + 2.3q2) is employed for the
perpendicular viscosity, and a multiplying anomaly factor is
varied until the calculated values of V,(0) match the
experimental values. This anomaly factor, 2-3, is
approximately the same as that required for x? 6 0 *n order to
explain the measured values of T^(0).

Attempts to correlate the observed impurity transport
closely with the modifications imposed on the neoclassical
theory by plasma rotation and by net momentum transfer are
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very difficult. Multi-species diffusion must be considered,
the momentun drag frequencies [17] that must be known
individually for the impurities and the plasma ions are not
known, and the radial profiles of temperature, density,
rotation, etc. are often not sufficiently accurate to make
detailed comparisons. Also, measurements of the ambipolar
potential which would serve as a direct link to theory cannot
be made at the present time. Nevertheless, it appears that
the existing beam-driven neoclassical theories [16,171 can
qualitatively account for the present observations. Various
theoretical terms which contribute to the net radial
convective velocities of titaniun are shown in Fig. 9. These
have been calculated by assuning a two - component plasma,
using characteristic ion temperature and density profiles,
and employing an estimated functional form for V^Cr). An
assessment of the influence of plasma rotation is obtained
from the expression given by Burrell, Ohkawa and Wong [16]
(even though it is obtained from a fluid calculation and the
plasma ions in ISX-B are in the plateau regime). Their
formulation retains the ion kinetic terms from the rotation
together with the standard neoclassical terms. The usual
term, VQU. is obtained by setting the beam-induced velocities
in Ref. [16] equal to zero and, as expected, it is inward
over most of the plasma with an average velocity of about 0.5
cm/ms. The rotation contribution is obtained by subtracting
V 0 H from the total expression to obtain VBOy, which is seen
to be generally outward for co-injection, and almost but not
completely cancels V Q H . But the calculations show that Vggy
is relatively large and inward directed during
counter-injection. The Stacey-Sigmar term which comes from
the direct momentum transfer V33 is calculated under the
assumption that the momentum transferred to the impurities is
small compared to the momentun transferred to the plasma ions
and that fjj and 3Z, the ratios of the drag and collision
frequencies, is the same for both species ( ̂  = vdi/viz, 0Z =
v d z/v z i). Because V s s appears negligible for
counter-injection, these assumptions do not appear critical
in determining that the net convective velocity,

VNET = v0H + VBOW + VSS' i s v e r y strongly enhanced by
unidirectional injection just as observed in the experiment
But since V s s may dominate the neoclassical effects during
co-injection, an accurate calculation is necessary to
determine whether the net impurity flow is expected to be
inward or outward. It is quite possible that if V s s is very
small the neoclassical terms are entirely negligible and
anomalous processes dominate. In any case, it appears that
impurity accumulation processes can be reduced or halted by
co-injection. In summary,the impurity transport observed in
ISX-B agrees qualitatively with expectations from theories
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which predict that beam-driven effects enhance inward
transport during counter-injection, but inhibit it during
co-injection.
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DISCUSSION

L. CHEN: I should like to comment on the issue of the validity of resistive
MHD equations, which is also related to questions by Professor Kadomtsev in
Paper IAEA-CN-41 /P-3 at this Conference. The diamagnetic drift effects are
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relatively simple to handle, but the plasma dynamics must be treated separately
for the two different parallel (to B) spatial scales which characterize resistive
ballooning modes in tokamaks. For the short scale «* 0 (connection length), the
relevant description is a collisionless one. For the long resistive scale, however,
either a semicollisional or a collisional description can be adopted. Thus, in the
small ion-Larmor-radius limit, the resistive MHD equations are valid for a rather
broad parameter regime including the semicollisional one.

B.A. CARRERAS: I completely agree.
R. GOLDSTON: Could you comment on whether there is a meaningful way

of distinguishing between impurity transport effects driven by momentum trans-
fer and effects driven by radial electric fields?

B.A. CARRERAS: I think Dr. Isler has something to say on that subject.
R.C. ISLER: In the near future a thallium beam probe will be installed on

ISX to measure the plasma potentials, and we shall also perform more extensive
measurements of the rotation. If the measured potentials and rotation velocities
are consistent with those theoretically predicted to be produced by neutral beams, we
can probably rule out other mechanisms for generating radial electric fields.

F.W. PERKINS: Dr. Carreras, with regard to the observed magnetic fluctuations,
what is the relative importance of the pressure-driven modes you have discussed
and the rippling modes described in other papers at this Conference?

B.A. CARRERAS: Rippling modes are stabilized by parallel electron conduc-
tion; they survive only in the edge region. These modes in ISX-B can be important
from q = 1 to the edge in the confinement region.

K. McGUIRE: Is there any difference in the MHD activity - as observed by
the Mirnov coils and X-ray diodes - between co- and counter-injection on ISX-B?
On PDX the sawtooth oscillation is very different, i.e. the drop of the sawtooth is
20 times slower for counter-injection, and no "fishbone" activity has been observed
with counter-injection.

B.A. CARRERAS: I am afraid we do not have enough systematic counter-
injection MHD data to answer that question.
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Abstract

RADIATIVE LOSSES AND PLASMA ENERGY BALANCE IN L-2 STELLARATOR.
The paper is devoted to investigations of the local energy balance of electrons and ions

in stellarator plasma in different Ohmic heating regimes. Radiative losses are shown to be
dominant in the outer regions of the plasma column only. The value of electron thermal
conductivity is higher than that defined from neoclassical theory by two orders of magnitude
and decreases when the density grows or the plasma current decreases. The functional dependence
of ion thermal conductivity does not contradict neoclassical theory but its absolute value is
6-8 times higher than the neoclassical one. The diffusion coefficient of impurities has been
calculated from the experimentally measured profiles of intensities of lines of oxygen, carbon
and iron. It amounts to about 2X104 cm2 • s"' in the centre and decreases by about one order
of magnitude towards the edge.

1. INTRODUCTION

The plasma energy balance of the electron and ion components in the
L-2 stellarator was discussed earlier in Refs [1,2]. The global energy confinement
times were obtained, radiative losses not being taken into account. Measurements
of the total radiative flux have shown that for different regimes radiative losses
comprise 30 to 80 percent of the total input power. So, the question of localization

t Deceased.

93



Ip (kA)

ne (1013cnT3)

U0(V)

PoH(kW)

Prad (kW)

Teo (eV)

Ti0 (eV)

15

1.0

2.7

- 4 0

18

360

72

94 ANDRYUKHINA et al.

TABLE I. MAIN PLASMA PARAMETERS FOR THREE REGIMES

Regime A Regime B Regime C

22 22

1.0 2.5

4.0 4.2

- 8 0 - 9 0

35 50

370 260
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of radiative losses appears to be rather important. In this paper, calculations of the
local energy balance of electron and ion components, based upon experimentally
measured profiles of electron and ion temperatures and radiative losses, are given.
Also, the values of thermal conductivity are estimated.

Since radiative losses depend on the impurity profiles and on the dynamics
of their transport, the propagation of impurities and diffusion coefficients are cal-
culated from the data of spectroscopic measurements. These calculations were used
to evaluate the profiles of the radiative losses and the effective plasma charge.

The experiments were carried out in the L-2 stellarator [3] (R = 100 cm,
£ = 2, Qp = 11.5 cm) for three regimes of Ohmic heating of the deuterium plasma.
The main plasma parameters for these three regimes are presented in Table I.

In this table, Ip is the plasma current, ne the line average density, Uo the loop
voltage, POH and P^d the Ohmic and radiative powers, and Teo and Tj0 the central
electron and ion temperatures. The magnetic field B = 13 kG, the vacuum
rotational transform in the centre-t0 = 0.185 and, at the separatrix.-t(a) = 0.8.

Regimes A and B correspond to stationary deuterium pump-through; the
values of plasma current are different. In regime C, gas puffing was used; in this
case, the plasma density grows in time and achieves a steady state in the later phase
of the discharge. The values given in Table I correspond to the moment when the
plasma parameters have achieved steady state.

2. ENERGY BALANCE OF ELECTRON COMPONENT AND ELECTRON
THERMAL CONDUCTIVITY

The electron temperature profiles were measured by Thomson scattering and
soft X-ray spectrometry in the central region and from the positions of maximum
intensity of oxygen and carbon spectral lines (the electron temperature in the
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point of maximum intensity was taken to be equal to half of the ionization
potential of the corresponding ion). Results of these measurements for three
regimes mentioned are shown in Fig. 1. Low-density discharges may be charac-
terized by steep temperature gradients at 6-8 cm and a rather wide low-temperature
plateau at the edge. Increase of current (input power) does not affect the central
temperature but moves the point of maximum gradient outside. In the case of
pronounced growth of plasma density in regime C (ne increases 2.5 times), the
electron temperature varies much less than the density.

The radiative-loss profiles measured by pyroelectric detectors are pre-
sented in Fig. 2. In the central region of the plasma column, losses do not grow
with current but decrease with density. The peripheral region is most sensitive to
the discharge conditions. Radiation at the periphery increases when either the
current or the density grows.

The electron component energy balance inside a surface with equivalent
radius r may approximately be written as follows:

/ PQH (r) rdr - / Prad (r) rdr - / Pei (r) rdr = rq (1)

0 0 0

q is the energy flux density transported by thermal conductivity, diffusion and
convection.
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FIG. 3. Profiles of xfp-

To define the Ohmic-power profiles, the current density profiles j(r) were
calculated from the electron temperature. In these calculations, the electric field
and the effective plasma charge were taken to be constant and the value of the
conductivity was corrected to that of stellarator-trapped particles [4]. For the
calculation of the power transported from the electrons to the ions, the electron
density profiles were assumed to be parabolic.

Figure 2 shows the power profiles. In all regimes, the Ohmic-power input
is mainly localized inside a cylinder of radius r < 0.7Qp. The radiative power
becomes equal to the input power approximately at this radius, i.e. the heating
of a rather wide boundary layer is only due to transport processes; radiative losses
in this outer layer are growing abruptly. This fact appears to be responsible for the
existence of a low-temperature region as wide as one third of the plasma radius.
Data from Fig. 2 were substituted into Eq. (1) to calculate the power flowing
through a surface with radius r by transport processes. The experimental thermal
conductivity coefficient may be defined as

Xe.exp (2)

The Xe.expM profiles are presented in Fig. 3. One can see that xe,exp decreases
both with current (curve A) and density (curve C).

The radial dependence of xe,exp i s n o t monotonous; xe,exp g r o w s both at the
centre and at the edge. It must be mentioned that accuracy of xe,exp IS n o t
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The most reliable values of xe,exp a r e obtained in the region where the gradient of
Te(r) is maximal. For low current, xe,exp = 8000cm2* s"1 and grows by a factor of
two for higher currents, the anomality factor related to the neoclassical value also
growing from 70 to 150.

Since, in our case, the collision frequencies correspond to the plateau region,
there is no reason to attribute the enhancement of transport processes to pure
stellarator effects.

3. ENERGY BALANCE OF IONS

To evaluate the energy loss, channels of the ion component and ion thermal
conductivity, ion temperature profiles Ti(r) and fluxes of charge-exchange atoms
J (r, E) were measured by the method of passive charge-exchange diagnostics. It
was found earlier [2] for hydrogen plasma that the central-ion-temperature depen-
dences in the L-2 stellarator may be described by the well-known Artsimovich
formula, but the absolute values of the ion temperature are twice as small as that
predicted by the formula. For a deuterium plasma, the ion temperature proved to
be smaller by a factor of 1.4 which also agrees with neoclassical theory. For regimes
with gas-puffing the dependence Tj0 ~ n1/3 was found not to be kept.

The calculations of the local energy balance of ions were done for regimes A
and C (ne =1.15 and 1.8 X 1013 cm"3, respectively). They were based upon the
stationary thermal-conductivity equation and the model described in Ref. [5].

The equation may schematically be written as

Pei = Pcond + Pcx + ?d

where (3)

P d = I . 1 4 X 1 0 - 1 9 $ n g ^ r _ L (erg, cm"3, eV)

and Pcond. Pcx. Pd correspond to processes of thermal conductivity, charge
exchange and diffusion,

I—i n» A;AJ

Also Zeff was assumed to be constant and oxygen atoms with Z = 6 were supposed
to be the dominant impurity.

Estimates of the ion-ion collision frequencies indicate that, in the regimes
under discussion, their values correspond to an intermediate region between the



98 ANDRYUKHINA et al.

plateau and the Pfirsch-Schluter regime. The functional dependence of x; was
assumed to be neoclassical but, for consistency between calculated and experimental
values of the ion temperature, an enhancement coefficient K > 1 was introduced.

To take into account charge-exchange losses the following procedure was
used:

The density profile of neutral atoms was calculated from the kinetic equation.
Then, we defined the flux of charge-exchange atoms and normalized it to the
absolutely measured flux. This normalization coefficient was used to find the
absolute density profiles of the atoms, which were then substituted into Eq. (3).

To evaluate the term of diffusion losses, we assumed a steady-state concen-
tration of ions balanced by ion diffusion and ionization. Since the electron density
profiles were not measured in these experiments, some model profiles ne; ~
(1 - x2), (1 - x4), (1 - x6) were used in the calculations. The enhancement
coefficient K was chosen so that the calculated and experimental values of the ion
temperature would coincide with the accuracy of the error bars. Since the atomic
flux may be not homogeneous along the torus but measurements were done in a
single cross-section, the deuterium atomic concentration has also been varied.
Figure 4 shows the ranges of ion thermal conductivity values as obtained for two
regimes, on these assumptions. If we suppose that the enhancement coefficient
is the same for the A and C regimes, thebest agreement with experiment will take
place for ne ~ (1 -x 2 ) for A and ne ~ (1 -x 6 ) for C, K being equal to 6—8. The
fact that Tio does not grow neoclassically with density may probably be due to the
flattening of the density profiles in the gas-puffing regime. Preliminary data of
multichord HCN-laser interferometric measurements also indicate such a modifi-
cation of profiles.

Uncertainties in neutral deuterium concentration affect the accuracy of the
Xj value. If we increase the value of n0 (in the A-regime, n0 (a) = 6 X 109 cm"3,
in the C-regime, we have 1.2 X 1010 cm"3) by a factor of 2 then Xi decreases 20
to 30 percent, i.e. K becomes 4 -6 .

Figure 5 shows the power transferred from electrons to ions in a cylinder
with radius r and the power lost by ions through the cylinder surface. The main
energy loss mechanism is the thermal conductivity just as was expected a priori.

4. STUDY OF IMPURITY BEHAVIOUR

Space-resolved measurements of intensities of spectral lines in VUV
(A> 150 A) and UV spectral ranges were carried out in the B-regime.

Experimental chord distributions were reconstructed into profiles of absolute
intensities with the help of the code 6, which has been developed for elliptic plasma
configuration. The lines investigated are the following: O + 3 : X = 555 A;
O + 4 : A = 630 A; O + s : A=1032A; C+ 2 : A = 2297 A; C+ 3 : A= 1548 A;
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cond

FIG. 4. Profiles of ion thermal conductivity. FIG.5. Power loss channels.

C+ 4 : A = 2271 A; Fe+13: X = 218 A; Fe+ 1 4 : \ = 284 A; Fe+ 1 5 : X=335A.
These measurements have indicated [7] that for both light and heavy impurities
pronounced deviations from the coronal ionization equilibrium take place, which
points out the importance of transport processes. One could estimate the magni-
tude of the ion diffusion fluxes by comparing measured and calculated intensity
profiles. The normalization of computational results to the measured absolute
intensities also allows us to determine the flux of impurity atoms from the wall,
the global ion content, the contribution of every ion specimen to Zeff, and the
total plasma radiation.

The system of balance equations for an ion specimen with charge Z, which
takes into account diffusion across magnetic field, looks as

9nz

97
1 9

~v "aT z ~ ' " " z ( S z + d z ) d z + 1 (4)

Here, nz and Tz are the density and the diffusive flux of ions with charge Z,
S is the ionization rate, and a the sum of radiative and di-electron recombination
rates. In the first approximation, we have assumed the diffusion coefficient to
be constant in space and independent of Z for the given impurity. The neutral-
atom flux was taken to be Fo = novo, where v0 corresponds to an energy of the
atom of 1 eV. The value of v0 has, virtually, no effect on the results of the
calculations.

Since the recombination rate of the lowest-ionization state may be neglected
in comparison with the ionization rate up to the plasma boundary, where Te is
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FIG. 6. Line intensity profiles for iron (a) and carbon (b).

taken to be 20 eV, the equation for the neutrals may be solved separately, giving
the formula for the neutral flux:

r/a

( r neS0

V J vn
dr' (5)

The flux of neutral atoms from the wall Fo (a,t) was defined from the condition
of coincidence of calculated and measured brightnesses of spectral lines.

The diffusion coefficient D has been varied in the process of solution of system
(4) in order to get the best agreement of calculated profiles of intensities (positions
of peaks, half-widths of profiles and ratios of intensities of different lines) with
measured ones. These comparisons of calculated and measured profiles were done
for three main impurities, those of carbon, oxygen, iron. Profiles of resonant lines
of oxygen ions O+3 —O+5 which have peaks of intensities near the plasma boundary
were considered. Value of D =2X 103cm2 • s-1. is found to give the best agreement
for oxygen.

Figure 6a presents the line intensity profiles of iron. The solid lines correspond
to the experiment, the dashed ones refer to calculations with D = 2 X 104 cm2 -s"1 ,
the dot-dashed lines are for calculations with D = 2 X 103 cm2 -s"1. For D = 2 X 103,
the peaks of the iron lines must be localized out of the centre in contradiction
to the experiments. A value of D = (1-2) X 104 gives a better agreement. Since the
emission of spectral iron lines is localized in the central plasma region, the question
arises of whether this discrepancy in the value of D is connected with the position
in space or with difference in diffusion of different types of ions. This question
may be answered partially if we make a similar comparison of calculated and
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measured profiles for carbon. This comparison is shown in Fig. 6b. Peaks of
intensities of C+2 and C+3 ions are situated in the periphery and satisfactory agree-
ment with calculations may be obtained for the same value of D as for oxygen.
Hence, for C+4 ion, the value of the diffusion coefficient proves to be equal to
2 X 104 cm2 • s"1. This fact indicates that an increase in the diffusion coefficient
in the centre is connected with dependence of transport on radius rather than with
the type of ion.

Therefore, to describe the entire set of profiles of intensities of spectral lines,
we have to consider that the diffusion coefficient in the L-2 plasma depends on
the radius. In Fig. 7, the D(r) dependence which gives the best agreement of all
experimental and calculated profiles in B regime is shown. There also are given
the profiles of Prad and Zeff, which are calculated for C, O and Fe ions in every
ionization state possible in our conditions. The Praa curve includes the emission of
the five most intensive lines of every ion.

5. CONCLUSIONS

The results of the experiments on the L-2 stellarator indicate that the dominant
channel of energy losses is the anomalously high electron thermal conductivity.

Radiative losses are dominant in the plasma periphery. They essentially cool
the electrons and modify the electron temperature and current density profiles.
The effective thermal conductivity does not monotonously depend on minor radius.
The minimum value of the thermal conductivity is about two orders of magnitude
higher than that predicted by neoclassical theory. It decreases both when the
density grows and the Ohmic current decreases. We have earlier observed the de-
crease of the global energy life-time versus current [ 1 ]. The mechanism this effect
is due to was supposed to consist of the development of instabilities when -c
reaches the value of 1 at the boundary and of an inward movement of this resonance



102 ANDRYUKHINA et al.

surface. Hence the results reported here (Fig. 3) imply no abrupt change in
periphery when the current grows, moreover the central part is mostly affected.
Although in some regimes sawtooth oscillations are found to take about 50 percent
of the input power off the central part of the plasma [7], the role of convective
losses in L-2 stellarator is not well understood, as yet.

The functional dependence of the ion thermal conductivity on the plasma
parameters and the magnetic field does not contradict neoclassical theory, but the
absolute values are 6-8 times higher than the theoretical ones. Charge-exchange
energy losses are substantial in the periphery only. Radiative cooling changes the
character of the energy exchange between electrons and ions. In the periphery,
the ions are hotter and transfer their energy to the electrons.

Calculations of impurity dynamics have shown that the experimental data
can be explained satisfactorily on the simple assumption that the diffusion
coefficient is independent of ion charge and mass. The diffusion coefficient is a
monotonic function of the radius and decreases to periphery, where it proves to be
close to the neoclassical diffusion coefficient. The profiles of radiative losses cal-
culated from spectroscopic measurements agree with the experimental profiles.

The effective value of xe includes thermal conductivity and also energy fluxes
connected with diffusion and convection due to plasma oscillations. A comparison
of the energy life-times of a currentless plasma and an Ohmically heated plasma,
which has been done for the W-VIIA [8] and Heliotron-E [9] stellarators, points
out the role of the oscillations. The fact that in our case the thermal conductivity
is much higher than the neoclassical one (especially for electrons) is probably due
to plasma current. This supposition is maintained by the MHD-activity we have
observed in the Ohmic-heating regime [7] and by experiments [8,9].
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DISCUSSION

O. MOTOJIMA: Could you comment on how Bp (of helical field and IOH)

affects confinement?
O.S. PAVLICHENKO: In the experiments described in the paper the poloidal

field of the helical windings did not change. The increase in current (regimes B and
C) was accompanied by an increase in the poloidal field, but also led to an increase
in heat transfer by electrons and ions. However, the authors are inclined to relate
this increase to deterioration in the stability of the current plasma.

J.T. HOGAN: Have the authors considered the role of the electrostatic
potential in the neoclassical theory they compare with experiment[KOVRIZHNYCH,
L.M., Sov. Phys. - JETP (1969) 463]? Is there any experimental evidence for this
potential in the L-2?

O.S. PAVLICHENKO: No, not as far as I know.
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Abstract

CONFINEMENT AND HEATING IN MODULAR AND CONTINUOUS COIL STELLARATORS.
Major efforts on the Proto-Cleo stellarator have focused on ICRH of a net current-free

plasma, measurements of plasma secondary currents, RF heating by externally induced magnetic
reconnection through the formation and destruction of an internal separatrix, and RF current
drive experiments. Efforts on the Proto-Cleo torsatron have focused on electron heat conduction.
A modular stellarator has been designed and is under fabrication at the University of Wisconsin.
The Interchangeable Module Stellarator (IMS) is designed to approximate closely the magnetic
properties of the existing Proto-Cleo stellarator as much as possible. Monte-Carlo transport
calculations have been made in flux coordinates using model fields patterned after magnetic
fields in Proto-Cleo and IMS. Plasma simulation techniques using a 2^-dimensional particle-
in-cell method have been utilized in a numerical search for the bootstrap current. A current
is found which is proportional to temperature and density gradients but is independent of
poloidal field. The behaviour of charged particles moving in a stellarator under the influence
of a steady magnetic field is analysed in terms of the Hamiltonian of the moving particle and the
technique of repeated canonical transformations to identify possible adiabatic invariants and
drift motions. An improved theory of collisionless particle motion in stellarators has been
developed for a family of stellarator configurations. The broad range of configurations encom-
passed by this family permits an understanding of the differences in numerically observed
transport coefficients. Two procedures have been developed to calculate the bootstrap
current in non-axisymmetric stellarators. In fully toroidal stellarators the flows and
consequent bootstrap current are reduced from their axisymmetric values by a factor of
order fUjm in the Pfirsch-Schliiter regime.

* Department of Nuclear Engineering.
' Physical Sciences Laboratory.
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I . Experimental Work

A. The Continuous Coil Proto-Cleo Devices

Both the Proto-Cleo stel larator and the Proto-Cleo
torsatron are small, relatively low f ie ld devices with
major radius of 40 cm and a minor coil radius of 9 cm. The
toroidal f ie ld on axis is roughly 3 kG and the rotational
transform for both devices reaches a maximum value on the
last closed magnetic axis of approximately 0.6.

In the Proto-Cleo stel larator, the major efforts have
been in ion cyclotron heating of a net current-free
plasma, measurements of the plasma secondary currents,
r . f . heating by the formation of an internal separatrix,
and r. f . current drive measurements. In the Proto-Cleo
torsatron, the major efforts have been in the area of heat
conduction.

1. ICRH

A net current-free gun-injected plasma produced
initial parameters of n = 5 x 10 1 2 cm" , T = 6 eV
and Tj = 50-70 eV. 120 kW of r.f. power, at the ion
cyclotron frequency, was applied for times up to 1.2
msec. A single-turn loop antenna on the high field
side heated the ions to 150 eV and the electrons to 15
eV- Density confinement was not reduced for n >
10 cm" , though ion thermal conductivity increased
linearly with Tj for a net reduction of energy
confinement with r.f. heating. Measurements showed
wave penetration around the torus. Polarizations and
amplitudes were dependent upon density, but ion and
electron heating were not.

2. Secondary Currents

Local currents were measured with probes. 500
psec after injection, a small (100 mA/cm ) current was
measured. The current was found to have a component
that reversed direction on opposite sides of the
magnetic axis, and calculations show this current to be
consistent with the Pfirsch-Schluter current. Figure 1
shows a plot of the current, as a function of minor
radius, for various times, showing its bidirectional
nature.
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FIG.L- Toroidal electron current versus radius for various times after injection.

3. Separatrix Heating

Low-frequency plasma heating using magnetic field
line reconnection may be feasible in Proto-Cleo when
an internal doublet structure is alternately produced
and destroyed. Field line reconnection gives rise to
strong induction currents which lead to plasma
heating. Experiments have shown that a self-induced
alternating Ohmic current appears in the plasma. The
effectiveness of the heating appears to be higher when
the doublet configuration is present.

4. Current Drive

R.f. current drive using compressional Alfven
waves has been attempted in the Proto-Cleo
stellarator. Four equally spaced poloidal coils were
excited by a phasing network which resulted in the
generation of a small current using 200 watts of r.f.
power. Magnetic probe measurements showed that the
wave penetrated the plasma and showed evidence of
excitation of a resonant toroidal mode. Improvements
in the coupling and the use of a 100 kW r.f. source are
underway and should result in an increase in the driven
current.



108 ANDERSON et al.

FIG.2. fa) Arrangement of IMS modular coils into a torus, (b) Three actual IMS coils
arranged into a field period.
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5. Heat Conduction

The Proto-Cleo torsatron exhibits doublet-shaped
magnetic surfaces. Floating potential measurements
indicate that the potential is a minimum on the
hyperbolic axis, with electric f ields of 3-5 V/cm which
reverse direction in the plasma. Studies indicate that
the plasma rotation reverses inside the doublet.
Measurements have been made of the electron temperature
fluctuations produced by a runaway ins tab i l i t y . The
time delay from the instabi l i ty onset to the electron
temperature increase throughout the plasma yields an
electron heat conduction coefficient of 8 x 10
cm /sec and an energy confinement time of 100 usec (in
agreement with that obtained from the stored energy
divided by the input power).

B. Design and construction of IMS

The Interchangeable Module Stellarator (IMS) has been
designed as a modular version of the Proto-Cleo
stel larator. I t matches the Proto-Cleo device in
macroscopic parameters i .e . flux volume, number of f i e ld
periods, % number, flux surface shape, and rotational
transform pro f i le , but differs dramatically in the fine
structure of the magnetic f ie ld (r ipple). The coils were
designed by constructing the stel larator from intersecting
helices of opposite and different pitch (the ultimate
stellarator ). The 4-turn magnet coils are constructed
from blocks of aluminum and cut with a computer-controlled
electrical discharge machine. The coils are placed inside
a vacuum chamber and centered with aluminum support
rings. To ensure well formed magnetic surfaces, with no
large internal island structure or stochastic regions, an
investigation into the effects of coil construction and
alignment errors was made. The required tolerance on
construction and alignment was found to be less than .025
cm. A diagram of the coils and an enlargement of three
individual coils is shown in Figure 2.

I I . Theoretical Work

A. Monte-Carlo Transport

The Monte-Carlo method of Boozer and Kuo-Petravic^
was applied to the Proto-Cleo and IMS configurations to
compare transport coefficients. The vacuum fields were
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represented in four helical harmonics in flux
coordinates. No significant difference in particle
transport was observed at Te=T\j = 10 eV, BQ=3 kG. The loss
mechanism appears to be dominated by the large poloidal
gyroradius. Calculations at BQ=60 kG show greater losses
for IMS than Proto-Cleo at low collisionality. Here the
loss mechanism is influenced by the effects of the helical
components of magnetic field ripple. Onset of the
enhanced losses occurs at a higher collision frequency in
IMS than Proto-Cleo.

B. Numerical Simulation of Self-Generated Currents

An important aspect of experiments involving net
current-free stellarators is to verify the existence of
the bootstrap current. Application of plasma simulation
techniques may prove helpful in determining whether such
current can exist. Accordingly, a 2-and-l/2-dimensional
numerical simulation involving particle-in-cell methods
was undertaken. The basic geometry was that of a
tokamak. The equation of motion in the poloidal plane was
solved for both velocity and position as a function of
time, and the motion in the toroidal direction was only
solved for the velocity as a function of time. At the end
of each timestep, the velocities of the electrons and the
ions in the toroidal direction were summed separately.
Figure 3 shows the electron current as a function of time
up to 3000 cyclotron periods. The current rises to a new
steady value, characterized by a drift velocity
approximately equal to 0.1 times the thermal speed of the
electrons. The ion current drops to an order of magnitude
smaller, which is as the square root of the mass ratio here
set to 100. The current is proportional to temperature
and density gradient, but is independent of poloidal
field.

C. Adiabatic Invariants of a Charged Particle in a
Steliarator with Nearly Helical Symmetry

The behavior of a charged particle moving in a
stellarator under the influence of a steady magnetic field
and a possible electric field is analyzed in terms of the
Hamiltonian of the moving particle and the technique of
repeated canonical transformations to identify possible
adiabatic invariants and drift motions. This method was
used by Weitznerb to study charged particle motion in a
nearly axisymmetric magnetic field. The Hamiltonian is
expressed as a sum of two terms, an unperturbed part plus
a small correction. The unperturbed part determines the
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FIG.3. Net toroidal directed velocity of the electrons as a function of time.
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motion of the particle in a magnetic field with spatial
symmetry. As an approximation of a stellarator, we assume
this part to be the Hamiltonian of a particle in a
magnetic field with helical symmetry. The perturbed part
of the Hamiltonian is due to small asymmetric fields.
Possible adiabatic invariants are identified by using
repeated canonical transformations to increase the order
of the perturbed part of the Hamiltonian. The magnetic
moment is typically a first adiabatic invariant. A second
adiabatic invariant may or may not exist depending on the
structure of the perturbing magnetic field. Comparisons
with numerical simulation of charged particle motion will
be made.

Improved Theory of Coliisionless Particle Motion in
Stellarators

A principal difficulty in developing a satisfactory
low-coliisionality transport theory for stellarators is
that, in contrast to tokamaks, there has not existed a
thorough understanding of the orbit types possible, nor a
description of the orbits which is both realistic enough
to account for important effects like collisionless
detrapping from the ripple wells, and also mathematically
simple enough to permit analytic, rather than numerical,
analysis of the orbit characteristics and their effects on
transport. In the present work, a theory of collisionless
stellarator orbits is developed, which corrects these
deficiencies, for a family of stellarator
configurations. This family includes both the standard
configuration modeled in the classical theories ' of
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stellarator transport, as well as configurations recently
found by numerical simulations to exhibit transport
greatly reduced from that in the standard configuration.
This broader range of configurations studied permits an
understanding of the differences in transport
characteristics found numerically. From the study of
collisionless detrapping, a complete classification of
possible orbit types naturally emerges, of which the
traditionally envisaged classification of superbanana
types, which ignores collisionless detrapping, is an
oversimplified image. The effects on the orbits of a
radial electric field may also be included in the theory,
with no additional mathematical difficulty. The theory is
simple enough that all these features may be expressed in
fairly simple analytic formulae.

E. Bootstrap Current in Steilarators

A stellarator has its rotational transform provided
by external coils and hence it can in principle be a
current-free device. However, it can still have a
parallel, diffusion-driven "bootstrap current" ^ and this
could significantly modify its equilibrium and
stability. Previous calculations of the bootstrap current
have been limited to axisymmetric l i» 1^ or helically
symmetric * geometries.

We have developed two different procedures 1 3 » 1 4 to
calculate the bootstrap current in a nonaxisymmetric
stellarator. One procedure is based upon calculating
the distribution function distortions arising from the
slight (higher order in the gyroradius expansion)
variation of the second adiabatic invariant J within a
single bounce. The other 14 extends to nonaxisymmetric
systems the moment (or fluid) equation approach utilizing
flux-friction relationships that was developed for
neoclassical transport in axisymmetric systems by Hirshman
and Sigmar. " In both procedures it is found that the
superbanana-type drift-orbit induced diffusion (VQ /V or v
e^ ' Ar^) does not affect the bootstrap current—because
such bounce-averaged distribution function distortions are
independent of the bounce phase. Thus, the bootstrap
current in a stellarator arises only from drifts within a
bounce period, as in axisymmetric systems.

The bootstrap current JHnc can be shown 1°»14 in
the absence of a parallel electric field and temperature
gradients, to be simply proportional to the ratio of the
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parallel (to B) electron viscosity to the electron-ion
fr ic t ion (Spitzer res is t iv i ty ) , i .e.
n e n <J»RcB> = <B • v • i > in which ns is the Spitzer

res is t iv i ty , < > indicates tne flux surface average, and
v * Ie is the electron viscosity. In symmetric systems10*12

the viscosity effects (primarily ion) cause the
plasma to flow only in the symmetry direction,and the
bootstrap current arises from the residual electron
viscosity effects on this electron flow velocity. In
nonsymmetric ( i .e . toroidal) stellarators the flows and
consequent bootstrap current are reduced from their
axisymmetric values—by a factor of order it/m (~ 1/10.in
typical stellarators) in the Pfirsch-Schluter regime.
Complete but complicated expressions for the bootstrap
current have been derived in the banana or collisionless
regime. Also, a simpler, though approximate, ,
expression for J BS in this regime has been derived,
using the separation of the helical and toroidal bounce
time scales. Both calculations indicate that J .n<- is
given by a combination of the contribution J .̂ one expects
in a tokamak of the same aspect rat io, and the
contribution Ju from a straight stellarator with the same
ripple strength. z Because Jh and J t are opposite in
sign, J BS wi l l be reduced, and can be significantly
smaller tnan that for the symmetric l imit ing cases. '
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DISCUSSION

D.R. SWEETMAN: 1 understand that the measurements using the movable
probe were consistent with the presence of Pfirsch-Schliiter and bootstrap currents.
Can you give more details of the bootstrap current measurement?

J.L. SHOHET: The figure in the paper gives a centre current density (at the
magnetic axis) of approximately 100 mA-cm"2. Assuming a parabolic current
profile, one obtains a value for the bootstrap current of the order of 1 A. This
is consistent with the bootstrap current estimate for Proto-Cleo given by
T.E. Stringer a number of years ago.
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Abstract

STELLARATOR PHYSICS EVALUATION STUDIES.
Stellarator/torsatron configurations with a wide range of parameters have been evaluated

and compared in terms of their vacuum field topology, MHD equilibrium and stability, and
guiding centre orbit confinement. The torsatron configurations are found to be the most
suitable choice for a near-term physics experiment. The best of these configurations has an
equilibrium beta limit of </?> = 5% for a plasma aspect ratio of 7. The equilibrium limit
can be increased to <|3> = 8% by doubling the aspect ratio. Modularization of the torsatron
coils can be achieved in a practical way that retains all the physics properties of the con-
figuration. The modularization introduces additional flexibility, which allows the realization
of a larger variety of vacuum flux surface topologies. The feasibility of modularizing the
coils and the reasonable physics parameters found for a configuration with moderate aspect
ratio make torsatron configurations very attractive, both for physics experiments and for
future fusion reactors.

1. INTRODUCTION

The key issue in stellarator design is finding a magnetic
configuration that is optimal with respect to beta limits and low
collisionality transport and extrapolates to a modular reactor.
In this study, many stellarator/torsatron configurations were
evaluated and compared using several different methods. The
configurations studied were limited to modest coil aspect ratios

* Research sponsored by the Office of Fusion Energy, US Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation.

** Union Carbide Corporation Nuclear Division, Computer Sciences, Oak Ridge,
Tennessee.

*** Present address: Massachusetts Institute of Technology, Cambridge, Massachusetts.
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(R/a .. = 3.5-5) appropriate to a near-term experiment. The

desired characteristics were magnetic surfaces with moderate aspect
ratios (Rfa = 6-12), average radius ~a = 20-30 cm, substantial
rotational transform (+ > 0.5), moderate magnetic shear, and a

max
modest well. Some of the stellarator configurations studied in
this survey were: (1) I = 2 continuous-coil torsatrons, (2) I = 2
modular torsatrons, and (3) I = 2 modular stellarators. In all
cases magnetic fields are calculated from filamentary windings
(^200 elements each) with practical bend radii and coil sepa-
rations, rather than from a simple model field expression.
Replacement of a single filament by 4-8 filaments to simulate a
finite conductor cross-section reduces the average radius a of
the last closed flux surface by <10%.

The properties evaluated in these studies were: (.1) vacuum
field flux surface topology and *(r) profile, (2) guiding center
orbit containment for thermal and fast ions, including electric
fields, pitch angle scattering, and slowing down; and (3) magneto-
hydrodynamic (MHD) equilibrium and stability to low and high n
modes. The MHD studies were done using three different methods:
(a) averaged MHD equations based on the stellarator expansion [1],
(b) the cylindrical, helically symmetric limit, and (c) full
three-dimensional (3-D) calculations. These methods were applied
in an iterative and interactive manner to optimize the configu-
rations studied.

2. RESULTS OF CONFIGURATION EVALUATIONS

Among the magnetic configurations studied, the torsatrons
(continuous and modular) are the most suitable for the given
constraints. Moreover, the configuration properties (beta limits,
particle confinement) were acceptable over a wide range of para-

meters (aspect ratio, number of toroidal periods m, winding modula-
tion a). The best results were obtained with t(0) ^ 0 . 3 , t(a) *
0.9, and modest variation of / dJl/B on flux surfaces (typically
^15% at r/a" ̂  0.7). The maximum volume-average beta (<3>) values
are due to equilibrium limits rather than stability limitations
and are <3> — 5% for plasma aspect ratios Rfa *» 7. This value can
be increased to <£S> = 8% by doubling the aspect ratio. Negligible
fast ion losses occurred at B = 2 T for near-tangential 30-keV H°
injection. Low (̂ 1%) thermal ion losses occurred for collision-
less 1-keV protons when plasma potentials ^ 1 kV were included in
the calculations.

The results for other configurations were not as favorable
for a near-term base physics experiment, at least for the par-
ticular geometries studied. The modular stellarators studied had
twisted toroidal field (TF) coils deformed sinusoidally in the
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toroidal direction [2,3], Only simple, identical, circular,
poloidally rotated coils were considered, where the jth coil (of
N) was deformed toroidally by A. (6) = d sin[s£(6 - 6.)], where

SL = 2 and 6. = 27rmj/JlN.- The harmonic enhancement factor s was
greater than one in the region near the coil deflection nodal
points to increase the rotational transform. The coil parameter
ranges surveyed were m = 3-6 periods, N = 15-60 coils, and
R/a .. = 3-6. These configurations generally had decreasing ̂ (r).

profiles with low shear and modest values of *• (^0.4-0.6) but
relatively high rotational transform per period (t/m ** 0.1).
Magnetic surface quality at nonzero beta improves with increasing
N/m (decreasing shear) and decreasing t/m, but raising * to find
equilibria with <8> above 1% leads to instabilities, probably due
to the low shear of these configurations.

A reference m = 2 Heliac configuration [4] with a central
toroidal ring conductor linking helically offset, circular TF
coils was also studied. This coil geometry produces a helical
magnetic axis, a magnetic well with a depth that is relatively
insensitive to coil aspect ratio, and intermediate rotational
transform with low shear [t(0) = 0.52, v(a) = 0.7] but high
transform per period (t/m * 0.3-0.5). This configuration, which
shows favorable stability properties in the cylindrical limit [4] ,
is very sensitive to toroidal effects for the aspect ratio con-
sidered here (R/a" = 6). The 3-D equilibrium calculations, which
do not use a close-fitting conducting shell, indicate a low value
for the limiting beta, <3> < 1%. With a close-fitting shell, this
result can be improved to <3> < 3%. Better results have been
obtained by doubling the aspect ratio.

3. TORSATRON OPTIMIZATION

The £ = 2 torsatron configurations studied had helical coils
with winding laws of the form <f> = (6 - a sin 8)£/m with R/a .. =

3.5-5, where <j> is the toroidal angle and 9 is the poloidal angle.
Optimizing the vacuum field configuration for transform, vacuum
magnetic well, and plasma radius gave m = 10, a = -0.2, and
R/a c o i l = 3.5 with *(0) = 0.15, *(a) = 0.7, ~a = 32 cm, and a 3.5%

magnetic well. Equilibrium studies of this configuration using
the Chodura-Schliiter code [5] gave an equilibrium beta limit
<g> ** 2.5%. The calculation is approximately flux-conserving
(there is numerical dissipation, due to finite-grid effects, which
allows island formation and magnetic surface breakup), and the net
induced currents remain small. Depending on ^(r) and the pressure
profile, <3> limits arise from equilibrium failure or large-scale
instabilities. The equilibrium limitations are due to a large
shift of the magnetic axis, which can cause the formation of an
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FIG. 1. Finite beta magnetic surfaces for (a) m = 12 torsatron with </3> = 4% and
fb) m = 16 modular torsatron with <|3> = 3%.

internal separatrix, to magnetic island formation, which can lead
to destruction of magnetic surfaces, or to both. Bifurcation of
the magnetic axis occurs for low t(0) even for <6> < 1%. For
*(0) > 0.3, bifurcation occurs for higher values of 3 (<6> ̂  3%),
and equilibria with good magnetic surfaces are found with <B>
values above 4%. If %(0) > 0.5, a <3> limit below 4% results from
gross instability (loss of equilibrium) rather than excessive
equilibrium shift. In the beta optimization from equilibrium
considerations, the presence of a small magnetic well or hill in
the vacuum configuration was less important than the value of
*(0). The best results (<B> = 5%) were obtained for m = 12,
a = 0, and R / a c o i l = 4.5 with +(0) = 0.3, ir(a~) = 0.9, a" = 26 cm,

and a 1% magnetic well. The magnetic surfaces for this configu-
ration at <(3> = 4% are shown in Fig. l(a). Increasing the coil
aspect ratio from 4.5 to 9 (plasma aspect ratio from 7 to 14)
increased the equilibrium <B> limit to about 8%.

A parallel study of the equilibrium properties of the I = 2
torsatron configurations has been done using the stellarator
expansion [1]. Equilibria have been calculated by requiring
either zero net current on each flux surface or flux conservation.
The latter method allows a more detailed comparison with the 3-D
calculations described above. Figure 2 shows the calculated
magnetic axis shift given by the different methods for the refer-
ence m = 12 continuous-coil torsatron. Pressure profile effects
are also shown in this figure. Although the magnetic axis shift
shows no dependence on the method of calculating the equilibrium,
differences between flux conservation and zero net current con-
straints are contained in the 3 [= 2t-2(a)/A] parameter. For the

largest values of beta considered, there is significant defor-
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FIG.2. Shift versus peak beta for m = 12 torsatron with R/a = 7, -t(O) = 0.3, t(a) = 0.9.

mation of the * profile for the zero net current case. For a
fixed value of <3> this method gives a larger shift than the flux-
conserving calculation. The zero net current calculation is,
however, overly pessimistic since realistic dissipation effects
are not included. On the other hand, the presence of a small net
current in the 3-D calculation, together with the numerically
induced resistivity, can indicate an unrealistic breaking of
magnetic surfaces. Therefore, in assessing a given configuration,
we consider it very important to use these different methods.

Stability studies have been performed using the methods
mentioned in Section 1. The calculations done for the cylindrical,
helically symmetric limit using the HERA stability code [6,7]
give very low beta limits. In particular, for the m = 12
continuous-coil torsatron configuration without toroidal curva-
ture, the limiting value is <6> < 0.8%. The results are totally
different when we use the reduced set of toroidal MHD equations
[8] based on the stellarator expansion [1]. A modified version of
the RST code [9] has been used for low n mode stability calcu-
lations to study stability for intermediate mode numbers
(1 ̂  n < m ) , and a ballooning limit of this set of equations has
been derived. The results indicate no instability for equilibria
up to <3> = 5% (the limiting equilibrium). This indicates that
toroidal effects are very important and that the magnetic well
produced by the Shafranov shift is sufficient to stabilize these
modes. A further test of these results has been done using the
3-D code to study the stability of the (2;1) mode for the cylin-
drical and toroidal configuration, with the same grid size used
for both calculations. The cylindrical configuration shows a
strong instability, but the toroidal one is stable. Therefore,
•- the m = 12 torsatron configuration is found to be limited by
equilibrium, rather than stability, considerations.
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FIG. 3. Symmotron scheme for modularization ofm = 10 torsatron. Circular cross-section
torus with windbacks on the small R side is shown.
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A new 3-D MHD code has been developed. It is similar to the
Chodura-Schliiter code but uses vacuum flux surface coordinates
[10] with a Fourier representation in the poloidal and toroidal
directions. The equilibrium shifts obtained are in good agreement
with the other codes. The m = 12 torsatron equilibria have also
been tested for stability to the resonant low poloidal mode number
modes using this code. No instability is found for <B> < 4%,
which is in agreement with the results discussed above.

The main conclusion of these studies is that equilibrium and
stability tend to give opposite restrictions on the configuration.
An optimal configuration is one in which the magnetic axis shift
with beta is small enough not to severely limit the equilibrium,
but large enough to produce sufficient magnetic well to stabilize
the ideal MHD modes. The m = 12 torsatron configuration fulfills
these requirements.

4. MODULAR TORSATRONS

We have developed a technique for modularizing a torsatron
that retains the good physics properties of that configuration.
The modular torsatron, called the symmotron [11] (for symmetric
modular torsatron), uses identical, nonrotated, helically deformed
coils, one per field period, as shown in Fig. 3. The helical
segments are connected by toroidally directed windbacks (the stray
field of which must be compensated by toroidal ring coils not
shown in Fig. 3), which also provide part of the vertical field
needed for positioning the plasma. A variety of flux surface
configurations can be produced by modulating the helical winding
pitch (as in a conventional torsatron), winding the helix on a
noncircular cross-section, and varying the poloidal and radial loca-
tion of the windback and compensating coils. For some choices of
parameters it is possible to obtain configurations with a helical
magnetic axis. Figure 4 shows four extreme magnetic configurations
obtained in this way. These configurations are far from optimum
but are useful for examining the effects of internal flux surface
topology, amount of / d£/B variation on a flux surface, etc.

Studies of MHD equilibrium like those done for continuous-
coil torsatrons have been done for symmotrons. Figure 5 shows the
magnetic axis shift for three modular torsatron configurations and
the m = 12 continuous-coil torsatron shown in Fig. l(a) as calcu-
lated by the Chodura-Schliiter code [5]. All three modular
torsatrons (symmotrons) have triangular cross-section tori, but
cases- A and B have the vertex at large R and case C has it at
small R. Other differences are: case A has m = 16, i-(O) = 0.3,
*(a) « 0.9, and R/a" = 9; case B has m = 17, *(0) * 0.3, *(a) »
0.9, and R/a" = 9; and case' C has m = 17, t(0) = 0.1, *(a) « 0.85,
and R/¥ = 8 .
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FIG.5. Shift versus peak beta for torsatron and symmotron configurations.

The main difference among cases A, B, and C in Fig. 5 is the
reduction from case B to A to C in / d£/B variation on a flux
surface, which is also correlated with reduced guiding center
orbit losses. For example, case C has a direct loss of 30 keV
collisionless orbits of ^ 7 % versus ^20% for case B or the m = 12
torsatron, whereas a configuration with a larger / d£/B variation
[Fig. 4(d)] has a much larger direct 30-keV orbit loss (^60%). In
general, collisionless guiding center orbit losses are similar for
different configurations [e.g. ^30-40% for 30 keV H + in 2-T
fields for the configurations shown in Fig. 4(a)-(c)] and hence
are not as sensitive an indicator of configuration quality as is
the equilibrium beta limit. The actual orbit losses for a given
configuration would be smaller, however, because of the effects of
potential and collisions.

The moderate-shift modular torsatron configuration (case B of
Fig. 5) has m = 16, a = 0, and a triangular cross-section torus
with the vertex at small R. Figure l(b) shows the magnetic
surfaces for a <3> = 3% equilibrium for this configuration, which
are similar to the m = 12 torsatron surfaces shown in Fig. l(a).
The values of ir(0), *(a) and the equilibrium beta limit (<6> =
4-5%) are the same for the two configurations, but the modular
torsatron has a slightly smaller average radius of the last closed
flux surface (>15% smaller for equal R ) , principally due to the
perturbation caused by the windback and compensating windings.
The particle confinement properties of the two configurations are
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also very similar, and it is clear from our studies that the
modularization per se has little effect on orbit containment.

The value of the vertical field B needed for horizontally

positioning the magnetic axis is a useful variable in optimizing
the nonzero beta equilibrium quality. The optimum value of B for

<g> £ 0 is different from that for <3> = 0, as might be expected,
but the final equilibrium flux surface configuration attained for
a given <(3> also depends on whether the additional B is applied

at the start of the relaxation toward an equilibrium or after an
initial equilibrium is attained if magnetic reconnection is
allowed.

Modular torsatrons thus prove to be as good as continuous-
coil torsatrons from the standpoint of physics properties. Their
only drawback is that they have average plasma radii that are
10-20% smaller than those of an equivalent continuous-coil
torsatron. This poses no problem in a reactor, where the plasma
volume utilization must be reduced somewhat to accommodate the
blanket and shield, but it is important for a physics experiment,
in which the coil size must be minimized for a fixed plasma radius
to reduce costs.

5. GUIDING CENTER ORBIT STUDIES

Proper treatment of guiding center orbits is required to
evaluate the extent of loss regions, fast ion heating efficiency,
and particle and energy transport. This can be done as accurately
as required (typically 0.1-1.0%) by using a Fourier representation
of the magnetic field in field line coordinates [10]. Following
guiding center orbits in field line coordinates is an order of
magnitude faster than using the Biot-Savart law in real space, and
because the extraneous helical motion of the field lines is elimi-
nated, the deviation of the orbit from a flux surface (IJJ = constant)
is evident. Figure 6 shows two typical collisionless 30 keV proton
orbits in a 2-T field in 4>-B coordinates, (a) a co-passing orbit
and (b) a helically trapped orbit.

Collisionless orbit losses are dominated by trapped particles
and in particular by those transitional particles that change from
passing to helically trapped. In order to evaluate direct collision-
less orbit losses, 'v-lOO ions randomly distributed in v,. /v and

I|J, 8, <j> are followed for ^20 toroidal or ^3 poloidal transits.
Direct losses of 30 keV protons in 2-T fields are ^20% for |v,,/v| <

0.5, but only ^1-4% for |v,,/v| > 0.5, as would occur for quasi-

tangential neutral beam injection. Much larger losses (factor of

^3) occur for configurations with horizontally bifurcated magnetic



124 LYON et al.
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FIG. 6. 30 ke V collisionless orbits in a 2 T field in an m = 10 torsatron for (a) a co-passing
proton and (b) a trapped proton.

axes and large / d£/B variations on a flux surface, while much
smaller losses (factor of ^3) occur for configurations with small
/ d£/B variations. However, optimal containment occurs before the
minimum in / d£/B is reached. Removing the toroidally symmetric
(n = 0) harmonics from the field representation yields omnigenous
orbits for circulating and banana-trapped particles. For protons
below 5 keV, a 1 kV potential generally has more effect on losses
than magnetic configuration parameters. In these cases ^1% of
1 keV collisionless protons are directly lost, and the average
maximum deviation of an orbit from its average flux surface <jT is
AIJJ ̂  1 / / 1 5 ^ w a n " ̂ )> where 0 < ij> < 1.

Accurate loss estimates for quasi-tangential neutral beam
injection cases are obtained by Monte Carlo beam deposition along
a realistic beam trajectory, transformation of the beam ion birth
points to field line coordinates, and orbit following in field
line coordinates with analytic slowing down and random pitch angle
scattering. For quasi-tangential, 30 keV, H° neutral beam injec-
tion in a 2-T field, with T (<|0 = (1 - <|>) keV and n ($) =

(1 - (J01011* cm"3, no significant energy loss to the wall occurs as
the beam slows down on the background plasma, even in the absence
of an electric field. This calculation is not sensitive to
configuration details for the cases studied.

A potentially sensitive indicator of configuration quality is
that of thermal ion confinement. Estimates of confinement times
for thermal particles are obtained in the presence of pitch angle
scattering, using a Monte Carlo method similar to that employed by
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Wobig [12] . Rather than calculating a spread in \j> of an orbit to
obtain a diffusion coefficient, the equilibrium loss rate (to the
wall) of ions born on a given flux surface <p' is calculated. Lost
ions are replaced at ty' but with random 6, <f> and v,,/v. The mean
time for loss to the wall from a given flux surface \\>' decreases
exponentially with i|>' and increases rapidly with electric field
strength. For a parabolic potential $(<|0, only ions born at
<p > 0.9 are lost for *(0) < -T (0). Ions inside I|J ̂  0.9 are

electrostatically confined and are not lost. The large excursions
in ty that eventually lead to loss to the wall result from orbits
changing from passing to trapped and not from a diffusive process.
When the bulk of the plasma is in the plateau regime, the trapped
particle orbits that would be lost collisionlessly are interrupted
by collisions, while the contained passing particles are rela-
tively unaffected.

Guiding center orbits in the finite beta equilibria obtained
from the Chodura-Schliiter code are now being studied for the first
time. If / d£/B is really constant on the finite beta flux
surfaces, the orbit containment and transport might be much better
than in the vacuum state.

6. CONCLUSIONS

Moderate-shear torsatrons (either continuous or modular
coils) give equilibrium beta limits <3> ^ 5% and acceptable orbit
confinement for a near-term experiment. Since both the beta limit
and the orbit confinement improve with an increase in aspect
ratio toward reactor dimensions, and since torsatrons can be
successfully modularized, this configuration looks attractive on
a reactor scale.
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DISCUSSION

S.M. HAMBERGER: Could you comment on the importance or otherwise
of vacuum magnetic wells for the finite beta properties of the system?

J.F. LYON: The value of the rotational transform on the axis is more
important in determining the achievable beta than the magnitude of the vacuum
magnetic well. Given some modest vacuum well, the Shafranov shift with
non-zero beta creates the well that stabilizes ideal MHD modes.

T.K. CHU: In your torsatron, you had configurations in which /dfi/B
differed. What was varied to obtain the different configurations?

J.F. LYON: The modular torsatron (symmotron) configurations shown
with different /dC/B were produced by changing the poloidal position of the
toroidally directed windbacks and compensating coils and the number of field
periods, and hence the winding pitch.

H.P. FURTH: I should like to make a philosophical point on behalf of
helical-axis stellarators. As you pointed out, circular-axis stellarators suffer
from a conflict between the good effect of toroidicity on beta limits and the
bad effect on magnetic surfaces and drift orbits. Thus there is no "ideal"
for the circular-axis stellarator. The helical-axis stellarator does have an ideal
limit: high R/a, very high beta, good surfaces and good particle confinement.
In the small R/a range, the main problem is the abundance of design alternatives.
I believe that we have only begun the finite R/a studies and that you will reach
quite different conclusions about helical-axis stellarators if you persevere.
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J.F. LYON: I should like to reply, first, that while the "ideal" circular-axis
configuration has not yet been found, the torsatron configuration described
is already attractive for a reactor with more than adequate beta and practical
modularity. Secondly, it seems to be an article of faith that the advantageous
properties found for the helical-axis stellarator in the infinite-aspect-ratio case
will be achievable in a modular system with an attractive aspect ratio. We have
conducted a long study of these configurations (non-modular) and have not
yet found one with better beta values than the torsatron. We shall continue
to look for one, however.
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Abstract

TWO HIGH-BETA TOROIDAL CONFIGURATIONS: A STELLARATOR AND A TOKAMAK-
TORSATRON HYBRID.

Two novel modular-coil toroidal confinement systems are presented, both having simple
coil structures, quasi-helical symmetry, and a potential for stable high-beta confinement. The
tokatron is a highly elongated tokamak with finite vacuum-field rotational transform provided
by twisting the toroidal field coils so as to lie in surfaces with vertically oriented screw symmetry.
The heliac consists of an £ = 1 helical field superimposed on the poloidal field produced by a
current-carrying toroidal conductor. It has a magnetic well even in the limit of large-aspect-ratio R/a.

1 . TOKATRON

The addition of a torsatron vacuum field to the tokamak
configuration can serve to enhance stability against ballooning
and resistive kink modes . In order for the tokamak poloidal field
to contribute significantly, in turn, to stability and plasma
confinement, a toroidal configuration with low aspect ratio R/a
and with large vertical elongation b/a is desirable. These
conditions tend to conflict with conventional stellarator/
torsatron symmetry, i.e. B = S(r,9 - kR<}>), where r is the minor
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t On loan from Westinghouse Research and Development Center,
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FIG.l. Tokamak configuration.

radius and 9 and <f> are the poloidal and toroidal angles. This
contradiction can be resolved by twisting the toroidal field coils
to form a torsatron winding (Fig. 1) with screw symmetry pointing
along the z-axis, rather than along the toroidal minor axis',
i .e . "I = H(R,<t> - kz). In that case', R/a can be arbitrarily low;
perfect symmetry is achieved in the limit b/a •*• <*>. The coils lie
in screw planes <|> = 4> + kz; they are modular and topologically
unentangled .

To produce a closed tokatron vacuum-field configuration, an
external vertical field is superimposed, as in the related case of
"semi-stellarator" fields described in ftef.[l]. The presence of
the vacuum field facilitates the maintenance of highly elongated
tokamak plasmas in positionally stable equilibrium, as in the
plasma configurations of Ref. [2]. The presence of the plasma
current, in turn, serves to alleviate symmetry-spoiling finite-
length effects on flux surfaces and particle orbits.

.Accurate self-consistent equilibria for tokatron
configurations can be modeled with asymptotic expansions based on
a small helical field. It has been shown that a narrow parameter
range exists, such that the helical-field transform can help to
shape the minor cross section of the current-carrying plasma,
while good magnetic surfaces are maintained [3]. Further
particulars concerning the tokatron are given in Ref. [4],
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FIG.2. Heliac configuration.

2 . THE HELIAC

The superposition of an Z = 1 torsatron vacuum field on the
tokamak-like poloidal field of a current-carrying toroidal
conductor produces nested helical flux tubes [5-7] analogous to
the magnetic islands that can develop near a rational surface in a
tokamak. The minor cross sections of the outer flux surfaces
become increasingly kidney-shaped near the edge, with the concave
side of the kidney facing the toroidal conductor. Such a
configuration can have a deep magnetic well derived from the
gradient of the poloidal field [5] . The necessary Z = 1 field can
be produced by a set of ordinary tokamak TF coils lying in
vertical planes with their centers located on a helical curve
around the central conductor (Fig. 2 ) . The current-carrying
toroidal conductor markedly increases the rotational transform,
allowing shorter connection length between regions of favorable
and unfavorable curvature, and provides large local shear", thus
improving the beta. The centers of the TF coils are on a helical
path <|> = -N0, with o> and 9 the toroidal and poloidal angles and N
the number of periods . Tne heliac differs from earlier
stellarators with nonplanar axes [8-12] in having a current in the
central conductor to create a vacuum-field magnetic well . Js can
be seen from the comparison in Table I with conventional
stellarators and torsatrons with planar axes, the heliac is
naturally suited to have a stable equilibrium with high beta, due
to its large rotational transform and magnetic well .

The formation of magnetic surfaces in the heliac can easily
be understood using a magnetic island model . If the toroidal
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TABLE I. COMPARISON OF HELIAC AND
PLANAR MAGNETIC AXIS STELLARATORS
AND TORSATRONS

Magnetic well with
large transform

Magnetic well without
toroidal shift

High global shear

High local shear

Expected beta limit

Heliac
axis

Yes

Possible

No

Yes

(3>20%

Planar
axis

No

No

Possible

Yes

jS<8%

field coils were not placed to provide a helical component, the
field would be axisymmetric with B « r decreasing outward from

P
the ceiitral conductor, corresponding to a rotational transform
x <r r . The helical distortion of the field resonates with the
mlgnetic field lines on and near where X = N, creating a magnetic

s
island similar to those created in a tokamak by tearing modes .
The surfaces in the central region of this island are used for
plasma confinement .

This model gives a rough estimate of the rotational transform
in the heliac. A magnetic field line at the resonance point goes
around the central conductor N times and closes on itself after
going once around the torus. Due to the r~^ dependence of the
transform associated with the toroidal conductot, a line further
out will not complete the N circuits, and one on the inside will
have completed the N circuits before getting around . Ai estimate
of this precession shows that the transform per period has the
following approximate dependence on the shape of the magnetic
surfaces:

v * 2w/h (1)
h

where w is the width and h is the height of a surface . The
rotational transform N associated with the twisting of the surface
about the central coil must be added to this, so that

N(l - v ) (2)
h
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Note that these two rotations are in opposite directions . The
first term in Eq. (2) is the familiar transform associated with
the torsion of the magnetic axis . The second term is the one that
provides a transform in stellarators with planar axes.

2.1. Equilibrium

the primary equilibrium issues are the quality of the
magnetic surfaces and the limits on plasma beta at which the shift
of the magnetic axis becomes too large • The axis shifts due to
both toroidicity and helicity, but the helical shift preserves the
fundamental heliac symmetry . Equilibrium properties such as
magnetic well, short connection length, large local shear, and
controlled magnetic ripple are needed for stability and transport
considerations .

The quality of the magnetic surfaces is destroyed by magnetic
perturbations resonating with the rotational transform. If n and
m are toroidal and poloidal mode numbers associated with the
perturbation field, magnetic islands will develop and the surfaces
will be destroyed near where v = n/m. In the heliac, the dominant
toroidal mode number is N, the number of periods . If the transform
per period is small, t/N < 1/3 , then the smallest resonant
poloidal mode number is m = 4. Since the amplitudes of the
magnetic perturbations are generally exponentially small for large
m and ri, the region of surface destruction can be limited. In the
magnetic-island model of the heliac, the rotational transform is
almost constant from the magnetic axis to near the separatrix that
bounds the plasma region. Near the separatrix it rises to t- = N.
Attractive vacuum-field heliac configurations have been found with
the rotational transform per period in the range
0.2 ^ */N < 0 .A over the plasma region. Magnetic surfaces like
those given in Pig. 3 obtained with a helically invariant
(R/a •> <=) model, show that the global shear is small even
at p = 20% (Fig. 4 ) . T&th these rotational transforms', low-order
resonances can be avoided .

The equilibrium beta limit is reached when the Pfirsch-
Schluter current causes such large toroidal and helical shifts of
the magnetic axis that high quality surfaces are lost . The
toroidal shift, which is symmetry breaking, can be reduced with
appropriate field design. To investigate the Pfirsch-Schluter
current, it is useful to adopt a Hamada-like coordinate
system ¥,£?,£ in which the magnetic field lines are straight . In
such a system, one can define and evaluate parameters 6 , such
that Taa

1 1 ?'

-o— 9 {1 + X, 5nm exp[i(nC - m6)]} (3)
2 * n m ™
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The prime impl ies t h a t n = 0, m = 0 i s excluded . This Fourier
decomposi t ion can be evalua ted numer ica l ly [13,14] . The
Pfirsch-Schluter current is

BQ n,m

with P(f) the pressure, cg(<|>)/2 the total poloidal current outside
a flux surface, and c the speed of light. This will be large near
resonant surfaces where n = m*- unless 6n]n is small, and will
create a magnetic field with this resonant behavior . If we
visualize an expansion technique for determining the magnetic
surfaces from ij'V1? = 0, we can see that yt-'-) must be related
to ¥ by another l/(n-m*) factor. The condition that the
magnetic axis is not shifted too close to the plasma surface
provides a restriction,

2(a/R)2(n-nHr)2/|6 | (5)
nm

with a the mean plasma radius and R the major radius . Note that
6 = 2a/R for an axisymmetric tokamak, so this reduces to the
usually quoted equilibrium condition for n = 0, m = 1 . For
tokamaks", planar axis stellarators, and heliacs with a low value
of N, the limitations associated with the toroidal shift (n=0,m=l)
set the p limit. For heliacs with N ̂  3, the helical shift is
usually more important. Ai approximate p limit, where the helical
shift is half the plasma radius, is

xu
2 (6)
h

with E^ the ratio of the plasma half width w/2 to the distance
from cVie central coil to the magnetic axis, and the estimate
6 = 2(Na/R) /e . In Fig. 5 the axis shift i6 given versus beta
for the helically symmetric equilibrium of Fig . 3. Using the
vacuum-field values for £ and #• one would analytically expect a

beta limit of about 18%, which is a reasonable estimate . The
validity of the simple analytic formula, Eq . (6), is illustrated
by Fig. 6, constructed for a system with */N = 0.25 with a three-
dimensional computer code . These equilibria were not optimized to
reduce the toroidal shift. A reduction could be achieved by
modifying this field structure to minimize the 6 component.
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FIG.5. Helical magnetic axis shift for straight heliac.
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FIG. 6. Toroidal magnetic axis shift for finite-aspect-ratio heliac. The three curves from
top to bottom are: for R/a = 4,N = 2; R/a = 8,N= 4; and Rja = 8, N'= 6. No attempt was
made to minimize 60J in these models.

2.2. Stability

The equilibrium properties of the heliac that are important
for stability considerations are the magnetic well, the local and
global shear, and the connection length. These quantities are
quite different for configurations with large N, N ^ 3, from those
with N ̂  2 which have properties more closely resembling
conventional stellarators and torsatrons. For example, the
magnetic well is related to the magnetic field-line curvature .
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The ratio of the helical curvature to the toroidal curvature is
approximately the ratio of the field strength components 6 /6

Nl 01
of Eq. (3) . This ratio scales as the number of periods, and for
typical configurations is about one for KK3. For W=2 then, one
expects the well to be created primarily by toroidal effects,and a
truly three-dimensional stability analysis is essential. The
connection length between good and bad curvature regions
is L = R/+- for toroidal curvature and L = R/N+, for helical
curvature1, with R the major radius. Since both R and *• are
proportional to N, the connection lengths are independent of the
number of periods. Their ratio', L /L = -*• /(I-*- ), is somewhat

t h h h
larger than one. The short connection lengths, together with the
large local shear, stabilizes pressure-driven ballooning modes
even at high beta. For high N, the equilibrium properties,
including the magnetic well, are controlled by the helical fields
and the stability picture should closely resemble that of a
helically invariant device .

Considerable numerical work has been performed on helically
symmetric models of heliac. Helical equilibria with |3 > 20% have
been found which are stable to all ideal fixed-boundary^modes and
resistive interchanges. The magnetic well, the strong local
shear, and the short connection length are all stabilizing
features of the heliac geometry. Although the global shear,
d-t/dY, is small, the shear in the field lines is strong on both
the concave and convex sides of the kidney-shaped magnetic
surfaces. In other words', the local shear is large but its
average is almost zero.

2.3. Transport

Heliacs, like other asymmetric configurations, can have large
diffusion coefficients both for the electrons and the ions •
However, nonclassical scattering could greatly reduce the effects
of asymmetry on the electron transport and actually improve
confinement .

The heliac has some attractive transport features. In the
large-aspect-ratio limit, the helical variation 6 of the field

Nl
strength dominates over the other components, including toroidal
effects . Since high-beta stability is maintained in the large R/a
limit of the heliac, there may be a further benefit from the
symmetrizing effect of the plasma self-well. In this limit,
neoclassical transport should be as good as, or better than, that
calculated for axisymmetric systems [15] . In other stellarator
designs, where the magnetic well depends on toroidicity, the
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helical and toroidal ripples must be comparable . It is clear that
high-grade confinement could be achieved with large-aspect-ratio
heliacs, R/a ~ 100. Preliminary Monte-Carlo studies using exact
vacuum magnetic fields indicate that adequate ion confinement for
a reactor should be achievable in heliacs with R/a s 20 .

3. CONCLUSION

The superposition of helical fields on a tokamak can provide
an additional vacuum rotational transform that enhances stability
by strengthening the poloidal field in the region of unfavorable
curvature . The tokatron is particularly well suited for this role
because of its symmetry-conserving geometry and simple modular
coil structure .

In a heliac, the poloidal field from a current-carrying
toroidal ring combines with an H = 1 helical field. This provides
a strong magnetic well even in the absence of toroidicity. The
current-carrying toroidal conductor provides a shorter connection
length between regions of unfavorable and favorable curvature and
larger local shear than that in a conventional stellarator or
torsatron. Thus, a heliac has a smaller shift of the magnetic
axis, a higher equilibrium beta, and better stability and
transport properties than those of stellarators and torsatrons .
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DISCUSSION

H. WOBIG: How large is the variation of the field strength on the magnetic
axis?

S. YOSHIKAWA: The case in Fig. 1 could have field variations as low as 2%
or less. Other configurations also could have low field variation (less than 10%)
on the magnetic axis.

H. WOBIG: What trapped-particle losses do you expect, and how do they
compare with conventional stellarators and torsatrons?

S. YOSHIKAWA: We have not exhaustively analysed this yet.
A.H. BOOZER: I should like to add that the ripple on the magnetic axis

can be made arbitrarily small. In this case the ripple increases approximately
linearly with distance from the axis and so the question of trapped-particle
confinement is important. Preliminary results indicate that adequate reactor
confinement should be obtained at a reasonable aspect ratio.

F.L. RIBE: Dr. Yoshikawa, do you prefer the figure-8, N = 2 system or a
higher N number for the heliac?

S. YOSHIKAWA: I think high N is preferable.
F.L. RIBE: Could you please comment on the stability (/3> limit for large

(->oo) aspect ratio?
S. YOSHIKAWA: The stability limit is calculated to be at 20% or beyond.

The equilibrium j3 is almost 100%.
F.L. RIBE: Do you obtain equally favourable </3> limits for the planar

(snake) axis as for the non-planar (helical) axis?
S. YOSHIKAWA: I presume so, but we have not analysed this.





IAEA-CN-41/Q-5

CONCEPT OF AN ADVANCED STELLARATOR

U. BROSSMANN, W. DOMMASCHK,
F. HERRNEGGER, G. GRIEGER,
J. KISSLINGER, W. LOTZ, J. NOHRENBERG,
F. RAU, H. RENNER, H. RINGLER, J. SAPPER,
A. SCHLOTER, H. WOBIG
Max-Planck-Institut fur Plasmaphysik,
Euratom-Association, Garching,
Federal Republic of Germany

Abstract

CONCEPT OF AN ADVANCED STELLARATOR.
In classical stellarators, the Shafranov shift of magnetic surfaces determines the limit

of the equilibrium 0-value: (3eq ss-^/A; £= twist number, A = aspect ratio. In an Advanced
Stellarator (AS), the /J-limit is higher than this value; the increase in the 0-limit is
obtained by reducing the Pfirsch-Schluter currents jj relative to j ^ = i Vpl/B. As
an example of an Advanced Stellarator, the W VII-AS configuration - a modification
of the W VII-A stellarator - is described. Pfirsch-Schluter currents and' neoclassical
transport losses in W VII-AS are by a factor of two smaller than those in an equivalent
£ = 2 stellarator. — A modular coil set of 45 coils generates the vacuum field
with the parameters: B = 3.0 T,*= 0.39, 5 field periods. The magnetic-field configuration,
its properties and the modular coils are described in the paper.

1. INTRODUCTION

The justification of fusion research in the stellarator
line is based mainly on two facts: the reactor potential of the
stellarator and the encouraging results of stellarator experiments
in recent years. Also theoretical studies on equilibrium, MHD-
stability, and neoclassical diffusion have lead to new ideas and
better understanding of threedimensional plasma equilibria [1],
Conventional stellarators are characterized by one dominating
helical field component of the t = 2 or I = 3-type. With in-
creasing pressure the plasma equilibrium is subject tp the
Shafranov shift, which then sets an upper limit on the achieve-
able g-value given by B ^ t2/A (« = twist number or angle of
rotational transform/2ir, A = aspect ratio). Therefore a large
value of B requires either a large twist of the field and/or
a small aspect ratio. A strong poloidal field requires large
currents in their helical windings with all their technical
difficulties and a small aspect ratio limits access to the plasma,,
From the reactor point of view a stellarator with large aspect
ratio (A >_ 10) is to be preferred,,

141
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In an Advanced Stellarator the Shafranov shift is reduced by
proper shaping of the vacuum magnetic field. While the plasma
pressure determines the diamagnetic current j ± , the detailed
choice of the vacuum field determines the Pfirsch-Schlviter
currents j M arising from finite pressure,, The vertical field of
these currents is causing the Shafranov shifto Plasma equilibria
with zero Pfirsch-Schliiter currents (j,, = 0) have already been
investigated by D, Palumbo [2], who has shown that in this
special case the drift surfaces of all particles including trapped
particles and magnetic surfaces coincide. Coulomb collisions can
only cause classical diffusion in this type of configuration. The
equilibria discussed in [2], however, were MHD-unstable.

The present paper describes a practical scheme how to find
a vacuum magnetic field which allows a plasma equilibrium with
reduced Pfirsch-Schliiter currents and a magnetic well to ensure
at least low-g MHD-stability.

Particle orbits and transport, in these optimized configu-
rations are studied'by use of a Monte-Carlo code [3], As expected
the transport losses of an Advanced Stellarator in the Pfirsch-
Schliiter regime and plateau regime are smaller compared with those
of a conventional t = 2 or t = 3 stellarator.

Another important component of the Advanced Stellarator is
the modular coil set which replaces the helix-TF-coil system of
a conventional stellarator or torsatron (TF = toroidal field).
Rather than calculating the magnetic field of given coils the
problem here is to find the coils for a given vacuum field of
the Advanced Stellarator, The "natural" solution of this problem
leads to a set of poloidally closed and twisted coils.

If desired the magnetic field can also be generated by helical
windings; it would require a superposition of £ = 0,1,2,3-
windings and a toroidal field,, However, in order to avoid the
technical difficulties of complex helical windings a method has
been worked out how to construct a coil system consisting of
poloidally closed modular coils for any vacuum magnetic fieldo
These modular coils are a generalization of the concept of twisted
coils proposed by S, Rehker and H. Wobig [A].

Studies of Advanced Stellarators have been extended to a
large variety of configurations. The example described in this
paper is W VII-AS, an upgrade version of the W VII-A stellarator
in Garching. The optimized field configuration W VII-AS was
selected under several constraints coming from the W VII device.

These constraints did not allow to incorporate a large t = 1
field component which according to theory leads to a strong re-
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duction of the Pf irsch-Schliiter currents [1]. In W VII-AS the
Pfirsch-Schliiter currents are reduced by a factor of two compared
to those of an equivalent t = 2 stellarator, a factor large
enough for experimental investigation.

The aims of the W VII-AS experiment are

- to investigate plasma behaviour in an optimized magnetic
field configuration

to investigate a plasma without ohmic heating currents

to make use of the modular set of poloidally closed
coils instead of the conventional helix/TF coil system

Improved access for various heating methods and increase of
plasma radius to twice the radius of W VII-A are further aims of
this experiment. The paper describes the physics aspects of the
W VII-AS concept and some technical properties of the modular
coil system.

2c THE PRINCIPLES OF OPTIMIZATION

One principle for optimizing a stellarator is the choice of
the vacuum field as to minimize jn/j^ on all magnetic surfaces.
For low g-values and small twist number per period this ratio
jti/jx is governed by the variation of Q = /d£/B on magnetic
surfaces where the integration is performed along a vacuum field
line over one field period. Reducing the variation of Q on each
magnetic surface therefore is the guide line for the choice of a
vacuum field. For this purpose the vacuum field is composed from
Dommaschk-potentials [5] and the coefficients are calculated by
minimizing the variation of Q. Several constraints on the ad-
missible shape of the plasma column are imposed on the mini-
mization procedure^ For stability at 0 -*• 0 the existence of an
averaged magnetic well is required, while for particle con-
finement an approximation to an absolute MIN-B-configuration
is desired,,

These latter conditions narrow the parameter space of
optimized configuration appreciably, since otherwise plasma
equilibria without Shafranov shift can be found easily. A
significant reduction of i,,/jx over all the plasma cross-
section can only be achieved if the effect of toroidal curvature
is overcome with the help of I = 1 field components which in-
crease the local curvature and, unavoidably, also the population
of localized particles,, Therefore the danger exists that in
configurations with reduced j ,,/jx and optimized drift orbits of
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passing particles enhanced trapped particle losses occur in the
low collisionality regime. These localized particles can, however,
be chosen to be situated in the region of small curvature of the
field line, so that their drift velocity is small. In the
resulting configuration, which could also be described as
toroidally linked mirrors, trapped particle losses are not
essentially larger than in a classical stellaratoro

3o THE COIL SYSTEM

The procedure of constructing the coil system starts with the
optimized field given in Dommaschk potentials. In any torus
surrounding the magnetic surfaces a sheath current is uniquely
determined which produces the given field inside the torus. The
discretization of such a sheath current yields the coil systenn In
order to avoid distortion of the magnetic surfaces by the gaps
between the coils, a minimum number of 8-10 coils per field
period appears necessary,, Although the torus carrying the sheath
current can be chosen arbitrarily its proper choice is very im-
portant for technical reasons. Adjustment of the torus to the
shape of the magnetic surfaces is the ideal choice with respect
to the geometry of the coils and the electromagnetic forces0 In
practical cases, however, the coil system has to be positioned
outside the separatrix of the magnetic surfaces.

In case of W VII-AS the choice of the coil system has been
made under the condition of maximum magnetic field strength and
maximum distance between plasma boundary and vacuum tubeo The
details of the procedure are described elsewhere [6]. Starting
point was a configuration ASC 742 with 5 field periods, the coil
system reproducing this configuration was modified in two
directions. The first modification reduces the variation of the
magnetic field on the magnetic axis the second modification
introduces 5 special large coils in order to provide access for
tangential neutral beam injection. Due to these changes the
resulting magnetic field slightly deviates from the optimized
configuration ASC 742, but the increase in jn/j^^ and the change
of drift orbits of passing particles are small.

This modified coil system consists of 45 modular coils, it
is designed to produce B = 3 T on the magnetic axis and a constant
twist -C = 0.39.

Plane TF-coils are superimposed in order to vary the
rotational transform within the limits O024 <_ t <_ 0.6. The
maximum additional toroidal field is 0.5 T. A view on the
coil set is shown in Fig. 1.
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Parameters of W VII-AS:
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Major radius
Averaged plasma
Aspect ratio
Magnetic field

radius

Rotational transform
Shear
Number of field
Number of coils
Magnetic well
Variation of B

periods

on
magnetic axis

Variation of B
last magnetic

on
surfaces

R = 2.0 m
a = 0.2 m
A = 10
B = 3 , 0 T
% = 0.39

At/t < 10~2
m = 5
45

AV'/V'(o) = -2 %
6B/B = 3.3 %

<5B/B = 28 %

A vertical field system and an ohmic heating transformer of
the W VII-A experiment is available. The large injection coils
will be energized separately thus allowing a change of the field
ripple introduced by these coils. The standard magnetic field of
W VII-AS is generated by one coil set,, The additional coils allow
to vary the field parameters in a wide range„

4. MAGNETIC FIELD CONFIGURATION

The magnetic field of this coil set can be considered as a
superposition of Z = 0,1,2,3 components. The cross section of the
magnetic surfaces as calculated from this coil set changes at
different azimuts from an elliptical to a triangular shape (Fig. 2)
the average aspect ratio is ab ut 100 Increase of * by superim-
posing the additional toroidal field yields smaller magnetic
surfaces, at -C - 0.6 the aspect ratio is about 20. A reduction
of t below the standard value t = 0.39 leads to larger magnetic
surfaces. The shear of the W VII-AS magnetic field is negligibly
small, therefore the MHD-stability at B -+• 0 relies on the
existence of a magnetic well0 This magnetic well can be changed
by superimposing a vertical field of +_ 0o06 To An inward shift
of the magnetic surfaces by the vertical field yields a further
reduction of the Pfirsch-Schliiter currents, the magnetic well,
however, vanishes„ Extensive studies of the fine structure of
the magnetic surfaces show islands around -t = 5/N, N = 9,10,ll ..„
These "natural" islands strongly grow, if resonant error fields
are superimposed. Because of the very small shear of the W VII-AS
configuration these dangerous regions of * always can be avoided
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FIG.l. Top view on the coil set of W VII-AS. Average diameter of one modular coil
d=l m.
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F/C.2. Magnetic surfaces of the W VII-AS coil set. Cross-section in three different poloidal
planes with azimuthal angles if = 0 , 18 , 36 .
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FIG.3. Shape of magnetic surface ofJOK 744 configuration. This field is an analytic
approximation to the W VII-AS field.

by the proper choice of the superimposed toroidal field. The
standard case of W VII-AS without an extra toroidal field has a
rotational transform between 10/25 and 5/13. In regions outside
the "forbidden" values of t error fields of the order of 0»2 % of
the main toroidal field can be tolerated without destroying the
magnetic surfaces.

5. PFIRSCH-SCHLUTER CURRENTS, PLASMA EQUILIBRIUM
AND STABILITY

In order to study plasma equilibrium, diffusion and particle
orbits an analytic approximation of the actual W VII-AS magnetic
field in terms of Dommaschk potentials has been constructed. A top
view of one magnetic surface of this approximation (JOK 744) is
exhibited in Fig. 3. The reduction of the Pfirsch-Schliiter
currents is mainly caused by the M + S-effect which can_ be seen in
Fig. 3c The ratio jn/j^ is proportional to (Q-TD/Q" (Q = poloidal
average of Q ) . This ratio depends on toroidal and
poloidal angle but only weakly on the radial coordinate. The
maximum value of jn/jj^ in 4 different poloidal planes is shown in
Fig0 4o The comparison with an t = 2 stellarator at the same
rotational transform clearly shows a factor of 2 reduction of
jn/jj^ for all values of t0 The analytical approximation JOK 744
has a slightly larger reduction factor than W VII-AS, this
difference is caused by the special injection coils. In order to
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3 JOK 744

WVIl-AS

01 0.2 0.3 0.4 0.5 0.6

FIG.4. Maximum ratio U tî Jj. 'max versus rotational transform. Vertical bars correspond to
variation of ij n/jJmax within one field period. Dots (9. = 2 stellarator) indicate ij||/jjjmax for
different magnetic surfaces.

study the effect of reducing jM/Jx
 t n e plasma equilibrium in

W VII-AS was investigated with the NYU-code BETA [7] and the
Garching CS-code [8]. The standard version with its actual field
structure (including the effect of the injection gap) was used in
the CS-code; the code BETA started from JOK 744.

In the code BETA, the actual shape of the outermost vacuum
flux surface has been approximated and a sequence of equilibria
with increasing g-values were computed. The maximum value of $
considered was 3 m a x = 4<,5 % (corresponding to <g> = la5 %) (Fig. 5).
In a similar field configuration (ASC 742) with a larger
rotational transform « = 0o54 but also larger aspect ratio A ̂ 14,
the corresponding B-values was S

m a x
= 7,5 % 2,5 %)„ The

m a x

Shafranov shift (location of the magnetic axis as function of 8)
is plotted in Fig0 6a For 3max

 = 2»° ^ t n e toroidally averaged
shift (displacement of the axis compared to its position at 3=0)
is approximately 2»0 cm0 In the equivalent t = 2-stellarator about
twice this amount has to be expected,, Calculations with the
CS-code starting from the given vacuum magnetic field of W VII-AS
confirmed the reduction of the Shafranov shift.
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0 - 0

FIG. 5. Flux surfaces of equilibria corresponding to vacuum field configuration of W VII-AS.
Result of the BETA code at different azimuths (<p= 0°, 18°, 36°).

With respect to MHD-stability, no definite conclusion can as
yet be drawn. However, the following remarks can be made.

The standard W VII-AS case has a modest magnetic well
securing MHD stability at very low (30 The residual shift at finite
g deepens this well (beyond the trivial diamagnetic deepening of
the well). Although this might not be sufficient for the stability
of internal modes, it should at least remove the grossly unstable
behaviour of the straight L = 2-stellaratoro Results obtained with
the expansion around the magnetic axis [1] indicate that the
stability 3 limit of the type of configuration represented by
W VII-AS is comparable to that of the standard toroidal Z = 2
stellarator, i.e. <3>s 'v 0.5 %„ $s is the limit according to a
necessary stability criterion.

The stability of gross internal MHD modes in W VII-AS will be
studied with the new version of code BETA [9] in cooperation with
NYU. A preliminary result [10] indicates that the reference design
value t = 0o39 should safely avoid the possible instability of
the 2,1 and 3,1 modes resonating with t = 1/2 and < = 1/3 re-
spectivelyo Experimentally, W VII-AS will have the flexibility to
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Shafranov Shif t ( N Y U Code)
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F/G. 6. Toroidal shift A of magnetic axis normalized with average plasma radius a as a
function o/0m a x for W VII-AS. Result of BETA code.

contribute by i) operating under magnetic well and magnetic hill
conditions, ii) varying the resonance condition for gross modes
by variation of t, iii) achieving the estimated g-limits

^ 0.5 %„

6c PARTICLE ORBITS AND DIFFUSION LOSSES

Extensive studies of particles orbits have been made showing
the expected large deviation from those of a classical stellarator.
The drift surfaces of passing particles stay closer to the mag-
netic surfaces than in the 1=2 stellarator0 Similar to the
reduction of j,i/j± the factor is about: 20 Trapped particle be-
haviour is rather complicated, besides localized particles, which
remain trapped in a local mirror, a certain class of particles
exists, which make rapid transition between the trapped state and the
passing state. Due to the quasi-straight section of the magnetic
axis (see Fig. 3) particles localized to this region (cp = 0) only
experience a small vertical drift depending on the pitch angle»
Two other local mirrors exist - one caused by the neutral beam
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FIG. 7. Diffusion coefficient of monoenergetic ions versus collisionality (X-t/R) '. Diffusion
coefficient is normalized to plateau value. Three curves correspond to surfaces of different
aspect ratios. Result of the Garching Monte-Carlo code taking into account actual
W VII-AS field.

FIGS. Loss rate of monoenergetic ions in model field of advanced stellarator (B=Box
(1 - ea-r/R cos 6) (1 - 6b cos m y)) + em cos m <p, ea, 6b, em = const). Rotational transform
*=l/3. Parameter €{, controls drift of localized particles. Result of modified Boozer-
Kuo-Petravic code.
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injection coil - where the vertical drift of localized particles
follows the standard drift VQ = (p/R)»v(;j1, p = gyroradius. The
6B/B of these mirrors is comparable with the helical ripple of
the t = 2 stellarator.

Diffusion losses relying on guiding center drifts in actual
fields have been calculated using a Monte-Carlo code [3] and a
modified version of the Boozer - Kuo-Petravic code [11]. The
diffusion coefficient for monoenergetic ions is shown in Fig,, 7.
The magnetic field used in this case is calculated from the coils
including the injection coils; in the modified Boozer - Kuo-Petravic
code, however, a model field is used. In the Pfirsch-'-Schluter
regime and the plateau regime the diffusion coefficient is smaller
by a factor of 2 compared with the £ = 2 stellarator, in the long
mean free path regime the diffusion coefficient is about equal„
These results are obtained for a large value of a/p£ (a/p^ > 1CH •
a = plasma radius) in the W VII-AS experiment, however, a/p^ - 10^
has to be expected. Under these conditions also velocity space
diffusion into the loss cones becomes importanto The modified
Boozer-Kuo-Petravic code and a model field was used to calculate
the loss rate under stationary conditions rather than the dif-
fusion coefficients These calculations show that for realistic
plasma parameters (a/p^= 10^) the 1/v-scaling of the diffusion
losses does not occuro From this result the conclusion is drawn
that in W VII-AS the collisional ion losses, even in the low
collisionality regime are not larger than the losses in the
plateau regime (Figo 8).

7, HEATING METHODS AND EXPECTED PLASMA PARAMETERS

Various heating methods are foreseen in the W VII-AS device.
The coil system allows radial access, both for ion cyclotron
heating and electron cylotron heating. These methods in combination
with neutral beam injection will be used for the build up of a net
current free plasma,, The power envisaged for these three methods
is: ECRH (600 kW) ICRH (3MW), neutral beam injection (1.2 MW) .
Special attention is given to neutral beam injection: tangential
injection and the large penetration length of 2m will allow to
use or moderate density plasma (TT ty 2«1019m"3) as a target plasma,,

The injected particles (E = 40 keV) are born as passing ions, their
slowing down is faster than scattering into the trapped particle
region. According to numerical calculation about 600 kW power
should be available as net heating power into the ions. Under the
assumption of neoclassical ion heat conduction this power should
be sufficient to heat the ions to temperatures between 1.5 keV
and 2.0 keV. The expected g-values are 3 = 1-2 %.

max
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PLASMA

MODULAR COILS

FIG.9. Cut through horizontal plane. Schematic view indicating geometry of injection beam.

This value does not reach the equilibrium limit (4»5%),but
it is sufficient to investigate the reduction of Shafranov shift
and instabilities.

The neoclassical particle confinement time which is determined
by the electrons is in the order 0.5- 1 s. For this reason a pulse
length of T . > Is is planned for the heating methods»

8. TECHNICAL PROBLEMS

As already demonstrated the concept of an Advanced
Stellarator requires a coil system with a complex geometry,, In
addition the vacuum tube is adjusted to the shape of the magnetic
surfaces and deviates strongly from the axisymmetric vacuum tubes
used in most fusion experiments„ In contrast to previous stella-
rators there are no electromagnetic forces acting upon the vacuum
tube, which alleviates its construction despite its geometrical
complexityo These new properties involve new technical problems
and require new solutions» In addition to the radial forces
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toroidal and poloidal forces occur in every coil,, The integral
toroidal and radial forces are of comparable size but far below
the design values of the W VII-A TF-coil system. The poloidal and
toroidal forces are compensated within one field periods This
suggests to build the coil set of one field period as one module,
the integral radial forces on each module are oriented in the
direction of the major radius like in a standard TF-coil system.
The stresses in the coils are not larger than 120 MPa tension and
25 MPa shear., Studies done by an industrial firm have shown that
the manufacturing of the twisted coils does not require new
development of special material.

The complex shape of the coils requires a new winding
technique in order to avoid the spring back effect, solutions to
this problem have been found,, Effects of coil errors and mounting
errors on the magnetic field have been studied in order to de-
termine tolerances for manufacturing and mounting the coils [6],
Perturbations which preserve the 5-fold symmetry of the system
have little effect on the magnetic surfaces. This concerns a
motion of the coil system due to electromagnetic forces or thermal
expansions Perturbations which break the 5-fold symmetry, especial-
ly an m = 1 perturbation, are more dangerous. The result of the
numerical studies shows
- at -t = 1/3 and 1/2 small field errors of the order of

SB/B = 10~4 generate large islands. These values of * have
to be avoided;

- in the gaps between the t-values <r = 5/N, N = 9,10,,.. field
errors up to 2«10~3 can be tolerated. Even a horizontal field
of 5*10~3 BQ does not destroy the standard configuration
W VII-AS. These field errors are within the tolerances of
manufacturing and assembling the coil set.

The position of the large injection coils will be adjustable
in certain limits- Thus it will be possible to correct field
errors if necessary.

Further technical details of the W VII-AS will be published
in [12].
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DISCUSSION

T.K. CHU: Dr. Lyon (paper CN-41/Q-3) contended that rotational transform
per field should be kept low, whereas according to Dr. Yoshikawa (paper
CN-41/Q-4) it should be high. What do your studies indicate is the effect of
changing the rotational transform per field period?

H. WOBIG: If the rotational transform in W VII-AS is changed the
Pfirsch-Schliiter currents increase with decreasing -t and decrease with increasing -t.
For the purpose of achieving a high equilibrium limit, a large*is better; from
a technical point of view a small rotational transform is preferred.
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R. GOLDSTON: You presented results indicating enhanced transport
losses for collisionless particles. It almost seems inappropriate to ask this in
the light of the anomalously good W VII-A results, but how do you intend to
put together ICRF heating — with its concomitant high-energy perpendicular
tail — and non-axisymmetric geometry? In addition to simple orbit losses,
impurity generation and confinement in such an arrangement seem less favourable
than with co-tangential injection.

H. WOBIG: The losses of highly energetic particles with vj_ > v\\ must be
considered together with a radial electric field which might lead to improved
confinement of these localized particles.
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Abstract

CLOSED MAGNETIC TRAPS WITH RECTILINEAR SECTIONS.
Aspects of plasma equilibrium and MHD stability in the Dracon closed magnetic trap

which contains long rectilinear sections with a homogeneous magnetic field are discussed.
Unlike racetrack stellarators, the equilibrium plasma pressure in the Dracon trap does not
depend on the length of the rectilinear sections, as a result of the incorporation of special
connecting curvilinear elements. This system combines the positive qualities of open traps
(high average /3 and simple design of the rectilinear section) and closed systems (no plasma
losses along field lines). The following topics are examined: 1) plasma equilibrium in a trap
containing curvilinear elements with a three-dimensional axis; 2) three methods of stabilizing
flute perturbations: a) by creating a magnetic well in the curvilinear elements using auxiliary
helical windings; b) by means of an anisotropic high-/? plasma confined in an additional
minimum-B trap; c) by a relativistic electron ring (bumpy-torus-type stabilization). Neoclassical
theory is used to give preliminary estimates of plasma losses and to obtain approximate
parameters of a fusion reactor.

1. INTRODUCTION

A steady-state closed system 'Dracon' containing long sections with straight
magnetic field lines which do not affect the equilibrium plasma pressure in the
system was proposed for magnetic confinement of a plasma in Ref. [ 1 ]. The
rectilinear sections in Dracon are, as it were, self-contained as a result of a special
connecting system comprising curvilinear elements (CRELs). These CRELs have
the property that, as a result of their alternating-sign curvature, the charge separa-
tion currents are closed within each individual CREL, which is thus an independent
equilibrium element. The secondary currents (Pfirsch-Schliiter currents) do not
flow into the straight sections and these remain unperturbed (or weakly perturbed).

We now give the main advantages of the Dracon trap:

I) In the straight sections, the plasma losses, provided that the plasma is stable,
should be classical. Thus, however high the losses in the CRELs, characterized by
the confinement time r0, the effective confinement time for the total trap

159
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may be fairly long if the total volume V of the plasma is appreciably greater
than the volume in the CREL, Vc.
2) In all closed systems, the equilibrium condition limits the parameter )3 to
5—10%. This constraint also applies to the CREL. However, as a result of the
self-contained properties of the straight sections, the magnetic field in these may
be reduced by a factor of two to three, compared with the CRELs, giving a
j3-value of some tens of percent.
3) Rectilinear sections which are simple in engineering terms have a greater
potential for selecting and optimizing the parameters of the system. For example,
by lengthening these sections, the transverse dimension of the plasma can be
reduced.

The Dracon steady-state magnetic trap can either be considered to be a
modification of the racetrack stellarator, in which the length of the system
can be made fairly large without reducing j3, or, on the other hand, it can be
considered to be a tandem of conventional mirror traps connected to eliminate
the loss cone.

We emphasize that, in conventional racetrack or three-dimensional figure-
of-eight stellarators, the equilibrium pressure decreases as the length of the
straight sections is increased. Only the use of CRELs makes it possible to
have rectilinear sections with no deterioration in equilibrium.

These positive characteristics of Dracon are offset by the cumbersome
nature of the CRELs. A large amount of research still remains to be done
before Dracon can be considered to be a practical proposition as a fusion reactor.
At this point, we merely give the first rough estimates for this system.

2. EXTREMELY SIMPLE CREL WITH A THREE-DIMENSIONAL AXIS

The conditions which must be satisfied by the CREL are as follows:

1) At the ends of the CREL (Fig. 1) in the cross-sections s = ±2/2 (s is the arc
length of the axis measured from the CREL centre, £ is the length of the CREL axis),
the magnetic field lines should be parallel to the axis of the rectilinear sections.
2) For all sections of magnetic field lines belonging to a given magnetic surface
with flux 0, the integral /dfi/B should have the same value:

d£/B =

Another equivalent formulation of the requirements for the CREL may
be obtained in terms of magnetic surfaces. If the cross-section profile of the
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FIG.I. General view of Dracon trap: 1) rectilinear section; 2) magnetic mirrors; 3) stabilizing
armatures; 4) connector of the rectilinear elements (CREL).

magnetic surfaces a = const is described by using the displacement of their centres
A(a, s), the ellipticity e(a, s), etc. the following conditions should be satisfied at
the ends of the CREL:

^ = ^ = . . . = 0
8s 9s

(2)

Evidently, these conditions cannot all be satisfied simultaneously. Thus, the
equilibrium of the CREL can only be approximate. At this point, we shall only
discuss the feasibility of achieving a CREL in the first approximation with respect
to the curvature ka and the relative pressure (3C in the CREL.

In systems with negligible shear of the magnetic field lines, the integral
(1) can be considered to be constant throughout the volume, U(0) = Uo. In this
case, condition (1) in theparaxial approximation is reduced to the form [2, 3]:

2/2

cosh — cost — sinh — cos (t — 25)kB"2/3ds = (3)

Here, k(s) is the curvature of the axis, B0(s) is the magnetic field on the axis,
exp{r?(s)} is the semi-axis ratio of the elliptical cross-section of the magnetic
surfaces, 5(s) is the angle between the principal normal of the axis and the minor
semi-axis of the ellipse, i(s) = 5-f[(5' - K)/cosh77]ds is the instantaneous rotational,
transform and, finally, K(S) is the torsion of the axis. In systems with an axis
of symmetry (of second or higher orders), the functions B0(s), k(s), TJ(S), K(S)
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are even and 5(s), i(s) are odd. (We note that s is measured from the CREL
centre.) For systems with a three-dimenstional axis and circular-cross-section
magnetic surfaces, we obtain from Eq. (3):

8/2

r
/ k cos a ds = 0 (4)

-8/2

s

where a = / a ds. For these systems, the magnetic-surface equation in the
quasi-polar co-ordinate system p, co, s, takes the form

p = a+5(a,«,s) (5)

where £ satisfies [4]

9£
—-= - 9>{z) k(s) COS[CJ - a(s)]
9s2

(6)

= / 8TT {[ (p) p-p(p)]/pB2
0j dp

Here, a is the cross-section radius of the instantaneous magnetic surface, and
b the cross-section radius of the outermost fixed surface. The angle u> charac-
terizing the position of the magnetic field line is measured for s = 0 from the
principal normal.

Writing £ = P Re g exp {iw}, we obtain for g(s):

g"(s) = -k(s){exp{-ia(s)} (7)

Let L.! be the length of a single period of the system. The solution then takes
the form

s s

-i\g'_+ / ske-'ads-s / ke"in:ds (8)

-L./2 -L,/2
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Here, g_ and g'_ are the values of g and g' for s = - L J 2 . If g+ and g'+ are the
corresponding values for s = Li/2, the periodicity condition is expressed in the
form

g'- = g'+ci<x'; g_ = g + e i a . (9)

L,/2
where a1 = J zeds is the total rotational transform over the length of the period.

-L./2
Thus, we have

A L l / 2

2 sm(a,/2) J
-L,/2

-1 ly

2sin(a,/2)

(10)
Li/2 L,/2

*— / ke-iads+ / ske-iads
9 to —- J J

S 2 -Li/2 -Li/2

In the presence of rectilinear sections, integration is, in fact, performed
over the CREL, where k(s) # 0, i.e. between the limits -£/2 and £/2. To ensure
that the displacement and thus the equilibrium value of (I does not depend on the
length of the rectilinear sections (in fact, on L,), the following must be satisfied:

fi/2
r
/ ke" i ads = 0 (11)

-8/2

If the rectilinear sections have a mirror geometry, it is important that
the magnetic surfaces coincide with the drift surface, i.e. that they are concentric,
g+ = g_ = 0, otherwise high losses may occur at right angles to the magnetic field.
The following additional condition must be satisfied to achieve such a centred
CREL:

8/2

I ske"io:ds = 0 (12)

-6/2



164 ARSENIN et al.

We introduce the integrals

2/2 8/2 2/2

r r r
Io= / kcosads, Ij= / sks inads , I2= / s k cosa ds

t/ * / • /

o o o (13)

For even k(s) and K(S), explicit expressions for £ and £' at the centre of a rectilinear
section take the form:

w + T i ; £'(s = +L,/2) = A2 s i n L + ^ L (14)

where

^ ^ i h + ^
sinc^/2 \ 2 tg a

A 2 =^I 0 / s ina , /2 (15)

Estimating the permissible pressure from Aj = b-a, a->b, if the first condition (11)
is satisfied, i.e. Io = 0, we obtain: P"max = (b/Ix) sin(a1/2). The condition Io = 0 is
satisfied by a CREL consisting of three solenoidal semi-tori whose planes form
an angle of 120°. As an example of a smooth CREL, we shall give a variant with
constant curvature and torsion described by using the elliptical cosine function:

r da
x(s) = K0COSV/; 27 / . === KOS (16)

J V1 ~ 7 sin2 a

Here, 7 = 0.90891 is the root of the equation k(7) = 2E(7). For this example
we find J3max «* 8%. A variant with an inhomogeneous field looks simpler:

= Bo(0)A2/3 (17)

where ? = TTS/S, \p = 7r/2(sin^), A =-N/1 - y2 sin2 ^, and /CoC = 7T27. Condition (3)
is satisfied for 72 = 3/4.

The condition for a centred CREL (11) and (12), i.e. Io= I, = 0 may be
satisfied by a design consisting of five solenoidal semi-tori with angles 82 and dl

between the planes of the outermost and central semi-tori, respectively. The
condition Io = I t = 0 yields
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FIG.2. CREL with helical winding generating magnetic well: 1) helical solenoid; 2) cross-
section of D-shaped magnetic surfaces in CREL; 3) stabilizing conductors.

^ + ! + cos(0, + d2) = 0; + 2 sin(0, + 02) = 0 (18)

giving 0j = 67.2°, 62= 140.3°.
Smooth CRELs with no discontinuities of the functions k(s) and K(S) look

approximately the same as those formed by semi-tori.

3. METHODS OF PLASMA STABILIZATION IN DRACON

We shall discuss some possible methods of stabilizing the plasma in Dracon.
A source of flute-type MHD instability is the curvature of the field lines in the
CREL and in the transition section.

Stabilization by the CREL. In a CREL having a three-dimensional axis and
circular-cross-section magnetic surfaces, stability can only by achieved as a result
of slight shear for a negligible pressure of (3 = 10"4%. To increase j5, the cross-
sections may be made D-shaped (Fig.2), thus producing a magnetic well in the
CREL (in this case, a circularizer must be incorporated in the transition section,
consisting of m = 1, 2, 3 multipole windings with corresponding currents, which
converts the D-shaped cross-section into a circular one over a length of several
plasma diameters). It is known from calculations for a helical system that for
k(s) = const, K(S) = const, stability can be achieved for j3 = 15—20% [5] so that
even in the presence of unfavourable sections which are unavoidable with
variable k(s) and K(S), stability can be expected for moderate j6. If the magnetic
field intensity in the rectilinear sections is the same as in the CREL, stability
is conserved throughout the system (the plasma in the rectilinear sections only
reduces the oscillation frequency by its inertia). If the magnetic field in the
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FIG.3. Quadrupole armature containing hot ions; 1) magnetic-surface cross-section; lower
diagram: profiles of magnetic field on axis BofsJ, the quadrupole component of field g(s), and
hot-ion density rc!°n(s).hot

rectilinear trap is weaker than that in the CREL (this case is of the greatest
interest), the transition section with convex field lines has a destabilizing effect.
For low j3 the contribution made by this region to the potential energy of a flute
perturbation is proportional to /3L/Lm, where L is the plasma length, and Lm

the characteristic length of variation of the magnetic field in the mirror. For a
mirror ratio of ^ 2 , Lm is of the order of the mirror length, Lt. Thus, the system
is stable if the mirror is sufficiently long.

Stabilization by a quadrupole armature. For high /30 the ballooning effect
is considerable in the rectilinear part of the trap since the flute perturbation is
localized near the mirror in a region of length Lt//30- If this length is shorter than
the length of the CREL, the flute oscillations attached to each mirror are almost
independent. It then becomes justifiable to use a different approach to stabilization
which involves incorporating in the transition section quadrupole "armatures"
used to stabilize the plasma in ambipolar traps (Fig.3). A group of hot (h)
anisotropic ions is maintained in the armature at a pressure higher than that of
the main 'thermal' (w) plasma. If Eh » Tw, the hot-ion density is nh< nw

so that, unlike an ambipolar trap, they only generate a small electrostatic potential
which affects the motion of the.main plasma ions only weakly.

In the paraxial approximation, the magnetic field in the armature is described
by the potential <j> = / BodZ - ^ B'OT2 + g(Z)r2 cos20. The functions B0(Z) and
g(Z) should be symmetrical with respect to the equatorial plane of the armature
Z = 0 and result in rounding of the magnetic surfaces at the ends of the armature.
The stability condition takes the form [6]
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/ (Pn + Pi) ( | Bo2 - ^ B 0 BQ + 4 g2J cosh J + 2 sinh J Bg ( - ^ j Bo4dZ>O

(19)

whereJ = 4 / (g /B 0 )dZ .
An analysis of these conditions shows that a small mirror ratio M .5-2 is

optimum for stabilization. The zeros of the function g(Z) should be outside the
region of localization of the hot component and the maximum of the function
J(Z) should be within the range 1.6 < Jm a x < 2.8. In this case, the effective pressure
of the hot ions pi = (ph|| + Phi)/2 needed to stabilize the complete system is no
more than ten times the pressure of the main isotropic plasma. Experiments on
the 2XIIB and TMX facilities [7, 8] show that it is quite feasible to achieve
values of j3h = 0.6—0.8 in the armature. Thus, the magnetic field in the armature
may not exceed that in the CREL (for (3C ~ 3-5%).

Preliminary Fokker-Planck calculations on the sustainment of the hot-ion
component using neutral injection show that for Te « T[ =» 10 keV, the optimum
injection energy is Ei«« 300 keV (the average hot-ion energy is Eh "* 200 keV)
and the required energy consumption should not exceed 10% of the thermonuclear
power released in the reactor.

On the whole, the requirements imposed on the hot-ion pressure, the magnetic
field and the injection power for stabilization of flute instability in the Dracon
trap using a hot-ion armature are less stringent than those in ambipolar traps.
Combined with the absence of longitudinal losses, this gives Dracon various
advantages over ambipolar traps (a 'thermal barrier' is not required). On the
other hand, stabilization using an armature means that the design of the CRELs
cannot be made more complex by stabilizing helical windings and thus many of
the difficulties inherent in stellarators cannot be avoided.

Stabilization by a hot-electron ring. Another method of suppressing the flute
instability and, at the same time, conserving the axial symmetry of a rectilinear
trap is based on sustaining (by electron cyclotron resonance heating) a ring of fast
anisotropic electrons confined in an additional trap in the transition section
(Fig.4). This method is used in the bumpy torus [9]. The energy and density of
the hot electrons is selected so that: 1) the angular frequency of their magnetic
drift is higher than the oscillation frequency (in that case, the hot electrons are
barely involved in the oscillations); 2) the favourable magnetic field gradient
generated by the ring is greater than the unfavourable field gradient of a simple
magnetic mirror trap. For a reasonable ratio of the length 9. of the stabilizing
trap to the diameter (y 3), the value of fa for the ring needed to achieve this
reversal of the field gradient should be ^ 10%. The electron energy Eh for
B « 3 T and a temperature of ^ 10 keV for the main thermal plasma should
be M - 3 MeV, according toRef. [9]. According to calculations made earlier
for the bumpy torus using several dozens of stabilizing rings, the energy losses
from the rings for these values of Eh are not too high and give a reactor efficiency
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FIG.4. Stabilizing armature with ring of relativistic electrons generating magnetic well.

of Q > 10. In the Dracon trap, there should only be four rings (according to
the number of ends), and this naturally reduces the losses considerably and gives
more freedom in the choice of parameters.

The practical usefulness of this method ultimately depends on the maximum
permissible value of |3W for the main plasma which is still stabilized by the ring.
Values of |3W £ (3̂  — 10% are permissible in the ring itself although the exact
boundary has not yet been determined [9]. For Dracon, this constraint is less
critical than for the bumpy torus since we wish to have high j3w in the main
rectilinear traps (which may be achieved without impairing stability, by making
the mirror sufficiently long). The low value of j3* = j3w + (3h in the ring region
means that the energy of the fast electrons E^ can be slightly reduced: for low

j3*, the flutes are not only localized in the armature but cover a wider region
'v£/j8* so that their growth rate (frequency) decreases proportionately as-v/fJ*
and Eh can be reduced by the same amount.

4. ESTIMATES OF ENERGY LOSSES AND REACTOR PARAMETERS

In the Dracon trap as in stellarators [10] and helical tori [11], the main plasma
losses under conditions of a steady-state fusion reactor are due to particles trapped by
magnetic-field inhomogeneities. In this case, the effective collision frequency
^eff= voleh. (vo. is the collision frequency, eh = ka the magnetic-field inhomogeneity)
is smaller than the reciprocal period of the trapped-particle oscillations (1/T||).
For Dracon, particles oscillating between the opposite CRELs make the largest
contribution to the thermal conductivity.

For these particles, we have T|| = Tc + 2T0, where Tc is the period of the
particle oscillations in the CREL, and To = L0/v|| is the trapped-particle transit
time in a rectilinear section of length Lo.

In this case, the plasma energy confinement time for the ion component
for Dracon is given by [ 10, 11 ]:
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= 1.4X 10VTT(«a)2(Bca)2/nv
/e^= a2/Xi (20)

Here, Xi is the ion thermal conductivity, n the plasma density, Ti the ion tempera-
ture in keV, Bc the magnetic field in the CREL (in kG), and a the plasma in
radius in cm.

Under conditions of less frequent collisions when i>eff < et/ehT||, the plasma
electron thermal conductivity increases as a result of free drift of trapped particles
in the toroidal inhomogeneous field. Here, et is the toroidal inhomogeneity of
the magnetic field corresponding to closure of a stellarator or helical torus:
et = a/R for a stellarator of radius a.

For Dracon, it can be assumed approximately that et = ec£/(L0 + £),
where ec = a7r/£ is the effective toroidicity of the CREL corresponding to closure
of the rectilinear sections, £ is the length of the CREL.

In this case, in the collision frequency range ug < yeff < et/ehT|| (cog is the
frequency of azimuthal particle drift in the charge separation electric field),
the plasma energy confinement time is governed by the electron thermal conductivity
and is given by [10, 11]

a2 LlX10-2Sn(a2B2)2 / KL0 y
— = — 1 + = (21)

E Xe eh
/ 2e t

2Tf \ vy/2/

We shall estimate the plasma energy confinement time for the following
parameters of a fusion reactor: Te = Ti = 10 keV, eh = 0.3, a = 100 cm, £ = 30 m,
Lo= 50 m, et = 0.1, «a = 0.3, Bc = 30 kG, n = 1014cm"3. Calculations of r ^
using Eq. (20) give r ^ 'v 50 s. From Eq. (21), we obtain Tg = 3.5 s. For a plasma
radius of 1.4 m in the rectilinear section and a magnetic field Bo = 15 kG, the total
thermonuclear power is ^800 MW.

These estimates of the parameters of a fusion reactor are approximate and
require considerable refinement.
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Abstract

VERTICAL STABILITY OF ELONGATED PLASMAS AND DIVERTOR EXPERIMENTS
IN DOUBLET III.

The positional stability of elongated plasmas in the vertical direction is experimentally
studied. It appears that the measured growth rates of vertical instability depend on the plasma
shape and plasma current profile as well as on the plasma vertical location. It is shown, however,
that they are simply correlated with the field decay index value and the passive stabilization
strength. A dee-shaped plasma with a large triangular deformation is experimentally proven
to be more positionally stable than a plasma with a small triangular deformation with the
same surface elongation. The maximum elongation was «1.8 and as 1.25 for a plasma with a

* This work was performed under a co-operative agreement between the Japan Atomic
Energy Research Institute and the US Department of Energy under DOE Contract No.
DE-AT03-80SF11512.

' On leave from Mitsubishi Atomic Power Industries Inc.
+ On leave from Hitachi Ltd.
8 On leave from Toshiba Corp.
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large («»41 cm) and small («s33 cm) minor radius, respectively. High-power (absorbed power
of up to 3.1 MW) beam-heated divertor experiments indicated that the remote radiative
cooling power increased with both absorbed power and electron density. The remote radiative
cooling power of up to about 30% of the absorbed power has been observed. The increase
of the remote radiative cooling power resulted in reduction of the heat load onto the divertor
plate. The radiative loss in the hot core of the main plasma (r/a < 0.7) was reduced by a factor
of five by the divertor.

1. INTRODUCTION

In addition to high-/3 study with neutral beam injection [1], the JAERI
team have concentrated their experimental efforts on the vertical stability of
elongated plasmas [2], energy confinement [3], low-q operation [4] of circular
and dee-shaped plasmas as well as the divertor phenomena [5-9] . This paper
presents the results of further studies on the vertical stability of elongated
plasmas and the results of single-null poloidal divertor experiments with neutral
beam heating (^3 MW).

Previous work [2] discussed the stably controlled highest elongation in Doublet
III and showed that the passive stabilization effect of the field shaping coils
played an important part in achieving a high elongation of 1.8 which was well
above those obtained in other tokamaks. Triangular deformation was suggested
in order to reduce the vertical instability. This paper (Section 2) discusses the
plasma parameter dependences of the vertical instability of elongated plasmas
with different triangularities, different plasma current profiles, and different
minor radii as well as different vertical locations. An analysis based on the eddy
current due to displacement of the rigid plasma model presents a qualitative
explanation of the trends of the measured growth rates of vertical instability.

In the single-null poloidal divertor experiments in Doublet III, the divertor
capabilities for impurity suppression [5-8] and helium ash exhaust [9] have been
demonstrated with an open divertor geometry the simple structure of which
makes it very attractive from the viewpoint of reactor design. Helium ash
exhaust is one of the crucial problems in maintaining steady-state operation in
fusion reactors. Moreover, with the increase in electron density of the main
plasma, a significant increase of the radiative power was observed in the divertor
[6-10]. This radiative cooling of the divertor plasma resulted in reduction of the
heat load to the divertor plate [7, 8, 10] and formation of a dense and cold diver-
tor plasma [7-9] . Remote radiative cooling is particularly important since it
alleviates the serious heat load and erosion problems of fusion reactor divertor
plates. These experimental results are documented in detail elsewhere [5—12],
and feasibility of the open divertor in reactor-grade devices has been discussed
with a simple model [8, 11 ]. This paper (Section 3) describes the results of a
recent divertor experiment with a high-power beam injection. The maximum
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absorbed power (defined as Ohmic heating power plus absorbed beam power)
was 3.1 MW. Remote radiative cooling increased with both electron density and
absorbed power. The maximum remote radiative cooling power observed was
0.92 MW or about 30% of the absorbed power. The radiative cooling (including
charge-exchange neutral power) in the hot core (r/a < 0.7) of the main plasma
was reduced by a factor of about 5 by the divertor.

2. VERTICAL STABILITY OF ELONGATED PLASMAS

The growth rate of vertical instability was measured by disabling the feed-
back circuit of the vertical position control power supply after an elongated
plasma was produced stably with active feedback control [2]. Figure 1 (A)
shows the growth rates of the vertical instability with a normalized internal
inductance £j [13]. The growth rate of the vertical instability becomes small
as the internal inductance decreases. This trend has two causes: a reduction
of the required decay index of the external field and an increase in the passive
stabilization effect. A flat profile of the plasma current has greater vertical
stability.

Figure 1 (B) shows the dependence of the vertical instability on the initial
position of the plasma centre. When a plasma centre is located at the lower
position, the plasma becomes more unstable in the vertical direction. This comes
from the decrease in passive stabilization strength when the plasma is located at
the lower position since there are no conducting materials just below the elongated
plasma in Doublet III. In designing future machines, care should be taken in
locating the passive stabilizing loop so as to maximize its effect.

Figure 1 (C) depicts the dependence of the measured growth rates of vertical
instability on the field decay index (n = ( -R /B z ) 3BZ/9R) at the magnetic
axis for plasmas with two different triangularities. Figure 1 (D) shows the relation
between the elongation and the decay index for these plasmas. The growth rates
become almost the same when the decay index values are the same, although the
elongations amd triangularities are different. This experimental result suggests
that vertical instability is not correlated with the plasma shape (elongation, triangu-
larity) but depends directly on the decay index value. Therefore, a dee-shaped
plasma with a large triangular deformation is more positionally stable than a
plasma with a small triangular deformation owing to the reduction of the decay
index value when the surface elongation is kept constant. The solid line shown
in Fig. 1 (C) is a theoretical growth rate predicted with a rigid model [ 14] using the
passive stabilization ns of 1.4 (ns = (—R/Bz) ABR/AZ; AZ is the plasma dis-
placement; ABR is the radial field produced by eddy currents). In estimating
ns, the field shaping coils were only taken into account as conducting material,
and the plasma was modelled with the flux distribution given by the analytical
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equation for elliptical plasmas [15]. The estimated ns for these plasmas is 1.1
to 1.5, which agrees with the experiment within an ambiguity of about 20%.

Achievable maximum elongations with various minor radii (half-width)
were examined with active feedback control by increasing the elongation. Plasmas
with a small minor radius were produced by changing the major radius so as to
be small and contacting the plasma surface with the inside limiters. Figure 2 (A)
shows a stably controllable elongation regime with a minor radius of 32—42 cm.
"Vertically stable region" indicates that a plasma in this region is completely
stabilized by means of active feedback control. In an "unachievable region"
it is impossible to produce an elongated plasma. The stable region of an
elongation is greatly decreased from « 1.8 to «* 1.25 as the minor radius
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FIG.2. (A) Controllable elongation versus various minor radii with active feedback control.
"Marginal region" means that a plasma is producible but vertically unstable, and the discharge
terminates before the intended termination.
(B) Relation between elongation and field decay index n. Plasmas have different minor radii
of ^41 cm and *&33 cm. Vertically unstable regions are shaded.

is reduced from « 41 cm to « 33 cm. Figure 2 (B) shows the relation
between the elongation and the decay index at the magnetic axis for plasmas
with two kinds of minor radius. A plasma with a small minor radius (*«33 cm)
has a smaller elongation relative to a plasma with a large minor radius (^41 cm)
even with the same decay index. This is caused by the equilibrium field require-
ment according to the aspect ratio [13]. A plasma with a large minor radius
becomes vertically uncontrollable at around n — ~1.45 even with active feed-
back control. However, a plasma with a small minor radius becomes vertically
uncontrollable around n — —1.18. This reduction of the controllable region is
due to the reduction of passive stabilization ns. The estimated ns for a small
plasma is ns — 1.0. Thus a fat plasma (low aspect ratio) is superior in increase
of elongation and decrease of vertical instability.

The field decay index n and the passive stabilization effect ns are not uniform
inside the plasma cross-section in the case of tokamaks with low aspect ratio. Highly
elongated plasmas in Doublet III are up-down asymmetric. The vertical insta-
bilities of elongated plasmas, however, are simply correlated to the decay index
value of the externally applied field and the passive stabilization strength. The
analysis based on eddy currents presents a good estimation of the passive stabili-
zation effect.
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3. BEAM-HEATED DIVERTOR EXPERIMENTS

To investigate the divertor characteristics close to the divertor plasma in
a fusion reactor, a high-power hydrogen neutral beam was injected into a diverted
deuterium plasma. The experiments described in this paper were conducted
with the following parameters: toroidal field BT = 23—24 kG; plasma current
Ip = 500 kA; beam energy «70 keV; total absorbed power P a b s < 3.1 MW;
average electron density rfe = (1.0—6.1) X 1013 cm"3.

The time evolution of the line-integrated radiative power flux (radiation
power plus charge-exchange neutral power) measured with a collimated 21-channel
bolometer array [16] showed a pronounced increase in the radiative flux from the
divertor region (Fig. 3 (A)). The two peaks distinguished in the radiation distri-
bution were identified as the locations where the separatrix surface intersected
the divertor plates. This radiative cooling power in the divertor (remote radiative
cooling [6—8]) increased not only with the electron density of the main plasma,
as was observed in the Ohmically heated diverted discharges, but also with the
absorbed power, and the maximum remote radiative cooling power observed so
far was as much as 0.92 MW, or «*30% of the total absorbed power of 3.1 MW.
There was some indication from thermocouple array measurements that the heat
load of the divertor plates was reduced by the remote radiative cooling. The
observed peak flux, «340 W^cnT2, in the low-density beam-heated discharges
was reduced to «160 W-cm"2 in the high-density beam-heated discharges
(Fig. 3 (B)).

Figure 3 (C) shows the time evolution of the radiative power flux from the
divertor volume and the line-averaged electron density of the divertor. The
average electron density of the divertor was «*3 X 1013cm~3 ( the effective path-
length was assumed to be « 20 cm) and was clamped throughout the beam pulse.
Clamping was also observed in the Balmer-a line intensities measured by photo-
diodes, one looking through the divertor and the other looking at the main
plasma. The increase in the line intensities of C HI 4649 A (excitation energy,
32.2 eV; ionization potential, 47.9 eV) suggests that the carbon line radiation
increased during the beam pulse and the divertor electron temperature became
higher, since both C III line intensities of the main plasma and of the divertor
increased, and the C III line intensity in the divertor increased more significantly.
The line emissivity of O I 7773 A in the divertor (excitation energy, 10.7 eV;
ionization potential, 13.6 eV) was also clamped during the beam pulse. Taking the
increase of electron temperature by the beam injection and the low ionization
potential of the O I neutral into account, the total radiative power from the
oxygen impurity could be increased by the beam injection. The line intensities
of O V, O VII and O VIII of the main plasma increased by a factor of two to
three by the beam injection, which suggests an increase of the oxygen radiation
in the divertor. Although no appreciable increase of the Ha line intensity was
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observed from a time evolution, it is possible that radiative power flux from the
hydrogen neutrals was increased by the beam injection. The higher ion temperature
might result in an increase of the charge-exchange neutral power. With a fixed
beam power, an electron-density scan study indicated that the remote radiative
cooling power was proportional to the Ha line intensities during both Ohmically
heated and beam heated phases [11].

The radiative flux from the main plasma was also increased by the beam
injection. The Abel-inverted radiation profile of the main plasma (Fig. 4 (A))
showed, however, that the radiation is localized in the outer edge (0.7 < r/a < 1.0).
In non-diverted discharges 10—20% of the absorbed power was dissipated in the
hot core (0 < r/a < 0.7) as the radiative loss (including charge-exchange). The
divertor reduced the radiation power in the hot core by a factor of about five
to a negligible value, especially in the high-density regime (Fig. 4 (B)).

4. CONCLUSIONS

4.1. Vertical stability of elongated plasmas

(a) The growth rate of the vertical instability is explicitly correlated with
only the decay index of the external field and the passive stabilization strength.

(b) A dee-shaped plasma with a large triangular deformation is more posi-
tionally stable than a plasma with a small triangular deformation due to reduction
of the decay index value when the surface elongation is kept constant.
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(c) The broad profile of the plasma current helps to reduce the vertical
instability of an elongated plasma.

(d) The location of the passive stabilizing loops is important in maximizing
their effect.

(e) The maximum elongation is decreased from «* 1.8 to «1.25 as the plasma
minor radius is reduced from ^41 cm to ^ 3 3 cm. A low aspect ratio helps to
increase the elongation and reduce vertical instability.

4.2. Divertor experiments

The following experimental results were obtained by a single-null poloidal
divertor using open geometry with a high-power beam injection of up to 3.1 MW.

(a) Remote radiative cooling power is increased with electron density and
absorbed power; 0.92 MW of remote radiative cooling power is observed with
3.1 MW absorbed power. The heat load on the divertor plate is reduced with the
increase of remote radiative cooling.

(b) The radiative power loss in the hot core is reduced by a factor of about
five by the divertor.
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Abstract

DIVERTOR OPERATION AT LARGE POWER FLOWS IN NEUTRAL-BEAM-HEATED
ASDEX DISCHARGES.

Divertor experiments in ASDEX with Ohmic heating (P O H < 0.6 MW) and neutral
injection (PNI < 2.5 MW) are described. Attention is focused on obtaining a qualitative
understanding of possible regimes of divertor operation, particularly at large power flows.
For this purpose, the parameters of the scrape-off plasma are measured in the torus mid-plane
and in the divertor chamber. It is found that the neutral-gas density p and the scrape-off
density ne<i in the divertor chamber initially show a strongly non-linear increase with the
main plasma density ne. Beyond a certain density, however, the strong re-cycling in the
divertor chamber reduces the scrape-off temperature Te(j to values at which the ionization
coefficients start dropping dramatically (Te(i = 10 eV). This leads to a saturation in ne<j
at a level which is determined by the available energy flux (with 2.5 MW neutral injection,
ne<j = 1014 cm"3). Thus the plasma temperature in front of the divertor plates is self-
regulating, and an increasing power flow merely results in an adjustment of the density.
This effect strongly hinders impurity production at the collector plates.

* On leave from Academia Sinica, Beijing (Peking), The People's Republic of China.

** On leave from Japan Atomic Energy Research Institute, Tokai, Japan.
+ On leave from Institute of Fundamental Technological Research, Warsaw, Poland.
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1 . INTRODUCTION

ASDEX / ] / is a large tokamak (R= 1.65 m, a = 0.40 m,
B t-2.8 T, Ip-5oo kA) with double-null poloidal divertor. In a
divertor configuration the bulk plasma is bounded magnetically
- interacting with the walls only through volume processes - and
charged particles lost from the bulk plasma flow in a narrow scrape
-off layer along field lines into a separate chamber. This separa-
tion permits the decoupling of the parameters of the bulk plasma
from those of the boundary plasma in contact with material walls.
In this way an extremely clean plasma (concentration of oxygen
5 x 10~ , of iron 3x lO"-*) with Zeff - 1 .0 and negligible radiation
losses has been produced in ohmic discharges.

In this paper we investigate divertor operation under dis-
charge conditions with strong neutral beam heating with the
goal of finding modes of operation that would permit the handling
of the immense particle and power fluxes expected in future large
tokamak experiments such as INTOR. The neutral injection system
/2/ consists of two beam lines,both oriented tangentially in
the direction of the plasma current,and is presently capable of
delivering a power P^BI UP t o 3.1 MW (40 kV, 0.2 sec) into the torus.
Hydrogen is injected into deuterium plasmas. All results discussed

.in this paper are from L-type discharges (see ref./3/ for details).

In the following we first describe the build-up of hydrogen
pressure in the divertor chamber and the resulting recycling of
hydrogen. We then discuss measurements of the plasma parameters
in the scrape-off layer,both in the torus mid-plane and near
the collector plates,and compare them with physical models of
particle and energy transport in the scrape-off layer. The
final section deals with global energy balance and with the
main loss processes in the divertor plasma.

2. PRESSURE BUILD-UP AND RECYCLING IN THE DIVERTOR CHAMBER

In the scrape-off layer the plasma flows along magnetic field
lines into the divertor chamber where it is neutralized at the
collector plates. The neutral particles are partly absorbed and
partly reflected thereby building up a high neutral gas pressure
in the divertor. Figure I displays various densities in the
divertor chamber as functions of the main plasma density n e for
a number of experimental conditions: the density of molecular
hydrogen njj2>Do (measured in a pumping port), the electron den-
sity at the separatrix necj (from Langmuir probes) and the elec-
tron line density-:ne^dl (8 mm y-wave interferometer). One sees
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non-linear functions ofne.

that the different densities in the divertor are roughly pro-
portional to each other and have a strong non-linear dependence
on rie . In the density range 2 x 10 ' 3ctn-3 <n^ £ 5 x 10 ' 3cm-3 this
dependence is roughly quadratic ,which can be understood quali-
tatively, since the particle flux into the scrape-off layer F n

is proportional to the density gradient at the plasma boundary,
which is steeper the smaller the ionization length ^-;on

ne 2 -1
(Fn ~ D T ~ n with A. ~ n ) .

Aion e l o n e

Molecular hydrogen, which is the main constituent of the
neutral gas pressure in the divertor chamber, is almost com-
pletely dissociated when it enters the scrape-off plasma.
In low and medium density ohmically heated discharges (Te(j = 10 eV,
•'ne,dl =(l - 5)x 10'3 cm~2) the resulting Franck-Condon atoms
(energy -3 eV) have a good chance of penetrating the plasma in
the divertor throat without being ionized, thus contributing sub-
stantially to the fueling of the bulk plasma. CX collisions with
the plasma ions do not change this picture, leading only to an
effective scattering of the Franck-Condon atoms. The conductance
of the divertor throat for these atoms is thus very close to
that without plasma. This view of hydrogen recycling through the
divertor throat is in accord with photographic observations which
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show intense Hu-light in the vicinity of the divertor throat. It
is further supported by the experimental finding that the exter-
nal gas flux can be puffed in through the divertor chamber, with-
out changing the gas consumption.

In the stationary state, the neutral gas density n o in the
divertor chamber (volume Vj) is thus determined by the balance
between production at the collector plates (reflection coeffi-
cient p), ionization in the scrape-off layer (total flux rion)
and losses through the divertor throat, to the chamber walls and
to pump ducts (effective confinement time Tocj) as

n V

-4—- = <r +r. )P-r.
T n ion K ion
od

As long as the conductance of the divertor throat does not depend
on plasma effects ("blocking" by the plasma),TQ£ is almost con-
stant,and the neutral gas density should be roughly proportional
to the particle flux from the bulk plasma F n=N e/Tp (the contri-
bution from ionization partly cancels in this balance since p
is between 0.5 and 1.0). This is borne out by the measurements
in Fig.1.which show higher gas pressures and plasma densities
under conditions of poorer plasma confinement, that is in hydro-
gen as opposed to deuterium (Fig.la), and for neutral beam in-
jection as opposed to ohmic heating (Figs.lb and.lc).

The situation is different at high plasma densities
(n ei6x Id'3cm-3)^where the neutral gas density becomes an even

steeper function of ne, reaching values of up to lO^cm"^,
corresponding to a gas pressure of 4 x 10""̂  mb, with neutral
injection (Fig. lc). (It should be noted that under these conditions
the scrape-off line density is a few times io'^cm~2) ancj the plasma
should therefore be opaque to Franck-Condon atoms and to CX neutrals,
reflecting the divertor scrape-off temperature). With increasing
density ionization processes strongly amplify the particle flux
to the collector plates leading to enhanced recycling and to a
reduction in flow velocity. The energy necessary for ionization,
dissociation and for heating the new charged particles ultimately
limits the attainable plasma density ("density limit" or "density
clamp"). This will be discussed in the next section.

3. TRANSPORT ALONG FIELD LINES INTO THE DIVERTOR CHAMBER AND
RESULTING PLASMA PARAMETERS IN THE SCRAPE-OFF LAYER

The recycling of hydrogen in the divertor chamber (more
generally the atomic and molecular processes there) plays a
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crucial role in determining the regime for particle and energy
transport in the scrape-off layer. With low recycling,temperatures
in the boundary layer tend to be large (~200 eV) and almost con-
stant along the field and most of the energy flow into the diver-
tor is convective. In a situation with strong recycling on the
other hand, the plasma temperature in the divertor chamber is kept
low (-10 eV), resulting in large temperature gradients, so that
most of the energy is carried into the divertor by (electron)
heat conduction.

This latter situation is the one found in the experiments,as
shown in Figs.2-7. Figures 2 and 3 display the density necj and
electron temperature Ted, measured by a Langmuir probe in the
upper outer divertor chamber, as functions of the main plasma
density ne- (The probe was moved shot by shot along a horizontal
chord pointing towards the lower portion of the collector plate).
The data plotted are the peak values of radial profiles (such as
those shown in Fig.7), that is they represent the plasma para-
meters at the separatrix. Figure 2 shows two cases with ohmic
heating, one without (D discharge) and one with (DP discharge)
titanium gettering in the divertor chambers. The electron tempera-
ture in the scrape-off plasma drops from 25 eV at low
plasma density to about 5 eV at high densities, while the scrape-
-off density increases correspondingly from 2x 10'2cm-3 to almost
2x 10'3cm-3 in ungetttered, and to 1 x lO'^cnT

3 in gettered dis-
charges. With strong neutral beam heating (Fig.3, ^NBI = 2-5 MW)
the scrape-off temperatures are only slightly higher, but the
densities are considerably larger (up to lo'^cm"^) an(j the dis-
charges can be carried to much higher plasma densities (ne - 10'^
cm~3), Figure 2 also shows the heat flux Fj? = Y • is • T e I hi
resulting from the probe measurements (for the heat transmission
rate Y we take Y~7> is is the ion saturation current density).

This behaviour can be understood by simple physical arguments,
and is in good qualitative agreement with predictions of a one-
-dimensional fluid model of gasdynamic flow into the divertor
chamber which includes the effects of finite electron and ion
heat conductivity, and is coupled to a simple global neutral
particle balance model in the divertor chamber /5/. This model
shows an initially exponential increase in the scrape-off plasma
density ne(j with increasing particle flux crossing the separa-
trix Ne/T_ (and hence with increasing plasma density ne) . This
is understandable since the density increases, due to ionization,
as ned ~exp/n0<ov>ion fi£ (ds being a coordinate along the field
and v the plasma flow velocity) and n 0 is proportional to Ne/Tp.
Beyond a certain density, however, heating up the new charged
particles and volumetric power losses reduce the scrape-off
temperature Tecj to values where the ionization coefficient starts
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FIG.2. Scrape-off temperature Te^, scrape-off density ne(j and energy flux Pg in divert or
chamber (from Langmuir probes) as functions of main plasma density nt for Ohmically heated
deuterium discharges (D and DP discharges, /p = 380 kA).
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FIG. 3. Scrape-off temperature Te<x and scrape-off density ned '" the divertor chamber as
functions of main plasma density ne for Ohmically and neutral-beam-heated deuterium
discharges (D and DP discharges, Ip = 380 kA).
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to drop dramatically. This leads to a saturation in necj at a
level which is determined by the available energy flux. In the
saturated regime the plasma temperature in the divertor chamber
remains strongly clamped in the vicinity of lo eV due to the
behaviour of the atomic cross-sections. Variations in the power
flow then merely result in an adjustment of the scrape-off den-
sity.

10 •

5 •

-

/•"ID)

•

T«a-7eV

/

-—

/ID)
• 1.5

• 1.0 £

- 0.5

PNBI 1MW)

FIG. 4. Scrape-off temperature Teix, scrape-off density ne(j and energy flux PE near the
collector plate as functions of neutral-beam power PNBI fne — 7 X 10n cm'3). Variatioi
of power flow results in adjustment ofn^ while Te& remains clamped at around 7 e V.

This is clearly seen in experiments where the heating power is
varied systematically between 0.3 MW (ohmic heating only) and
2.5 MW while keeping the main plasma density constant at n e = 7x10
cm~3 (Fig. 4): The electron temperature near the divertor plate Tecj
stays fixed at around 7 eV and the density necj increases from
1 x 10'3 to 1.3 x lo'^ cm (the latter value being almost twice
the main plasma density n e ) . The almost linear relation between
heat flux l~g and heating power indicates that the particle flow
carries a constant fraction of the input power.

This picture could also explain the experimental observation
that with additional heating the disruption limit to the maximum
attainable plasma density n e is increased (Fig.5). Measurements
of ne(j and Te(j just prior to disruption indicate that the density
limit may be connected with the energy requirements for sustain-
ing local recycling near the divertor plates (or the limiter).
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+ PQH ~-PR+CX,P-/' Measurements are compared with prediction of theoretical models for
conduction- or convection-limited energy flow in scrape-off layer.
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In ASDEX the minimum scrape-off temperature near the divertor
plates for sustaining stable discharges is T e d = 6 eV.

The mid-plane scrape-off temperature in a situation with
modest or strong recycling follows conduction-limited behavior,
as is illustrated by the two curves of Fig.6. One shows the
mean mid-plane boundary temperature <Tet>

> for the case of strong
recycling: This exhibits the well-known heat flux limit given by
<Teb>~ P2/7 /6-8/, which is only weakly dependent on the power
P across the separatrix surface. The other results from a con-
duction limited model (assuming Te = T£, nexe

 = constant and
neglecting convection),discussed in /8/, which predicts a
dependence of the mid-plane temperature at the separatrix
Tei-,(rs) and a p~^'' dependence of the temperature decay length
in the scrape-off layer \je.

These predictions are compared in Fig.6 with laser scattering
measurements of Te^(rs) and ^ j e taken in the torus mid-plane with
a special Thomson scattering system that provides an acceptable
signal-to-noise ratio down to electron densities of 5x 10''cm .
The measured scrape-off temperatures are in good quali tative
agreement with the predictions of conduction-limited energy
flow and - for the situation considered (ne = 3x 10'3cm~J, no
getter pumping) - clearly rule out convection as the main energy
flow channel (the convection limited model is also discussed in
/8/). As regards "the temperature fall-off lengths, the deviation
at small power (which corresponds to ohmic heating) may be due
to the assumption of neXe=constant in the theoretical model,
whereas, experimentally, cross-field transport increases when
going to neutral injection (the model predicts ^Xe~ (ne^e^ >
but only a very weak dependence of (neXe) '^ I o r the tempera-
ture). It should finally be noted that the density fall-off
lengths as derived from the same Thomson scattering measurements
seem to be independent of heating power and of order X = 1 - 2 cm,
the exact value depending on density and other parameters.

With the laser scattering measurements in the torus mid-plane
and the Langmuir probe data near the collector plate we have
radial density, temperature and pressure profiles of the scrape-
-off plasma at two characteristic positions along the magnetic
field. Figure 7 displays such profiles for low density ohmically
heated and high density neutral beam heated discharges. The abso-
lute radial positions of the profiles in the mid-plane (index b, for
boundary) were adjusted to those in the divertor region (index d)
so that the pressure was constant along the separatrix flux surface
(for the observed sub-sonic flow the plasma pressure has to be con-
stant along field lines).
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• 2.5 MW Neutral Beam Injection
[p = 380 kA , n e = 8 1 0 1 3 c m ' 3
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FIG. 7. Radial profiles of scrape-off temperature Te and density ne at two characteristic
positions along magnetic field, i.e. in torus mid-plane fne^, T&) and in divertor region
(ned, Ted) for Ohmic heating and for 2.5 MW neutral injection. (Abscissa gives distance
in divertor. For torus mid-plane, distance is 2 cm/div.)

These measurements give a rough idea of the gradients in density
and electron temperature along the field lines from the plasma
boundary into the divertor chamber. In general, the temperatures
are considerably lower in the divertor due to various energy loss
processes in this region, and reflect the fact that the power
flow is conduction limited. The density correspondingly increases
towards the divertor region to keep the plasma pressure constant.
For ohmically heated discharges the change in scrape-off density
and temperature between the torus mid-plane and the vicinity of
the collector plate is of order 3, whereas with strong neutral
beam heating the difference can reach a factor of 10 or more.
More information is collected in Table I, which contains densi-
ties and electron temperatures at the separatrix measured in
the torus mid-plane and in the divertor region for A different
types of discharges? two ohmically heated low density discharges
with Ip = 200 and 380 kA, and two neutral beam heated discharges
with medium and high plasma densities (the two cases at I D = 380 kA
are similar to those of Fig.7).
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TABLE I. DENSITIES ne (10
12 cm"3) AND ELECTRON TEMPERATURES

Te (eV) AT THE SEPARATRIX MEASURED IN THE TORUS MID-PLANE
AND IN THE DIVERTOR REGION, RESPECTIVELY, FOR DIFFERENT
DISCHARGE CONDITIONS

Ip
ne 1

Torus mid-plane

Divertor region

OHMIC

200 kA

.8X 10 I3cnT3

ne Te

1 40

2.3 15

HEATING

380 kA

1.5 X 1013cnT3

ne

1.5

4.5

T e

55

20

NEUTRAL BEAM

200 kA

3.5X1013cnT3 8

ne Te :

4 90

20 13

INJECTION

380 kA

X 1013cm"3

ne

8

100

Te

90

9

Measurements of ion temperatures in the scrape-off plasma are
still rather scarce. Ion temperatures measured in the (mid-plane)
boundary layer of ohmically heated discharges (Ip = 300 kA,
n e = 3 x 10'3cm~3) by Doppler broadening of the C III line at
977 8 were approximately equal to the electron temperatures
(T e=T£= 40 eV), in agreement with predictions of plasma simula-
tions using the BALDUR code /9/. In the divertor plasma, DJJ line
profiles reflect the Franck-Condon energy of ~3 eV and contribu-
tions from the plasma ion temperature as a consequence of CX
collisions. Profiles of the C III line at 2297 8 yield T^ = 10 eV
for ohmically heated discharges and T;- 20 eV for the neutral in-
jection phase (both at iie=4x lO'^cm"'). These ion temperatures
are representative for the region of highest electron temperature,
since the intensity of the C III line is a steep function of Te.
It can therefore be concluded that 1^- T e in the divertor region
also.

The plasma temperature in front of the collector plates is
of course decisive for impurity production at these plates. It is,
therefore,the main goal of divertor research to find modes of
operation where this temperature can be reduced below the
threshold for self-sputtering by impurities and where possibly
even the hydrogen sputtering yield decreases. Figure 8 shows
how the Ti-flux that is sputtered off the collector plates
(which are made of titanium) depends on main plasma density ne.
(To get total fluxes the flux densities in Fig.8 have to be
multiplied by 5x lO^cm^). For both ohmic heating and neutral
beam injection the Ti-fluxes decrease strongly with increasing
plasma density, that is with decreasing plasma temperature near
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FIG. 8. Ti-fluxes that are sputtered off collector plates as a function of main plasma
density ne (D2, D dischargers, Ip - 380 kA). With 2.5 MW neutral injection Ti-fluxes
are roughly a factor of 10 larger than with Ohmic heating.

the target plate. Using the relevant sputtering rates for deute-
rium ions incident on titanium /10/, one gets an additional
estimate for the plasma temperature in front of the collector
plate vhich is in good agreement with the other measurements.

U. GLOBAL POWER BALANCE AND MAJOR LOSS PROCESSES IN THE DIVERTOR
CHAMBER

Power losses are better diagnosed and easier to interpret in
discharges with ohmic than with neutral beam heating. We there-
fore first discuss the power balance in ohmically heated divertor
discharges (for more details see /ll/ and /12/).Three main loss
channels can be distinguished: radiation, including charge ex-
change losses, from the bulk plasma, PR + C X P» similar losses from
the divertor plasma, PR+CX,D> energy deposition by conduction
and convection on the collector plates, Pc,D* Radiation losses
are measured by bolometers, while energy deposition is measured
by thermocouple arrays or an infrared camera. As an example,
Fig.9 shows how the relative contributions of these three loss
channels to total power losses vary with plasma density n e (D
discharges in H2, Ip= 400 kA). The powers are plotted as a frac-
tion of the ohmic power input,POH> which increased with density
from 350 kW to 570 kW. One sees that the divertor absorbs 70
to 80 % of the ohmic power input with an increasing fraction
being "radiated" in the divertor chamber as the plasma density
increases (reaching almost 70 Z at n e - 5x 10'3Cm~3).
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FIG. 9. Fractional po wers radiated from bulk plasma, PR+CX,P- and divertor plasma,
^"R+CX.D. together with power deposited on collector plates, PQD, as a function of the
main plasma density ne. At high densities up to 65 K ofOhmic power input /"OH are

radiated in the divertor (Hi, D discharges, Ip = 400 kA).

The divertor radiation is strongly correlated with hydrogen-
-related signals such as Ha-emission, line density of the diver-
tor scrape-off plasma /nedl, and neutral hydrogen density in
the divertor no. On the other hand measurements with a LiF
filter in front of the bolometer have shown that less than 10 %
of the divertor radiation can be due to emission from atomic
or molecular hydrogen. Since CX measurements at energies above
loo eV exclude any contribution from high energy neutrals, we
conclude that most of the radiation (-90 %) has to be attributed
to Franck-Condon atoms and low energy CX neutrals.

The amount of energy that is lost in the divertor chamber by
dissociation of H2 molecules can easily be estimated: the mole-
cules hit the scrape-off surface with a thermal velocity Vj-u
corresponding to room temperature. Since a major fraction of
them is dissociated or ionized in the scrape-off layer, the
total number of dissociation processes is !)- • nu_ • v , • S,

S being the total surface of the four scrape-off layers
(S ~ lO^cm^).At a molecular density njj, = 2 x lo'^cm" (correspond-

- 1 3 - 3
ing to n e= 5x 10 cm , c.f. Fig.la), for example, dissociation
processes would account for an energy loss of about 200 kW, which
explains more than 50 % of the observed "divertor radiation" of
370 kW (Fig.9). The difference is probably due to charge ex-
change and - to a minor extent - hydrogen radiation losses.
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At the plasma density of n e = 5 x 10'3cra~3 chosen for the above
example, only about 80 kW or 15 % of the ohmic power input are
deposited on the four collector plates (Fig.9). The power depo-
sited at the collector plates can be compared with the heat flux
measured by Langmuir probes in a region about 50 cm from the
plates (c.f. Fig.2). Taken the uncertainties of the measurements
the agreement is good.

With neutral injection, the power balance is complicated by
toroidal assynimetries in plasma radiation, connected with inject-
ing the neutral beams along distinct cords, and by the non-
-stationarity of the discharge during the 200 ms beam pulse.
At the moment only a few qualitative statements can be made which
must be substantiated by more detailed measurements:

- The toroidally homogeneous portion of the torus radiation in-
creases linearly with beam power, from 100 kW in an ohmically
heated discharge to 4oo kW with 2.5 MW neutral beam injection
(Ip = 380 kA, ne = 3 x 10

13 cirr3). A bolometer looking directly
into one of the beams, on the other hand, records about four
times more radiation. This may increase the total radiation by
up to a factor of two.

- The divertor radiation also goes up by about a factor of A
when going from ohmic heating to 2.5 MW neutral injection (at
n e = 3 x 10

 3cm~ 3). It increases with plasma density as al-
ready observed for the ohmically heated discharges (at n e=
8xlO'3cm~3 more than 1 MW, corresponding to about 50 % of the
power input, are radiated away in the four divertor chambers.

- For high plasma densities the power flow onto the collector plates
as estimated from probe measurements is 0.6 - 0.8 MW corresponding
to about 30 % of input power (see Fig. 4). However, at low density
only about 0.3 MW is indicated. This result is not yet understood.

Thus, generally speaking, the distribution of energy losses
amongst the different loss channels in the case of neutral injec-
tion seems to be similar to that with ohmic heating.

5. SUMMARY AND CONCLUSIONS

In a divertor configuration, the flow of charged particles
is channeled along field lines (scrape—off layer) into a separate
chamber where the particles are neutralized at collector plates,
thereby building up a high gas pressure in the divertor chamber
(up to 4 x 10~3 mb in ASDEX). Ionization of the hydrogen gas
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amplifies the charged particle flow to the collector plates. On
the other hand, losses connected with the dissociation and ioni-
zation of the hydrogen gas and with heating up the new charged
particles reduce the plasma temperature in the divertor scrape-
-off layer to values at which the ionization cross-section starts
to decrease. This leads to a saturation of the scrape-off density
at a level which is determined by the available energy flux. In
the saturated regime, the plasma temperature remains clamped at
about 10 eV due to the temperature dependence of the atomic
cross-sections. An increase in power flow then merely leads to
an adjustment of the scrape-off density (~2 x lo'^cm"-' at 2.5 MW) .

The low plasma temperature in the divertor region results in
large temperature gradients, and therefore most of the energy
transport in the scrape-off layer is due to electron heat conduc-
tion. Correspondingly, the boundary temperature in the mid-plane
T^ follows conduction-limited behaviour, exhibiting the well-known
•p^~p2/7 dependence on power flow P (Tjj ~ 40 eV for ohmic heating
and ~90 eV with 2.5 MW neutral injection).

Most importantly, the limitation of the divertor scrape-off
temperature to a few times lo eV keeps sputtering from the collec-
tor plates low. This, together with the fact that sputtered im-
purities have to diffuse upstream against the plasma flow to
reach the bulk plasma, explains the low. concentrations of metal
impurities observed in divertor experiments. The results pre-
sented have considerably improved our understanding of divertor
operation at large power flows, and give some confidence that
divertors will eventually permit the handling of the large
particle and energy fluxes expected in experiments such as JET
and INTOR. (In ASDEX, with 3MW neutral injection, the power flow
through the plasma surface is about half that expected for JET-
Extended Performance or for INTOR).
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DISCUSSION

R.S. PEASE: Do your observations depend on the pumping speed in the
divertor chamber?

M. KEILHACKER: Yes, they do. The pumping speed in the divertor
chamber - together with the conductance of the divertor throat - determines
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the neutral-gas pressure that builds up in the divertor chamber for a given
charged-particle flux to the collector plates. This is thus one means of changing
the parameters of the divertor plasma. As an example, Fig.2 shows that, with
Ti gettering (i.e. higher pumping speed), higher plasma densities are needed to
achieve the same temperatures and densities of the divertor plasma as for the
case without gettering.

RJ . TAYLOR: The divertor region in ASDEX reminds me of what happens
in scoop limiters, where the neutral pressure builds up in proportion to the
plasma density squared and the temperature drops. The main disadvantage of
the scoop limiter is the metallic separator.

Could you provide some information about the feed mechanism of the
separatrix in ASDEX, and about what happens between closed magnetic
surfaces under the rather clean conditions you describe?

M. KEILHACKER: In addition to the disadvantages of the scoop limiter
with respect to the production of impurities and their probability of reaching
the bulk plasma, there is an important difference regarding the neutral-particle
build-up in a divertor and a scoop limiter: in the latter case, only flux surfaces
with reduced power flow enter the target chamber. ASDEX results show that
at high densities the neutral-particle pressure in the divertor chamber is limited
by the energy flux entering it. In this regime, therefore, lower neutral densities
would be expected for a scoop limiter of similar toroidal extent (and hence
similar pumping speed potential).

In all discharge regimes observed so far in ASDEX, a majority of the
re-fuelling neutral particles is capable of penetrating the scrape-off region at
the plasma boundary. Explanation of the plasma density profiles and their
time dependence during density build-up requires, however, the assumption
of an inward drift term in the region of closed magnetic surfaces (in addition
to an anomalous diffusion coefficient).
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Abstract

RESULTS FROM THE DITE EXPERIMENT.
Various reasons are considered for the decrease in energy confinement time in high-

density discharges heated by neutral beam injection. An empirical description of the DITE data
fits a wide range of results from other devices, including those with only Ohmic heating,
suggesting that the underlying transport mechanism does not depend on the heating method.
The first results obtained with the new Mk II bundle divertor at By = 2.0 T are described. At
the densities reached so far, about 50% of the non-radiated Ohmic power is transferred to the
target plate. Exhaust of energy and particles is consistent with convective flow in the scrape-off
plasma.

1. INTRODUCTION

We report our latest interpretation of the empirical scaling of energy losses
in neutral-beam-injection (NBI) heated discharges. A comparison with Ohmically
heated discharges from various experiments suggests that there is no essential
difference in the confinement of the power input for the two cases.

The DITE experiment has been recently rebuilt to incorporate a new bundle
divertor and to double the additional power from neutral beams. The new
experiment (DITE IA - Fig. 1) is now operational.

The basic machine parameters are unchanged: major radius R = 1.17 m,
toroidal field B j < 2.7 T, plasma current Ip < 250 kA. The ceramic break in
the torus was, however, removed, together with internal shields and external
straps across the bellows connecting the modules of the vacuum vessel, leaving an
all-metal torus with a total resistance of 3 m£2. The two fixed limiters with
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FIG. 1. Schematic of the DITEIA experiment.

internal radius a = 0.26 m were changed from titanium to graphite. Instead of
using titanium gettering, a facility for RF-assisted DC glow discharge cleaning has
been provided [ 1 ]. Using H2 or H2 + 1% CH4 at a pressure of 10"3 mbar,
DC current of « 5 A at 400 V and a pumping speed of 500 litre's""1, the main
contaminants (18,28, 15 AMU) are reduced to «* 10"8 mbar after about ten periods
of glow cleaning, each of about ten hours.

The Mk II bundle divertor is similar to the original [2] but the angle between
the divertor field coils has been decreased from 120° to 90°[3] and the cross-
section of the coils has been modified. These changes allow operation at toroidal
fields increased from 1.5 T to 2.7 T with only slightly increased mechanical
stresses and power input. The pulse length is 200 ms. The optimum separatrix
radius is increased from 0.18 m to 0.21 m, allowing operation at currents up to
250 kA (for q = 2 at the separatrix), though with a scrape-off layer thickness
reduced from 75 mm to 50 mm. Engineering tests, including comparison of
strain gauge measurements with the results of a finite-element code calculation,
have been completed up to the maximum design field and are completely satis-
factory. The results of the first physics experiments showing energy exhaust
efficiencies of about 50% are presented in Section 3.
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2. ENERGY CONFINEMENT WITH NBI

Most studies of NBI heating in DITE to date have used injection power
levels Pinj < 1 MW with plasma currents Ip = 100-200 kA and mean density
n < 8 X 1019 irf3. Compared with Ohmically heated discharges, the effective
confinement time rE (the ratio of energy content to total power input Ptot)
in discharges with dominant injection heating decreases up to three times [4]. We
postulate several causes for this behaviour, acting separately or together:

(a) Neutral beam power is less effective than Ohmic power because of its
broader distribution or because of extra losses such as charge-exchange and shine-
through.

(b) Transport mechanisms are unchanged during injection but there is a
strong inverse dependence of rE on T which is masked in Ohmically heated dis-
charges by the inability to vary T independently.

(c) Transport mechanisms are different in neutral-beam heated discharges
and scale differently from those in Ohmically heated discharges. This would
apply if ion conduction rather than electron conduction became the dominant
loss process.

(d) Tangential beam injection induces specific losses due, for example,
to the input of momentum, the injection of neutral particles into the discharge
centre, or to instabilities induced by the beam ions.

At present we have insufficient data to eliminate any of these possibilities
but the arguments outlined below favour hypothesis (b).

A simple decrease in the efficiency of beam heating compared with Ohmic
heating should lead to an asymptotic limit to T E at high power level. In practice,
Tg decreases continuously as Pinj increases. This makes hypothesis (a) less likely
but does not exclude the possibility of beam losses which increase with Pinj, such
as charge-exchange on beam-deposited neutrals.

A reasonably accurate description of the DITE data is provided by a power
law scaling for/3p, measured by a diamagnetic loop, in terms of the independent
variables of the discharge, obtained by multivariate regression analysis of about
300 shots. We find (units: 1019 nf3, T, MW, m):

^p = 0.11He
0-44B-T°-83q0-64P?o

2
t
3a-0-73 (1)

Corresponding expressions for T E and j3T are easily constructed from this equation.
If all the power losses from the discharge were due to neoclassical ion conduction
in the plateau region [5], we could expect a rather similar expression for/3p of
the form (units as above):



204 AXON et al.

50

10

0 V

1 I "
Hugill-Shetfield

Pteiffer-Waltz

Pfeiffer-Waltz

FIG.2. Confinement times in Ohmically heated discharges compared with the DITE scaling
(Eq.(lj): • TE from Ref.[7]; *• rE, o rEe from Ref.[8\

However, detailed energy balances show that only a fraction of the energy losses
can be attributed to ion conduction [4] at typically 3 to 4 times the magnitude
given by the neoclassical theory of Ref. [6].

The weak dependence of 0p on Ptot in Eq.( 1) implies 7E « T"3. If this also
applies to Ohmically heated discharges, we should expect Eq.(l) to describe the
data equally well. Figure 2 shows a comparison of rE from Eq.(l) with the
data from a wide range of Ohmically heated discharges contained in the scaling
studies of Refs [7, 8]. The data fit the scaling obtained from mainly high-
density beam-heated discharges remarkably well. Equation (1) implies a scaling
law for Ohmically heated discharges of the form rE °c aIp/R, with weaker
dependences on other variables. In view of the experimental correlation between
Ip and na2, this form is not very different from either the Alcator or Mirnov
scaling laws.

We conclude that there is no evidence that beam heating is much less
efficient than Ohmic heating or that the transport mechanisms are different in
Ohmically and beam-heated discharges.
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3. FIRST RESULTS WITH THE Mk II BUNDLE DIVERTOR
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The results described were obtained in Ohmically heated discharges with
BT = 2T, I p = 100-180 kA, n e = l - 4 X 1019irf3 Te(0) « 800 eV. The divertor
chamber was pumped with a 2 X 10s litre's"1 cryopump, which also provided a
pumping speed of 2 X 104 litre's"1 for the main torus through the divertor
exhaust ducts.

In undiverted discharges the main impurities are O and C in the ratio of
about 4:1. Contamination by metals is undetectable. The current channel is well
compressed, especially at high density, exhibiting sawtooth instability for
q(0.26 m) < 6. Assuming q(0) = 1, Zeff(O) from resistance lies between 2.4
(at rie^ 4 X 1019mT3) and ^ 5 at lower density, decreasing somewhat during the
discharge pulse. The density limit at Bj = 2T is 4.4 X 1019rrf3, which is about
70% of the value obtained in a gettered torus. Total radiation accounts for
typically half the Ohmic power input, and its average along a central chord implies
a flat or hollow profile.

Operation with the divertor has been aimed at measuring and optimizing the
energy exhaust efficiency at medium to high density where the effect of super-
thermal electrons should be small. We expected much improved efficiency
than with the Mk I divertor because of the higher density and temperature in
the scrape-off plasma.

The best divertor action so far has been obtained with the plasma centre
moved out from the nominal major radius of R = 1.17 m to R = 1.20 m, where
about 50% of the non-radiated Ohmic input is transferred to the target plate in
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function of density. BT=2.0 T; Ip= 110 kA; R = 1.20 m; Rs = 1.38 m.
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FIG.4. Rate of change of total particle content as a function of neutral atom input rate for
undiverted and diverted discharges.

some cases. Figure 3 shows the variation with density of mean power to the
target plates (graphite) compared with the total Ohmic input and the radiated
power. The power to the target plates is deduced from the temperature rise during
a known interval when the plasma is displaced from inside the major axis to
R = 1.20 m to 'switch on' the divertor action. The heat flux to a probe 20 mm
inside the limiter radius is reduced by a factor of about 4 when the discharge is
displaced, suggesting that the power not acounted for in Fig.3 may not reach
the limiters. There are no measurements yet of radiation and charge-exchange
losses in the divertor. Reductions of 30-50% in line radiation from low-Z ioniza-
tion states of O and C and in total radiation are also observed in these diverted
discharges. The major radial position of the discharge is quite critical because
the separatrix-limiter spacing is only 50 mm. A displacement of 20-30 mm of the
electrical centre corresponds approximately to centring the outermost flux surface
in the limiter aperture.

Measurements of the neutral gas flow rate into the torus and the rate of
change of total particle content in the plasma have been made in both diverted and
undiverted discharges. A simple zero-dimensional model of the particle balance
illustrated in Fig.4 suggests that the neutral gas utilization efficiency is about 50%,
the recycling coefficient is close to unity and the particle flow rate into the
divertor is =» 4 X lO2 0^1 . Assuming a mean temperature in the scrape-off plasma
of«» 50-100 eV, the heat flux into the divertor could be accounted for by
convective flow.
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These preliminary results are encouraging, and better energy exhaust effi-
ciency is expected in collisional flow via parallel electron conduction. Such
regimes should be more easily obtained at higher density with additional heating.

4. CONCLUSIONS

A comparison of neutral-beam heated discharges in DITE with previously
published Ohmic data suggests that the decrease in rE at high power input may be
ascribed to the intrinsic temperature dependence of transport processes rather
than any fundamental change in them.

First operation of the Mk II bundle divertor has given encouraging results,
with typical power diversion efficiencies of about 50%.
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DISCUSSION

J.T. HOGAN: The rapid decrease in C V radiation observed when the
divertor operation is initiated is also consistent with a decrease in the recombination
rate due to H° + Cn + collisions. Reduced H° recycling should produce such a rapid
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drop. Is there further experimental evidence for cases in which gas puffing is
employed to sustain the density?

J. HUGILL: We have not made a detailed study of the dependence of the
C V radiation on plasma parameters. I agree that the rate of decrease of the
signal is rather too rapid to be explained by a decrease in the carbon content of
the discharge.

B. COPPI: The temperature dependence for the energy confinement time
that you propose is frightening. Have you verified that this dependence is consistent
with the values of the local electron thermal conductivity which can be estimated
from your experiments? Have you compared this thermal conductivity with that
deduced from other NBI experiments? We have developed an expression from
the electron thermal energy transport that has reproduced well the data from the
experiments we have analysed. However, we have obtained no indication for the
strong temperature dependence you proposed.

J. HUGILL: We have estimated the electron thermal conductivity for only a
limited number of discharges. These indicate a degradation in beam-heated
discharges by about a factor of 2, which is roughly consistent with the decrease
observed in global energy confinement.

Our expression for rE shows a somewhat stronger decrease with power and
increase with density than found in other experiments, possibly because of a
correlation between these parameters in our data set. The magnitude of rE given
by our formula agrees well with the data from PDX, ISX and Doublet-Ill experi-
ments, but is significantly lower than that obtained in ASDEX.

A.A. WARE: I notice that you can reproduce most of the features of your
empirical scaling for r E by assuming that the ions conduct out most of the power
and by using the neoclassical plateau heat-conduction formula. Do you have any
experimental measurements which contradict this assumption? Most tokamak
experiments reveal an anomalous electron energy loss and do not measure the
electron heat transport. An anomalous energy transfer to the ions could explain
such results.

J. HUGILL: It is an intriguing result that the empirical scaling is close to that
expected from dominant neoclassical plateau ion conduction. However, the
detailed energy balances, assuming classical electron-ion heat transfer, indicate that
only about half the conduction losses are due to ions at high density. At low
density, their role is relatively even weaker.

H.P. FURTH: To try to determine the Te-dependence of confinement from
Ohmic heating and neutral-beam heating seems to me to rely on rather indirect
arguments. The best approach is to heat the electrons directly. As far as I know
RF-heating experiments show nothing like a Te 3 dependence of rE .
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Abstract

IMPURITY BEHAVIOUR AND ENERGY BALANCE IN THE TO-2 TOKAMAK.
The results are presented of experiments studying the impurities and the parameters of

the divertor layer in the TO-2 tokamak. The measurements are made in the divertor regime,
with a discharge current Jp = 22 kA, a longitudinal magnetic field Bo = 1 T, and a q-factor at
the separatrix (2a = 19 cm) of q(a) = 3. The plasma density is maintained at a level of
1 X 1013 cm"3 over 80-100 ms, using a constant hydrogen feed, at a rate of 5 X 1020 molecules-s"1.
The following parameters are measured in this regime: 1) the electron temperature in the plasma
centre, using Thomson scattering (Te = 175 ± 40 eV); 2) the ion temperature along three chords,
from the Doppler broadening of the CV, CIII and Hp lines, giving Ti(0) = 110 ± 35 eV; 3) the
radial distributions of the intensities of lines from a number of ions and atoms (Hp, CIII, CV,
O V, Til and Fe I). The absolute concentrations of the C III, C V and O V ions are calculated, the
highest of them being ncV

 = 3 * 10s cm"3. An upper estimate of the densities of titanium and
iron atoms gives a value of about 107 cm"3. The radial distribution of the Hp emission, which
has a maximum at the plasma centre and decays towards the edge, and the measured high neutral
hydrogen temperature, T j^ = 30 ± 9 eV, close to the separatrix, provide evidence that the
hydrogen flux to the walls is small and that the neutral hydrogen in the discharge has originated
from recombination. Probe measurements enable estimates to be made of the electron density
in the divertor layer (ne ~ 5 X 1011 cm"3), the nature of its decay towards the walls, and the ion
temperature, T; ~ 10 eV. The energy efficiency of the divertor, measured calorimetrically,
is 17 = 74 ± 12%. The results obtained demonstrate that there is efficient removal into the
divertor of the plasma flux crossing the separatrix.

1. INTRODUCTION

The first experiments with the TO-2 racetrack tokamak, which has a toroidal

divertor, were carried out in the continuous gas flow regime with a steady-state

plasma density of n « 4 X 1012 cm"3 [1 ]. In these experiments, the possibility

of obtaining a macroscopically stable discharge of duration 250-300 ms without

using a material limiter and of the efficient operation of the toroidal divertor was

demonstrated.

209
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The experiments described in this paper concern the subsequent phase, in
which we set about investigating the plasma parameters in the 'tokamak' density
regime. These experiments are also performed in the divertor configuration, with
a steady-stage discharge current of Jp = 22 kA, a longitudinal magnetic field of
Bo = 1 T and a q-factor at the separatrix diameter (2a = 19 cm) of q «* 3. The
plasma flux flowing out across the separatrix was pumped by the divertor, and
this flux was compensated by injecting gas. Hydrogen was admitted to the
vacuum vessel, evacuated to p0 < 5 X 10"8 torr effective pressure, over 1—2 ms
before the application of Ohmic heating. The gas was injected with two fast
valves, located on the toroidal sections of the vacuum vessel. At 5-10 ms after
the beginning of the discharge, an additional hydrogen inlet valve was operated,
providing a constant flow rate of 5 X 1020 molecules-s"1. The plasma density
was then maintained at a level of 1 X 1013 cm"3 over 50—60 ms while the loop
voltage did not exceed 2 V. The Ti-gettering on the liquid-N-cooled surfaces in
the divertor chamber pumped away about 1020 hydrogen atoms power second
during this discharge phase, the pressure in the divertor chamber remaining below
10"s torr. Typical oscillograms characterizing this regime are given in Fig. 1.

2. IMPURITY BEHAVIOUR IN THE QUASI-STEADY-STATE DISCHARGE
PHASE

2.1. Diagnostic methods

The impurity behaviour was studied by optical diagnostic methods, using a
port which was located at the maximum possible distance from the point where
the gas was injected. The electron temperature at the centre of the vessel,
measured by Thomson scattering [2] during the period 40—90 ms, was
175 ± 40 eV. The ion temperature was measured by using a Fabry-Perot inter-
ferometer. An MDR-2 monochromator was mounted beyond the interferometer
to provide preliminary monochromatization of the radiation. The effective aperture
of the interferometer and, consequently, also the spatial resolution were determined
by the diameter of a focusing lens (lens diameter = 45 mm). The apparatus
function of the interferometer was determined by using emission lines from a
helium-mercury lamp. The overall time for recording a series of line profiles was
2.5 ms. The interferometer and monochromator assembly could be moved in a
vertical plane, in order to carry out measurements along chords.

The ion or neutral-atom temperatures were determined from the line profiles
obtained, assuming the line broadening to be of the Doppler form. Since the
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FIG.I. Oscillograms of discharge current J, voltage U, average electron density ne and the
hard-X-ray signal X.

contribution of the apparatus line broadening could not be neglected, the
temperatures were calculated from the half-width of a pure Doppler profile as
found from tables of the convolution of the apparatus and Gaussian functions.
The errors in determining the ion temperatures were associated with the unstable
intensity of the investigated lines and with photomultiplier noise, while the large
magnitude of these errors (up to 40%) was a result of the small values of the signal-
to-noise ratio due to the low impurity concentrations.

Measurements of the spatial distributions of the line emission intensities were
made by scanning an image of the plasma column with a horizontal slit [3].
A rotating disk with 16 slits of dimensions (0.9 ± 0.05) X 20 mm2 was used in
these experiments. The time to record the spatial distribution of the whole
column was r r «* 200—500 /as.
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FIG.2. Radial line intensity distributions: 1) Fel; 2) CIIJ; 3) Hf 4) C V.

For measurements of the absolute emission intensities, the optical transmission
path was calibrated by using a tungsten ribbon-filament lamp in the visible region
and a deuterium arc lamp in the ultraviolet. The spatial intensity distributions for
the lines from the following ions and neutral atoms were obtained experimentally:
% C III, C V and Fe I (Fig. 2), and also Ti I and 0 V.

2.2. Experimental results and discussion

Table I gives values of the temperatures measured from the profiles of the C V,
CIII, O V and H/j lines, at different moments of time and at different distances
from the plasma centre. A striking feature is the drop in the ion temperature by
a factor of two on reaching the quasi-steady-state discharge phase (between
30 and 50 ms). This drop was correlated with a decrease in the hard-X-ray
intensity as the plasma density increased (Fig. 1). This was possibly due to a
reduction in the fraction of runaway electrons in the discharge and, consequently,
to a decrease in the transfer of energy from these electrons to the ions.

The measurements of the spatial line intensity distributions relate to a later
stage in the discharge, when the ion temperature had reached a plateau. In the
majority of cases, the spatial distributions were symmetrical, although the centre
of symmetry did not coincide with that of the vessel. The absolute ion concentra-
tions were calculated by performing an Abel inversion of the intensity distribution
profiles using the approximation of a steady-state coronal model. On the basis of this
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Ion/atom
line

CV

OV

cm

Wavelength

(A)

2271

2781

4861

4647

Chord height
from centre
(mm)

centre

98

98

112

98

Time

(ms)

30

50

72

50

80

94

94

80

30

40

50

60

70

80

5

T

(eV)

150+65 (40%)

110±35 (35%)

84+30 (35%)

50±20(40%)

49+10(21%)

32+9 (28%)

30±9 (30%)

29±12(40%)

105±32 (30%)

44±10(23%)

42±14(33%)

55±21(38%)

57±19 (33%)

67±14(22%)

79±32 (40%)

model, for an optically thin plasma, the intensity of a spectral line corresponding
to a transition between the coupled levels j and i is given by

Ij-i =
AEji

n z(r) ne(r) (1)

where AEji is the transition energy between levels j and i; ne(r) is the electron
density at the given point; nz(r) is the concentration of the particular ion;
qij is the excitation function.

Expression (1) was used to calculate the concentrations of the C III, C V and
O V ions. In the case of the C V ion, the value of qij was taken from Ref. [4]. In
this work, account was taken, for the first time, of the role of the metastable

! level in the kinetics of populating the ls2p3P2 level, i.e. the upper level
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FIG.3. Radial distributions of ion concentrations: 1) C V; 2) CIII; 3) 0 V:

of the observed transition. The values of qij for the CIII and OVions were
calculated from Ref. [3]. Density measurements made along chords showed
there to be no dips in the distribution, and so parabolic density and temperature
distributions were chosen for the calculations:

ne(r) = n e (0)( l - r 2 /a 2 ) 2

Te(r) = T e (0) ( l - r 2 /a 2 )
(2)

The value of ne(0) was found from measurements of ne along a central chord.
Figure 3 gives the calculated radial distributions of the C III, C V and O V ion
concentrations. The asymmetry of the distributions and the low intensities of the
lines from neutral iron and titanium made it impossible to perform an Abel inver-
sion for these distributions. An upper estimate of the concentrations of these
elements gave the following figures: npel ~ 107 cm"3 (at 90 ms);
"Til ^ 2 X 1 0 ' cm"3 (at 4 ms).

The principal errors in determining the impurity concentrations arise from
the question of the validity of using the assumed model in the calculation. In
contrast to the situation regarding the errors of absolute calibration (AI/I < 40%)
and of performing the Abel inversion (AI/I = 20-40%), it is difficult to estimate
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the impurity concentrations to an accuracy of better than a factor of 1.5—2. It
should be noted that the error is smaller in the case of C V than it is for C III, since
the influence of excitation from the metastable level on the population of the
upper level for the observed transition was taken into account for the C V ion.

An estimate of Zeff = 1 + 2 n; Zi (Z[ - l)/ne from measurements of the
concentrations of light and heavy impurities indicates that the difference from
unity of Zeff is of the order of 1%, thus providing evidence that the impurity flux
entering the discharge from the wall was small.

The fact that there was virtually no re-cycling, at least in the region where
optical measurements were made, was confirmed by the Hp line intensity
distribution. The spatial distribution of the emission in this line, having a sharp
drop in intensity at the edge, and the high neutral-hydrogen temperature (see
Table I), TH,, = 30 ± 9 eV, close to the separatrix, showed that the hydrogen
flux from the wall was small and that the neutral hydrogen in the discharge had
come from recombination. This characteristic of the Hp line intensity can be
attributed to efficient pumping of the plasma flux by the divertor and,
consequently, to weak re-cycling in the regime investigated.

The particle confinement time rrj for a hydrogen plasma can be deduced
from the particle balance equation:

- d n e / d t = n e /TD + P (3)

where P is the rate of ionization per unit plasma volume. For a tokamak having a
divertor, when the density in the quasi-steady-state discharge phase is maintained
with gas fed in at a constant rate Q, while the influence of re-cycling can be
neglected (which was the case in our work), the ionization rate P is

P = Q/V (4)

where V is the plasma volume. Calculations using Eqs (3) and (4) give rp = 3 ms
in the quasi-steady-state phase.

The electron energy confinement time can be calculated from the well-
known expression

Te(r) r dr/IU (5)

Under our conditions, rge = 0.9 ms.
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FIG.4. Oscillogram of probe ion-saturation signal, proportional to plasma density in flux
directed parallel to current (at 6.1 cm from wall).

(cnr3x1011);
4 .
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FIG.5. Dependences of plasma densities in fluxes parallel to current (solid curve) and
antiparallel to current (dashed curve) on the distance from vacuum vessel wall.

3. CHARACTERISTICS OF THE DIVERTOR LAYER AND ENERGY
BALANCE

The main information on the divertor layer was obtained from probe measure-
ments. A probe was placed in a toroidal part of the vessel, between the divertor
and the optical port, and could be moved horizontally. A typical probe signal
oscillogram is shown in Fig. 4. It can be seen that the probe current rose sharply
at time 30—40 ms, then remaining at a steady level.

Figure 5 shows the dependences of the densities n+ and n_ on the distance
from the wall of the vacuum vessel (n+ and n_ denote the ion densities in the
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fluxes travelling parallel and antiparallel to the current, the total density being
n = n+ + n_). For the probe used, which consisted of a combined thermocouple
and plane probe, the density was calculated from expressions taken from Ref. [ 1 ].
Compared with the low-density regime [1], a considerable increase in the density
and a broadening of the divertor layer can be seen, the density falling by a factor
of three over a length of 1.5 cm from its maximum value of 7 X 10 n cm"3. An
estimate of the ion temperature also indicated a sharp difference from that in the low-
density regime. The ion temperature at distance X = 6-7.6 cm from the wall of
the vacuum vessel was T; « 10 eV; on increasing the insertion depth of the probe
to X = 8 cm, it rose to 40 eV.

Calorimetric measurements were made of the energy efficiency of the divertor.
The total amount of heat deposited on the divertor plates was Q = 5.0 ± 0.5 kJ per
pulse. The input energy was W = 6.8 ± 0.9 kJ. The principal indeterminacy in this
quantity came from the initial phase of the discharge (the first 8 ms). Thus, the
energy efficiency, t] = Q/W, was 75 ± 12%. It must be mentioned that the heat
was deposited non-uniformly over the individual plates, the maximum value
exceeding the minimum one by a factor of two. The total heating of the plates
located on the ion-flux side was less than that on the electron side by a factor of
1.6.

In conclusion, it should be emphasized that the low level of the light-impurity
concentration and the absence of cold-hydrogen light emission near the plasma
boundary provide evidence of the efficient removal into the divertor of the plasma
flux crossing the separatrix.
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Abstract

HEAVY IMPURITY TRANSPORT IN TFR PLASMAS.
A numerical code has been used to simulate heavy impurity transport in TFR plasmas.

An anomalous diffusion coefficient DA (in the range 2000 to 4000 cm2- s"1) and an inward
velocity VA (in the range 400 to 800 cm-s"1) have been used to describe the flux density Fz.
The same code is also used to simulate, during ICRF heating, the resonant acceleration of
Ar16+ ions. At the resonant value of the isotopic ratio nH /nD , this effect results in the
expulsion of a large amount (45%) of the total argon density during the ICRF pulse.

1. INTRODUCTION

The numerical simulation code developed for oxygen and carbon light
impurities [ 1 ] has been extended to heavier elements. It has been used to simulate
the behaviour of ions of intrinsic impurities (chromium, iron and nickel) and of
laser-injected impurities (vanadium, chromium and nickel). Moreover, it has also
been able to simulate the behaviour of argon ions during ICRF heating in the
mode conversion regime [2].

The main problem in this type of code is the choice of the expression for
the density flux Fz in the transport equation. Simulation of oxygen and carbon
impurity transport has shown that neoclassical terms alone do not allow the
experimental results to be correctly simulated [ 1 ] . Indeed, for the plasmas we
have studied, the collisionality regime of light impurities is of the plateau type;
Fz is therefore always directed towards the plasma interior, thus leading to light
impurity accumulation in the plasma centre. To avoid this accumulation (not
observed experimentally), an anomalous diffusion term must be added, propor-
tional to a diffusion coefficient DA (either constant or increasing with radius;
the quality of the experimental data does not allow discrimination between
these two cases).

On the other hand the collisionality regime of heavy impurities is of the
mixed Pfirsch-Schliiter type, leading to the opposite effect, since the term
proportional to the ion temperature gradient is directed towards the plasma
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exterior. A correct simulation of the experimental results requires that this
term be neglected (indeed, this is necessary in order to obtain a total impurity
density profile 2 nz(r) centrally peaked). This method has been used for the
simulation of the argon pump-out effect (Section 3).

Since this is an empirical procedure, however, we thought it simpler to
use an expression for the flux density that is easier to handle, neglecting the neo-
classical terms,

3n, r
^ V (1)

where a is the radius of the cylindrical plasma, and DA and VA are independent
of radius. This formulation for the flux density has been proposed by Asdex [3].
We have used it to simulate both laser injection of metal impurities (Section 2.1),
and intrinsic heavy impurities in Ohmic plasmas (Section 2.2) and during ICRF
heating (Section 2.3).

2. SIMULATION OF METALLIC IMPURITY BEHAVIOUR

2.1. Laser injection of a neutral atom beam during the quasi-steady-state
current plateau phase of a thoroughly diagnosed plasma is a well adapted tech-
nique for impurity transport studies. We have injected into TFR plasmas vanadium,
chromium and nickel, and the experimental results have already been published [4].
Figure 1 shows, as an example, the radiance evolution for three chromium ions
(chromium being injected in a hydrogen plasma). Broken lines show the simulation
results. The neutral atom flux density Fo is injected at radius a, with a triangular
shape (half height width 1 ms) followed by an exponential tail (time constant
10 ms). Its absolute value is adjusted so as to simulate correctly the radiance
evolution of a peripheral ion, such as Cr XIV 412 A, while the two parameters
DA and VA (which have a very small effect on peripheral ions) are adjusted to simulate
correctly the radiances of central ions, such asCr XXI150 A and Cr XXII 223 A. The
simulations of Fig. 1 use DA = 4000 cm2- s"1 and VA = 400 cm-s"1. As a general
trend, for central ions the time of maximum radiance depends on the DA value.
Once DA has been chosen in this way, the VA value influences the absolute radiance
value and the time constant of the radiance-decreasing tail. Lines 3, 4 and 5 of
Table I show the DA and VA values which have been used to simulate the laser
injection experiments. For reproducible plasmas not perturbed by the injected
puff, the uncertainties of the DA and VA values are ± 25% and ± 50% respectively.

2.2. For Ohmically heated plasmas, we have simulated the radial profiles
of the emissivities for a series of ions of an intrinsic impurity (Cr, Fe and Ni), during
the plasma quasi-steady-state current plateau. Here the uncertainty in the
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FIG. I. Experimental (full lines) and simulated [broken lines) radiances of Cr XIV 412 A,
Cr XXI150 A and Cr XXII223 A. Laser injection of chromium (at t = 0) into a hydrogen
plasma.

necessary DA and VA is larger, ± 50% and ± 100% respectively. Lines 1 and 2
of Table I give the DA and VA values for typical low-density and high-density
discharges. For discharges with similar macroscopic characteristics (current,
density, temperature, etc.) DA is quite reproducible, whereas VA varies by a
factor of approximately 2, particularly at low density.

2.3. During ICRF heating (or neutral-beam heating) the metal influx into
TFR plasmas noticeably increases [5]. Contrary to the two cases discussed above,
the electron temperature profile changes considerably during the additional
heating, whereas the electron density is still approximately constant. Figure 2
shows the radiance evolution for the spectral lines of three nickel ions (full lines)
during a 1.3 MW, 50 ms HF pulse [6]. The simulated radiances are shown by the
broken lines. The flux density Fo at radius a, used in the simulation, has an
evolution similar to that of Ni XII 152 A. The radiance of this spectral line
being difficult to calculate, the Fo absolute value is adjusted to simulate the
absolute radiances of more central ions, Ni XVIII292 A and Ni XXV 118 A. After
a 10 ms linear increase, F o is constant at 2 X lO^cm^-s"1. The DA and VA

values used in this simulation are 4000 cm^s"1 and 800 cm-s"1 respectively.
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FIG.2. Experimental (full lines) and simulated (broken lines) radiances of'Ni XVIII292 A
and Ni XXV118 A. ICRF additional heating, 50 ms, 1.3 MW pulse. The thin line shows
the relative evolution of the Ni XII152 A radiance.

The uncertainty in these values is difficult to estimate, owing to the irrepro-
ducibility of several parameters during the HF pulse. For the same reason, we
have not tried to simulate perfectly the experimental radiance evolutions. The
central nickel density, which was 1010cm~3 during the Ohmic phase, increases to
« 1.5 X 10ncm"3 at the end of the HF pulse (Cr and Fe densities are always
about one third to half the Ni density). The power radiated by oxygen (300 kW)
is not noticeably modified by the additional heating [1,5]. However, the three
metallic impurities (and chlorine) radiate 100 kW before the HF pulse (i.e. a total
radiated power of 400 kW, to be compared to 300 kW measured by bolometry)
and 600 kW at the end of the HF pulse (i.e. a total radiated power of 900 kW,
to be compared to 1 MW measured by bolometry).

2.4. The DA and VA values used to simulate the three types of experiments
discussed above are summarized in Table I. It must be noted that: (a) DA

increases with increasing electron density; (b) DA decreases with increasing atomic
mass of the plasma ions; (c) the toroidal magnetic field and the electron tempera-
ture vary in too narrow a range to give any hint on the DA and VA dependence;
(d) the HF additional heating does not seem to affect DA but may possibly
increase VA.
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3. ARGON PUMP-OUT BY RESONANT ACCELERATION IN THE
HYBRID LAYER

The electric field of a high-frequency wave is amplified in the hybrid layer
of a two-ion-component plasma. If the wave frequency is a harmonic of the
cyclotron frequency of an impurity ion, the ion is accelerated when it crosses
the resonant surface. Monte Carlo calculations show that the ion acquires
perpendicular energy, describing a "banana" trajectory whose tips progressively
approach the resonant surface, until they cross it [7, 8]. The energy gain then
becomes very large and the ion is ejected from the plasma. This effect requires
the presence of an ion species with given mass and charge, at the radius where
the resonant surface and the hybrid layer superpose. The ion's existence is
fixed by the electron temperature profile, the resonant surface by the toroidal
magnetic field, and the hybrid layer by the isotopic ratio.

For the conditions of the TFR experiments, Ar16+ ions are localized at the
radius where the frequency of the HF wave (60 MHz) corresponds to the second
harmonic of their cyclotron frequency. Monte Carlo calculations show that
Ar16+ ions, deconfined by the above effect, leave the plasma with an energy of
several hundred keV. To test this effect experimentally, argon is injected in the
discharge at 50 ms, the HF pulse being applied at 200 ms, when steady state
of the argon radiances has been reached. The experiments consist in varying,
at constant HF power and toroidal magnetic field, the value of the isotopic
ratio nH/nD . An important reduction of the argon ion radiances is observed
when the above conditions are met. An additional decrease, attributed to a
peripheral effect occurring when applying the HF pulse, is also observed indepen-
dently of the njj/nD value [2].

The numerical code allows these two effects to be simulated and their relative
contribution to the argon decrease to be estimated. In this simulation, the
density flux Pz has been written as the sum of the neoclassical terms (but ex-
cluding the term proportional to the ion temperature gradient) plus an anomalous
term proportional to the impurity density gradient (the anomalous coefficient
being a function of radius, varying from 500 cm2- s"1 at r = 0 to 6000 cm2- s"1

at r = a). It has not been necessary to change this expression during
the HF pulse. The experimental data are obtained from Ar VIII 700 A and
Ar XVI 354 A radiances (Fig. 3, thick lines), the emitting ions being located at
r = 15 cm and r = 8 cm, respectively. The resonant surface of the Ar16+ ions
(whose emission falls outside the spectral region observed in these experiments)
is located at r = 4 cm. Before the HF pulse the Ar VIII 700 A radiance evolves
as the peripheral flux density To, increasing to a steady-state value Po , max =1.5
X lO^cm^-s"1. The steady-state value of the central argon density is 10ncm"3.
During this stationary phase a peripheral neutral argon layer (maintained by the
outgoing argon ions) feeds the plasma. The simulation of this pre-HF phase is
shown by the thin broken lines in Fig. 3.



IAEA-CN-41/R-5 225

B [io'5ph cmVsr"']
ArM

0 50 300

FIG.3. Radiances of Ar VIII 700 A and Ar XVI354 A for the impurity pump-out effect
during mode conversion ICRF heating. Thick lines: experiments (full line at resonance;
dot-dashed line out of resonance). Thin lines: simulation (broken line at resonance; dotted
line out of resonance).

Outside resonance, independently of the nH /nD value, the Ar VIII radiance
decreases when applying the HF pulse (thick dot-dashed lines in Fig. 3). This
effect is simulated by an irreversible decrease of the incoming flux To by a factor
0.5 (thin dotted lines). Note that in the code we have decreased instantaneously
the incoming flux at the beginning of the HF pulse, resulting in an abrupt decrease
of the simulated Ar VIII radiance. The resonant ejection of the Ar16+ ions is
simulated by introducing into the transport equation of these ions a supplementary
term, -n 1 6 / r p , between r = 4 cm and r = 6 cm (this corresponds to a height of the
resonance surface of ±4 cm, since outside these limits the amplification of the
electric field in the hybrid layer is low). We have taken rp = 4 ms, evaluated
from the Monte Carlo trajectory calculations. Moreover, the model must take
into account the fact that the resonant argon ions, ejected at very large energies,
do not recycle (possibly because they implant themselves into the walls), thus
causing a decrease in the peripheral neutral argon layer density and, as a result,
of the incoming flux f0. This effect is taken into account by taking, from the
beginning of the HF pulse, T0(t) = \ T0) m a x (1 -a). Alpha is a time-dependent
factor calculated by neglecting the peripheral non-resonant flux density decrease
and imposing that the resonant ejected argon ions do not recycle. After the end
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of the HF pulse, a is taken constant. The full simulation is shown in Fig. 3
by the thin dashed lines, the agreement with the experimental radiances being quite
acceptable. The simulations show that, at the end of the HF pulse, 70% of the
argon ions have left the plasma, 45% as a result of the resonant effect on Ar16+ .

4. CONCLUSION

All the different expressions that can be used for the ion flux density
Pz can lead to acceptable simulations, except those using neoclassical terms
alone. Since the anomalous term always plays a preponderant role, it seems
easier to use an empirical expression, neglecting neoclassical terms and using two
parameters (which can be independent or not): a diffusion coefficient DA and
a convective velocity VA. This expression for the flux density allows all experiments
to be simulated. Some examples of these simulations are given in Table I. Although
such a small amount of data does not permit a clear scaling law to be obtained,
some tendencies of the diffusion coefficient DA have been noticed.

The simulation of the impurity pump-out effect by resonant ejection of the
Ar16+ ions has allowed the efficiency of this process to be estimated, the radiance
behaviour to be explained, and the loss process of the Ar16+ ions (definitively
ejected from the plasma) to be emphasized. No change of the transport coefficients
has been necessary to simulate this effect.

NOTE ADDED IN PROOF

Since the discharges with ne(0) < 1 X 1014cm~3 have generally an effective
charge Zeff larger than one, it cannot be excluded at the moment that the above
dependence of the DA value on the electron density should be replaced by a
dependence on Zeff as reported in another paper at this conference [9].
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Abstract

DISCHARGE PARAMETERS IN THE TM-G TOKAMAK.
The paper gives experimental results concerning the influence of a graphite wall on the

discharge and plasma parameters in a tokamak. The factors determining this influence are:
high hydrogen sorption capacity of the graphite and low binding energy of hydrogen and
hydrocarbons with the graphite surface. At room temperature, we observe intensive absorption
of hydrogen by the graphite in the post-discharge phase. Hydrogen accumulation on the graphite
surface leads to intensive gas release during the discharge and to changes in plasma parameters
from one discharge to another. With hot graphite (350°C), hydrogen is desorbed from the
surface after the discharge; the discharge boundary conditions are stabilized and the plasma
parameters do not change. Cold and hot graphites have the same sputtering coefficient i
during the discharge. The recycling factor under all conditions is close to 1. The discharge
quality with a graphite wall (minimum qL, maximum density, conductivity, level of radiation
losses,etc.) is not lower than that found with a metal wall in the TM-3 device, of which the TM-G
is a modified version.

Use of graphite as limiter material has, in some cases, led to a noticeable
reduction of losses in the plasma column and to an improvement of the general
discharge characteristics in tokamaks [7]. The high level of sputtering (especially
chemical sputtering) raised, however, doubts about the use of this material for the
first wall, either in a tokamak reactor or in experimental tokamaks. In this paper,
some experimental results obtained on the TM-G tokamak device (with a graphite
wall) are reported.

1. DESIGN AND DIAGNOSTICS

The TM-G device is a modification of the TM-3 tokamak: major radius
R = 40 cm, copper shell radius b = 13 cm, circular-limiter radius 7.8 cm, toroidal
field BT < 4 . 0 T. The graphite wall is formed by 24 cylindrical blocks with
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FIG.l. Graphite block.

bevelled tube ends (Fig. 1). The graphite (trade mark MPG-8) used for the blocks
has a specific weight of 1.7—1.8 g-cm"3, resistivity of 10"5 £2-m, a heat capacity
of 0.17 cal-g"1 per °C, an isotropic heat conductivity of 1.67 cal-m"1 -s"1 per °C,
with a low impurity content: Si < 3 X 10"s %, and Fe, Mn, Mg, Al, Cu, Ti,
B < 10~5 % each. The inner surface of the cylinders is polished. The graphite blocks
are fixed in stainless-steel rings welded with bellows, which form the inner vacuum
chamber, the liner (Fig. 2). The height of the circular graphite liner is 10 mm.
The length of the block is chosen so that after assembly the mean clearance
between them is 2 mm. The liner, together with the graphite blocks, can be baked
up to 400-450°C.

The plasma and discharge parameters are measured by electromagnetic probes
and coils (Ip, Vo, AR, Az, H i } S ^ ) , a microwave interferometer (ne, three
channels), an SXR-detector (Te(0), Zeff(0)), moving bolometers (Pr

tot, Pr(r)),
optical spectroscopy in the visible and quartz regions (IH(Z), IC(Z)X and a mass
analyser. A pulsed laser is used to monitor the state of the graphite wall and the
impurity injection into the plasma.

2. DISCHARGE AND PLASMA PARAMETERS

qL

In the process of adjusting different regimes in TM-G, discharges with low
^ 2) (Ip = 48 kA, BT = 1.2T; Ip = 55 kA, BT = 1.6T) and, in the last set
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/ ^

FIG.2. TM-G liner design with diagnostic ports and limiter.

\ 8 12 tlms) 1 4 8

liner temperature: 35CTC

FIG.3. Various plasma and discharge parameters:
a) toroidal field Sj, plasma current Ip, gas puffing pulses;
b) plasma current 1p, loop voltage VQ;
cj mean plasma density h~e, signal of SXR-detector;
d) liner intensity ofCn (4267 A) and C V (2271 A);
e) bolometer signal.
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6 r(cm)

FIG.4. Plasma density ( ) and electron temperature f ) distributions; exciting
function of C*A line (\ = 2271 A).

of experiments, with high density (Ip = 40 kA, Bj = 1.6 T, n e > 8 X 1013 cm"3,
the maximum density measured, in our conditions, by X = 2.3 mm interferometry)
were achieved. Most measurements were, however, made in the 'typical' regime
with Ip = 40 kA, BT = 1.6T, ne = (2.5-2.6) X 1013cm"3. Plasma current, loop
voltage and other parameters are shown in Fig. 3. We see that, during a pulse of
about 15 ms no stationary discharge state is reached: density, voltage and
impurity line brightness continue decreasing, while the SXR intensity grows.
Relatively stationary regimes are obtained in TM-G only for discharges with
iTe> 5 X 1013 cm"3. Figure 4 shows the distribution of plasma density and
electron temperature along the small radius for t = 12 ms in a 'typical' regime.
The mean electron conducitivity of the plasma column, calculated from the
electron temperature distribution at Zeff = 1 (a = (2.5 ± 0.4) X 1016 cgs units),
was found to be almost the same as that observed in experiments
(a = 2.8 X 1016 cgs units). A similar situation prevails in the case of sawtooth
oscillations (with ne > 3.5 X 1013 cm"3). In this case, the conductivity required
(9 X 1016 cgs units) can only be ensured if Zeff = 1 at Te(0) = 400 eV. The SXR
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intensity, calculated for a pure hydrogen plasma with Te(0) = 400 eV, differs
somewhat from the experimental value (I e x p =1.3 Icai). In our case, it is difficult
to measure the bremsstrahlung continuum intensity because of a high background,
which is probably due to molecular hydrocarbon radiation, and because of the small
size of the device. The excitation function for the C+4 radiation line (A = 2271 A),
shown in Fig. 4, can be used for calculating the mean density of the impurity C+4

ions. Using absolute brightness measurements of this line, we see that the mean
C1"4 ion density inside a toroid of r = 6 cm is 1.2 X 10 u cm"3, i.e. less than 0.5%
of the mean plasma density. The density of C+s and C+6 ions was not measured,
and no detailed numerical calculation of their behaviour in the plasma column
was made, as yet. Rough estimates, allowing for the ionization times of C+4 and
C+s, show that the ion densities can be of the order of (2-3) X 10 u cm"3 or less
than 1% of the plasma density near the axis. According to these estimates, Zeff
is about 1.2-1.3.

When in a discharge the plasma density is increased, the brightness of all
impurity lines grows which implies an increase in the carbon flux from the wall.
The intensity of the hydrogen lines and the electron temperature on the axis
remain constant. The mean conductivity reduces to 2.1 X 101* cgs units, and
radiation losses increase from 0.2 to (0.25-0.3) POH- In these regimes, however,
Zeff is, from the conductivity, close to 1, and the upper limit for Zeff(O), defined
through the bremsstrahlung continum intensity, is equal to 2.

The increase in carbon flux from the graphite walls with increasing plasma
density is apparently associated with a change in the state of the graphite surface,
due to the absorption of a large amount of hydrogen in the phase after discharge.
A rapid transition to the low-density regime leads to discharges with Zeff
(a) «* 1.5—1.6. Back transition from the low- to the high-density regime, when
the state of the walls corresponds to low outgassing, leads to discharges similar
to those obtained for gradually increasing density, when a worsened state of the
walls is to be expected. Both of these effects can be used for estimating the C+6

ion density in the high-density regime: it is less than 1% of the plasma density on
the axis and, therefore, Zeff (0) ~ 1.2-1.3.

3. OPERATING CHARACTERISTICS OF GRAPHITE-WALL TOKAMAK

Hydrogen pressure traces for pulsed gas puffing with and without discharge
are shown in Fig. 5a. We see that within a discharge, 70-80% of the puffed
hydrogen is absorbed by the graphite walls, but, during a discharge, the wall
absorbs less than 15-20% of the hydrogen; the rest is absorbed in the after-
discharge phase. In Fig. 5 b, we see the pressure trace in the liner with
Te = 350°C for a long time after the discharge. It has three different parts:
1) free-hydrogen pumping; 2) pumping of hydrogen desorbed from the wall
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no discharge

a
with discharge (t = 0)

11

21

3)

20 40 60 t(s)

FIG.5. Hydrogen pressure for gas puffing in liner: a) with ( ) and without (-
discharge; b) after discharge.

surface; and 3) pumping of hydrogen diffusing from the graphite bulk. In the
case of room-temperature walls, the hydrogen is accumulated on the surface, its
reabsorption increases during the discharge, and the plasma density grows from
shot to shot while the initial hydrogen feed remains unchanged. After
8—15 discharges (the higher the initial plasma density, the faster is the
hydrogen accumulation process), the critical plasma density is reached and
disruption occurs. With 'hot' graphite (Te = 35O°C), absorbed hydrogen is
released by thermo-desorption during the interval between the discharges. The
boundary and initial conditions are stable, in this case, and remain unchanged.
All results mentioned above have been obtained with 'hot' graphite.

The high sorption ability of graphite leads to the production of hydrogen-
hydrocarbon layers, even in high-vacuum conditions (1CT7 torr, H2 mainly):
ten-days' sustainment of graphite at room temperature without baking and
discharges made it impossible to obtain stable discharges, because of the intense
outgassing of the walls. Gaseous discharge cleaning (Ip = 1 kA, PH = 4 X 10~4 torr,
By = 0.24 T, f = 50 Hz) is useless in this case. Intense baking leads to normal
operation.
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4. INTERACTION BETWEEN HYDROGEN AND GRAPHITE

Hydrogen and graphite sorption takes place, even at high temperatures: about
10% of puffed hydrogen is captured by graphite and a surface density of
(1-3) X 1013 at-cm"2 arises. The cross-section of impact desorption being large
enough, recycling equal to one (or even more) can be established in the initial
part of the discharge, which is really observed. This effect can be used (with some
caution) to measure the impact desorption cross-section itself. This gives a value
of about (2-3) X10"14 cm2. (Similar measurements have been carried out with
'cold' graphite when a discharge is reached with 7 = 1, as a result of hydrogen
accumulation. These measurements give the same value for the impact desorption
cross-section.) [2].

In the second part of the discharge, the plasma density is reduced to 15—20%,
which corresponds to 7 = 0.9. This means that the above-mentioned portion of
ions is 'instilled' into the graphite in the after-discharge phase. The diffusion flux
of hydrogen from the graphite bulk after the discharge is 6 X 10 u at-cm"2 -s"1.
This is established after capturing of 3.5 X 1013 at-cnT2, while the capture rate
is 3 X 10 l s at-cm"2^"1. If the diffusion flux is assumed to be proportional to the
amount of captured hydrogen, equality of capture and release will be established
after the capture of 2 X 1017 at-cm"2 (this value is considerably lower than the
radiation dose needed for metals, at which 7 becomes equal to 1 (1018—10?9 at-cm~2)
[2]). Here, however, the concentration of hydrogen in graphite will be equal to
that of the carbon atoms.

When hydrogen diffuses from the bulk on the graphite surface, production of
hydrocarbons (mainly methane and ethylene) can be observed; its rate is
proportional to the surface density of the hydrogen atoms. The other process is
a generation of hydrogen molecules, proportional to the square of the density.
The rates of these two reactions are approximately equal when outgassing amounts
to (4-6) X 1010 at-cm^-s"1 . For a larger outgassing rate, generation of hydrogen
molecules prevails. These observations have, however, been made after the
discharge, i.e. in conditions where the graphite surface is bombarded by energetic
particles [3].

5. IMPURITY INPUT INTO THE PLASMA COLUMN

Special measurements, carried out by a dissector in spectral regions with
most intense lines of iron, silicon and other elements, showed that the intensity
of these lines is lower than the sensitivity threshold of the technique employed
(10~9 W-cm~3- A"1). Only weak oxygen lines were observed. Thus, carbon is
practically the only impurity in the TM-G plasma.
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The carbon ion equilibrium density in our discharge is established as the result
of three different processes: ionization of hydrocarbons present in the chamber
before the discharge (nco); injection of carbon from the wall in the initial phase
of the discharge and in MHD-mode bursts (nc) and, finally, ionization of the carbon
flux from the wall in the stationary discharge state (Fc). Hence, the volume
density of the hydrocarbon molecules is low before the discharge, even if their
additional desorption from the wall in case of gas puffing (about (1 —3) X 1CT3 of
puffed hydrogen molecules) is taken into account. Greater input is due to wall
injection (the equivalent volume density is about (2—3) X 1011 carbon
molecules- at • cm"3). This fraction of carbon ions is, however, poorly confined by
the plasma and ejected out towards the wall. The stationary carbon flux from
the wall has not yet been measured. Comparatively rough estimates (based on
the ionization rate of different ions) give (6—15) X 1018 at-s"1, which corresponds
to a sputtering coefficient of (1—3) X 10"2. This value is closer to the physical
sputtering coefficient than to the chemical one. It should be noted that the
carbon flux, F c , and the resulting density of the carbon ions were equal in
discharges with 'hot' and 'cold' graphite at the same mean electron density, which
is, probably, a result of the large cross-section of the hydrogen impact desorption,
the short life-time on the surface and the low possibility of hydrogenation.

6. CONCLUSIONS

The following conclusions can be drawn from the results obtained:
1) in a research tokamak, the use of graphite walls is not an obstacle to normal
tokamak operation with satisfactory parameters;
2) the graphite surface intensively sorbs hydrogen (especially, in the after-
discharge phase), which leads to a change in the plasma parameter from shot to
shot. Baking up to 350°C suppresses this effect;
3) the cross-section of hydrogen impact desorption is high (possibly, because of
the low binding energy) and recycling is important in both cases: with 'cold' and
with 'hot'graphite;
4) the graphite sputtering coefficient is the same for 'cold' and 'hot' walls,
during the discharge.
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DISCUSSION

A. KITSUNEZAKI: Did you see methane and/or ethylene production?
V.S. STRELKOV: Yes, we did see methane and ethylene production. It is

one of the processes of hydrogen desorption.
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Abstract

CONFINEMENT AND BETA STUDIES IN LOW-q TOKAMAK CONFIGURATIONS.
Tokamak discharges with 1 < q^ < 2 have been produced on the Cleo device with pulse

durations much longer than the shell time constant, provided the torus is gettered and feedback
control of the radial position is used. Using the fi = 3 stellarator windings, it has also been
possible to produce discharges with 1 < q^ < 2 that are controlled by the magnetic aperture :
associated with the helical field — a helically assisted low-q tokamak (HALQT). A comparison
of confinement properties of several different toroidal configurations reveals that a low-q
tokamak achieves the best product of beta and confinement time for Ohmically heated
discharges.

1. INTRODUCTION

Reducing the value of the safety factor q at the limiter qL in a tokamak
allows large values of beta to be obtained at relatively low values of the
poloidal beta, /3p. Stable operation is predicted for values of q^ between 1 and 2
with a conducting shell close to the plasma. Operation at such low values of qL

has been realized on the T6 [1 ], Tl 1 [2] and Diva [3] devices, all of which had a
conducting shell close to the plasma and where the shell time constant was longer
than the duration of the plasma. Operation with qL < 2 was also obtained on the
Tosca device [4] without a conducting shell, and the authors calculated that the
observed speed of rotation of the magnetic structures resulted in the thin vacuum
vessel wall acting as a shell. One special feature of such discharges was that they
were free from disruptions. This could be particularly important for future
operation of large tokamak devices. Confinement has been observed to be only
moderately impaired at qj^ < 2 compared with discharges of qL > 2. No attempt
to maximize /3 in these configurations has yet been reported.

The Cleo device has a major radius of 0.9 m. The minor radius of the vacuum
vessel is 0.14 m and the limiter aperture has a radius of 0.13 m. The vacuum vessel

* General Atomic Co., San Diego, California, USA.
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FIG. 1. Total energy confinement time and the product (STJ? as a function of plasma current
for different toroidal configurations. OHTE is a reversed field pinch with the helical windings
controlling the pitch of the magnetic field lines [5].

has two insulating breaks and a diffusion time of about 3.6 ms. The use of precise
plasma position control, wall conditioning including titanium gettering, and careful
control of the gas puffing has allowed low-q tokamak (LQT) operation (qL <: 1)
at currents previously only accessible by HALQT operation [5]. In addition, the
HALQT regime has been extended to somewhat higher currents. LQT and HALQT
discharges have been maintained stably for periods up to 10 times the shell diffusion
time. The recently reported study of the confinement properties of various toroidal
configurations [5], including stellarator, tokamak, HALQT and RFP configurations,
has been extended to include these new LQT and HALQT data (Fig. 1). The plasma
current has been varied over two orders of magnitude for the different configu-
rations and it was found that the maximum line density, N, scaled with the plasma
current such that I/N was about 10"14 A*m. A comparison of confinement
(B^ = 0.18 T) was made, based on loop resistance (constant Zeff), line average
density and total input power. Though the stellarator was found to exhibit the
best energy confinement time (rE) under these conditions, namely 0.75 ms, the
figure of merit j3rE was optimum for the low-q tokamak configurations, largely
because of the increased density allowed by higher plasma current. High average
values of j3 were readily achieved in the pinches (*«6%), but the confinement was
relatively poor (20 us).
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2. HELICALLY ASSISTED LOW-q TOKAMAKS
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In the HALQT configuration, a reverse helical transform with high shear
allows higher plasma currents to be obtained for a given total rotational transform
*2 = -tj -* w , where tj is the rotational transform due to the Ohmic heating current
and -tw is the helical winding transform, all of which are functions of radius.
Thus, if the plasma aperture is fixed and the current is limited by a minimum
value of q along a field line q^,, then the addition of a helical field allows more
current to be passed. This current permits higher densities and thus high |3 values
in Ohmically heated discharges. However, the reverse transform associated with
the £ = 3 windings reduces the plasma aperture. Field line tracing calculations [6]
have been used to determine the position and rotational transform of the last
closed flux surface (Fig. 2). For this case the separatrix is on the vacuum vessel
wall and q ,̂ is 1.35. If the current centroid is moved inwards 1—2 cm, as
experimentally observed, then the separatrix just touches the two limiters which
are 180° apart toroidally, and q^ is then 1.25. The presence of a zero in the
rotational transform during the plasma current rise is avoided by raising the helical
winding current IL with approximately the same risetime. If a zero in the trans-
form at the limiter does occur, rapid loss of plasma is observed.

The discharge current can be increased up to ^15 kA, at which time sub-
stantial fluctuations appear which limit the plasma current and lead to a rapid drop
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FIG.2. Last closed magnetic flux surface for a HALQT with a plasma current of 14.5 kA,
showing the limiter and wall radii. The current in the helical winding; 1^, is 7.2 kA.
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FIG.3. Voltage, current, helical current and density waveforms for a HALQT discharge

in density. This current corresponds to q ,̂ « 1 on the last closed flux surface.
No disruptions are observed although substantial voltage fluctuations are seen,
due possibly to the increased separation between the plasma and conducting wall.
The current falls off as the density rises and the discharge becomes resistive and
radiation-dominated, as verified by a bolometer. Figure 3 shows a set of waveforms
for such a HALQT discharge in which the current is maintained close to q ,̂ ^ 1
for about 25 ms. Reducing q^ below 1.5 leads to a decrease in confinement time
(180 -*• 130 us for TEe). From discharges in which the density is raised, the
confinement time is found to increase with density up to a point where ion heat
conduction becomes significant. The Murakami parameter (nR/B^) in such
discharges is <9, which is larger than values obtained on Diva or Tl 1. The
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maximum density is close to the limiting density given by I/N «* 10~14 A -m.
Soft X-ray measurements using aluminium filters to determine the energy distri-
bution show that the central temperature in these discharges is roughly 70 ± 20 eV.

3. LOW-q TOKAMAKS

Using wall conditioning, including gettering, feedback control of the plasma
position and careful gas puffing to control the initial density rise, it has been
possible to produce discharges with 1 < qL < 2 without the assistance of the
helical windings. This has been achieved in two ways. The first method is to
raise the current in two stages: first to qj^ ~ 2 and then ramp slowly to q-^ > 1.
The proximity to qj^ = 2 is accompanied by a burst of noise on the loop voltage
and a drop in density which can be recovered by gas puffing. When the current
reaches 17.5 to 18 kA with B^ = 0.2 T, positive voltage spikes appear and the

25

20

0.10 0.20

B, (T)
0.30

FIG.4. Limiting current as a function of toroidal field. Limiter q values of 1 and 2 are shown.
The different points denote discharges with a delayed slow current rise (*) and a single fast rise
(&) with feedback control.
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FIG.5. Current, voltage and density waveforms for LQT discharges showing: (a) rapid density
pump-out associated with instabilities, and (b) a discharge in which the limiting current is not
reached and a steady build-up in density is possible.

current cannot be increased further. The value of qL is 1.04 ± 0.04. Figure 4
shows this limiting current as a function of the toroidal field over the range 0.1 T
to 0.3 T.

The second method is to drive directly to qL ^ 1 as indicated in Fig. 5(a).
This is readily achieved with good plasma position control and gettering. Rapid
pump-out of the density can occur if the limiting current is approached (Fig. 5(a)),
but at smaller currents the density variation can be controlled (Fig. 5(b)) by gas
puffing (up to 1020 m"3-ms"]).

Discharges can also exhibit saturation of the current and density pump-out
at qL ~ 3/2, as shown in Fig. 6. When the mode activity associated with qL ~ 3/2
ceases, as shown on the loop voltage, the energy confinement time improves by
more than a factor of two and the gas puffing becomes effective.

In an attempt to optimize the plasma j3 by Ohmic heating alone, we have
used gas puffing to raise the density in these LQT discharges. It is possible to
reach line-of-sight average densities of 2 X 1019 m~3 at a toroidal field of 0.2 T.
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At higher densities, bolometer measurements show that the discharge is radiation-
dominated. At lower densities the radiated power is typically 30%. Diamagnetic
loop measurements indicate 0p < 0.4 ± 0.1 for qL s 1.2. A similar value is obtained
using density, electrical conductivity measurements, and ion temperatures calcu-
lated by using the Artsimovich formulae. The average value of j3 reaches 0.6-0.8%.
Ideal MHD stability calculations [7] for ballooning modes and kink instabilities
indicate that, with wall stabilization, average values of |3 up to 1% should be
possible on this large-aspect-ratio device. The magnetic Reynolds number for
such discharges is about 6 X 104, which is large enough to prevent significant
damping of the mode spectrum by dissipative effects.

Magnetic probe measurements made near the plasma surface show oscillations
that are occasionally linked to periodic activity as might be expected from sawtooth
behaviour in such plasmas. The period observed on current, density and soft X-ray
monitors is about 300-500 /us. However, the magnetic activity is characterized
by irregular bursts of oscillation at a frequency of about 200 kHz with an rms
amplitude of about 1% of the poloidal field. From poloidal and toroidal field
measurements, this is principally m = 1, n = 1, but with a pronounced ballooning
character.
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Discharges with q ,̂ < 2 do not disrupt with the usual tokamak signature
of a negative voltage spike (Figs 3, 5 and 6). Disruptions can occur at q^ ^ 2
during the current decrease at the end of the discharge. This can be avoided,
however, by raising the density, which creates strong radiative cooling, thus
reducing the MHD activity.

In these high-density, low-field discharges, classical ion heat conduction is
substantial: rEi£> 500 us. If conventional tokamak empirical scaling laws held [8],
we would expect rE e ss 600 us. The equipartition time is less than the confine-
ment time, so T; ~ Te.. Provided the discharges are not operated at rational q ,̂
values (1, 3/2, 2), the energy confinement time is within a factor of two of this
value (200-350 jus). This degradation factor is similar to that found on Tl 1 and
Diva.

4. CONCLUSION

Tokamak discharges with 1 < q ,̂ < 2 have been achieved for many shell
diffusion times in the Cleo device both with and without the assistance of a
helical field. The higher currents attainable in both these configurations allow
significantly higher plasma densities and thus higher /3 values (5>0.8%). The
highest values of the figure of merit /3TE were obtained for these configurations
even though confinement was somewhat poorer than that obtained for q ,̂ > 2.
Confinement near rational q^ values (1, 3/2, 2) was particularly poor.
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DISCUSSION

T. TAMANO: Is there any particular reason why you chose jSr^ as a figure
of merit, apart from the fact that large j3 and T E are desirable?

T.N. TODD: Increasing j3rg represents increasing proximity to the reactor
requirements of nrE XT, with 1/B2 included as an economy factor which is also
of relevance to reactors.

T. TAMANO: Is there any sign that 0 is the limiting factor for the confine-
ment time?

T.N. TODD: No 0 limit is seen; § seems to increase with current, so we would
at present regard maximum j3 as a current limit effect.
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Abstract

PARTICLE TRANSPORT DUE TO ICRF WAVES AND RADIAL ELECTRIC FIELDS
IN TOKAMAKS.

Induced transport was studied in Macrotor during RF heating, electron injection, and
electron and ion extraction by biased limiter-like electrodes. Extensive studies were made of
mode-converted short-scale ICRF waves, drift waves and ICRF-induced fast ions. These
phenomena were found to play no role in the transport. The DC radial electric field, in the
sense that it represents potential energy, appears to be the direct cause of enhanced transport.
A negative plasma accumulates both majority and impurity ions. In this case, impurity radiation
dominates the energy balance. On the other hand, a positive plasma recycles ions at the edge
and the energy balance is dominated by edge convection. In Macrotor the particle confinement
time and the radiated power loss has been varied by a factor of 100 (by DC fields), leaving very
little range for other phenomena to play a comparable role in particle transport.

1. INTRODUCTION

Ion heating [1 ] and mode-converted ICRF waves [2] have been previously
observed in the Microtor and Macrotor tokamaks. Large power experiments
(Prf > POh) on Macrotor cause a deleterious reduction of particle confinement
from 10 ms to 1 ms, to the point where convective losses dominate the gross
energy confinement. Consequently, the RF heating experiments at UCLA have
been refocused to study the phenomenology of ICRF-induced particle transport,
particularly the role of DC radial electric fields.

Here, the basic ICRF wave behaviour is only summarized. In general, the
wave phenomena can be explained by currently accepted plasma models, but the
wave-particle interaction cannot. Description becomes most difficult at the plasma
edge. We are most interested in the power-level-dependent factors, particularly
the reduction in particle containment time. The experimental results indicate that
the main influence on particle transport rate is the radial electric field, which can

* Work supported by US Dept. of Energy Contract DE-AM03-76SF-00010, Mod. 017.
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be generated by a variety of means such as auxiliary heating, manipulation by
biased electrodes, and ion fluxes to the wall resulting from anisotropy and non-
uniformity [3]. In all cases some charge separation develops, and the resulting
E X B effects are most easily observed in a low-field (3 kG) plasma device such
as Macrotor.

In Section 2 we recall our observations of Alfven waves, short-scale wave
phenomena and drift waves, as well as fast particle production due to mode-
converted waves. However, we argue that neither the waves nor the particles are
directly responsible for the increased transport. No detailed relationship has been
determined between the RF fields and the generation of DC potentials. We shall
therefore concentrate not on the mechanism generating the potentials, but rather
on the resulting transport. In Section 3 we present results for the RF-induced
radial fields and for transport produced by direct application of radial currents
to adjacent magnetic surfaces. Summary and conclusion are in Section 4.

2. ICRF WAVES

In Macrotor an antenna carries a line of current which effectively subtends
90° poloidally round the plasma on the low-field side. This antenna simultaneously
excites the fast and slow Alfven waves. Other current-excited antennas were also
tried - on the high-field side and parallel to B$ - and the resulting wave physics

A (End of
j j \ ^Discharge)

IT
I

23 T~) -V

50 0 50
TIME (ms) TIME(ms)

FIG.l. Mode-converted short-scale wave phenomenon as seen by FIR laser scattering in
tokamak (a) and low-temperature discharges (b). The toroidal field is ramped in time and the
laser apparatus is scanned in major radius from shot to shot. The mode-converted slow Alfven
wave near the ion cyclotron frequency is clearly seen.
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FIG.2. Toroidal angle variation of the electric field of mode-converted waves showing locali-
zation to the antenna region where the excitation fields are highest.
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FIG. 3. Fast particle generation is coincident with the slow Alfven mode. No impact of these
waves is seen on drift wave turbulence.
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FIG.4. Density clamping due to RF heating and fast particle production in Macro tor. Density
loss is not related to fast particle generation at the cyclotron frequencies or their harmonics.

was substantially the same. We note in passing that electrostatic excitation yielded
no observable waves at these frequencies (w ~ £ln), and that the coupling
efficiency for magnetically coupled antennas depends most strongly on the
proximity of the plasma to the antenna, be it on the high- or low-field side. No
other feature of antenna geometry seems to have any bearing on the results pre-
sented here.

2.1. Mode-converted slow Alfven waves and related effects

Figure 1 shows the laser scattering result on short-scale wave fluctuations in
Microtor. The scattering signals were obtained by ramping the toroidal field down
in time and observing at a fixed toroidal location. The data show increased wave
activity just below the ion cyclotron frequencies in the presence of heating fields
(OJ /^H "" 0.9). Figure l(a) shows this phenomenon in a high-temperature tokamak
plasma, and Fig. l(b) shows a similar phenomenon in a low-temperature low-current
partially ionized plasma. The normalized wave density is typically 10"3 to 10"2

with RF and 10"5 to 10~4 without. Similar results have been observed in Macrotor
with no variation in the transport properties as the RF excitation frequency was
changed over the range 0.8 < GJ/£2H < 5. The toroidal variation of the mode-
converted wave amplitude is shown in Fig. 2. The waves are strongest near the
antenna because they are excited by the antenna-generated Alfven waves by a
single-pass process.
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FIG.5. Powerful negative bias applied to inner magnetic surfaces by electron injection causes
density accumulation, and gas puffing can be turned off. Trace argon recycling is stopped and
the argon is trapped in the discharge during bias.

Fast particle production appears to be closely associated with the mode-
converted waves. The fast particle production follows a toroidal angle dependence
similar to the wave amplitude and has a similar dependence on the central toroidal
field strength, as shown for Microtor in Fig.3. This figure also shows the drift
wave turbulence measured by direct laser scattering. No change in the drift wave
turbulence occurs during RF heating in Microtor or Macrotor under our conditions.
Nevertheless, RF heating produces a density drop in Macrotor. (No density drop
in Microtor has yet been observed, possibly due to lower heating levels and to
higher, 20 kG, toroidal fields.)
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FIG. 6. Profile of accumulated argon during a powerful negative bias. The data were obtained
by an insertable carbon target probe on which the argon was forced to recycle and undergo the
reionization process upon re-entering the plasma. The reionization light was monitored by a
tracking spectrometer.
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FIG. 8. (a) Density drop and recycling during RF heating, (b) Comparison of the density drop
during positive bias of the antenna shields to that produced by RF heating, (cj Toroidal angle
dependence of the ICRF field energy and the local ion loss rate as determined from recycling.

Figure 4 shows the Macrotor "density clamping" phenomenon when RF
heating is applied. Again, the toroidal field is ramped during the experiment. The
fast particle flux varies with field, but the density clamping does not.

2.2. Effects at the ion-ion hybrid and second-harmonic resonances

The ion-ion hybrid mode conversion later has been studied in detail in
Microtor [4], and mode conversion at the second harmonic has been studied in
Macrotor [5]. No fast ion production is seen at the ion-ion hybrid in either
machine. Fast ions are, however, seen which are associated with the second and
higher harmonics in Macrotor, but we find no special transport phenomena relating
to the bulk plasma properties at these resonances either.
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FIG. 9. Variation of the plasma edge parameters during RF heating determined from Langmuir
probe data. The most significant change is in the plasma potential (cj.

3. PARTICLE TRANSPORT DUE TO DC RADIAL ELECTRIC FIELDS

We have noted previously [6] that the potential of the inner magnetic surfaces
can be made negative by cold electron injection. Figure 5 shows the density
accumulation during such biasing. The external gas source can be turned off, and
the plasma density will stay high until so many impurity atoms accumulate that
radiation losses collapse the plasma. Figure 6 shows the accumulation of argon
in the centre of the discharge. For non-biased plasmas the argon recycles between
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FIG. 10. Plasma response to RF heating with powerful negative bias (a) and under normal gas
puffing conditions (bj. No density loss or change in the recycling light due to RF is seen in the
case of negative bias. Recycling is in general much reduced with bias.

the discharge and the wall, as can be seen by the high level of Ar II right at the
edge. When bias is applied, the plasma accumulates the argon, recycling stops,
and the argon is seen only in the centre of the plasma radiating from the high
ionization states, as in Fig. 5.

Recently, we have produced a positive plasma potential by biasing various
limiter-like electrodes positive in relation to the chamber, which is also part of the
"limiter" in Macrotor. Figure 7(a) shows the radial potential profiles for both
positive and negative bias. The plasma potential can be made to follow the
externally applied voltage very closely, as shown by the negative case in Fig. 7(b).

Figure 8 shows the plasma density and potential for two cases: in diagram
(a) the plasma is heated by ICRF, while in diagram (b) the antenna shield is biased
positive and the resulting density drop is compared with the RF case. Figure 8(c)
shows the uniformity of the toroidal dependence of the recycling rate during RF.
While the AC fields are found not to be uniform toroidally, the DC potentials are;
just as in the case of positive bias. We therefore conclude that the RF-induced
DC electric field, and not any kind of wave activity or fast-particle generation, is
directly responsible for the density drop.

3.1. Plasma edge during ICRF and electron injection

Figure 9 shows the effect on plasma properties of RF heating when the
antenna shield is electrically connected to the chamber. In summary, the plasma
potential goes positive and the edge density decreases, while the electron tempera-
ture increases slightly. This pattern of behaviour is independent of frequency in
the ICRF range. When the antenna shield is allowed to seek its own potential, the
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density loss rate is slightly (not significantly) reduced, but the potential of the
antenna assumes about —250 V during heating, compared to zero volts without RF.
Clearly, an increased electron flux is being driven into the antenna just as if it had
been positively biased externally, and in consequence the plasma is being charged
positive. When the antenna shield is grounded, a few hundered amperes of electron
current flow to it during RF heating.

As shown in Fig. 10, the density loss rate was eliminated during RF heating
by simultaneously injecting electrons. In this case the potential of the inner mag-
netic surfaces can be brought down to —300 V. The major drawback of this mode
of operation is that the plasma accumulates impurities, which disrupt the plasma
through a radiation mechanism after about 20 ms.

4. SUMMARY AND CONCLUSIONS

A major drawback to ICRF heating in Macrotor is that it deconfines the
plasma. We have studied the process by which Alfven waves deposit their energy,
and have observed the plasma edge under a variety of conditions, during RF heating
and with electron injection and removal. We find that the energy deposition
mechanism is not responsible for the deconfinement; rather, electrons are driven
into the antenna, producing a radial electric field at the plasma edge, and this field
pumps the plasma out. The effect of ICRF can be duplicated by extracting
electrons to an electrode, and can be mitigated by injecting electrons.

Electron injection causes the inner magnetic surfaces to assume a powerful
negative bias. This condition leads to good confinement of particles but is not as
favourable as in the previous case owing to the accumulation of high-Z impurities.
A positive edge potential reduces the particle confinement and keeps the high-Z
impurities at the plasma edge. In ICRF, where the heating is at relatively low
frequencies, the total instantaneous potential, and not the oscillating E-field,
determines the pump-out, as it should.
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DISCUSSION

R. GOLDSTON: Could you explain why you set Pjn = aL \L = a,, I,, ?
R.J. TAYLOR: The input power is set to P^ = Ip VLOOP = *I V i ;

where Ix and VL are the generalized transverse power elements in a convection-
dominated flow situation, I± = n Vdq/rp , V± = sheath drop, rp is the charge
replacement time and nVaq is the total charge. This simple picture, combined
with the power input scaling for Ohmic heating, gives a modified Alcator A
scaling, i.e. rp oc n R 2 . It was simply interesting to try this.

R. GOLDSTON: Have you seen any effect of the radial electric field on
energy confinement?

R.J. TAYLOR: No, we have seen no major (greater than a factor of 2)
effect on the energy confinement time.
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Abstract

MEASUREMENTS OF PLASMA COLUMN ROTATION AND POTENTIAL IN THE TM-4
TOKAMAK.

The potential and toroidal and poloidal rotation of an Ohmically heated plasma are
measured in the TM-4 tokamak. A Cs+ ion beam probe is used for the potential measurement.
The rotation velocities were determined from the Doppler shift of the impurity lines. The
potential in the central regions of the plasma is 0 = - 300 to - 700 V. The direction of toroidal
rotation is opposite to that of the current in the centre of the column and changes its sign at
the periphery. The velocity of poloidal rotation coincides with the direction of electron dia-
magnetic drift. The maximum toroidal and poloidal velocities are Vt = 106 cm-s"1 and
Vp = 3.5 X 10s cm-s"1, respectively. The measured values of Vp substantially exceed the
corresponding neoclassical values, while Vt is lower than the neoclassical values by several
factors.

1. INTRODUCTION

The problems of plasma rotation in tokamak devices have recently been
the subject of intensive theoretical and experimental study [1—4]. This interest
is due to the possible connection of toroidal and poloidal rotations of the plasma
column with radial particle and heat transport.

The difference between the measured rotation velocities and their neoclassical
values can serve as an independent indicator of the presence of anomalous
transport in the plasma and provide additional information on the mechanism
responsible for the anomalous behaviour.

263
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The condition of radial balance of forces, in which only the radial force of
friction and the radial viscosity tensor are neglected, is most general. This
condition imposes an unambiguous relationship on the value of the radial field Er

and on the values of toroidal Vt and poloidal Vp rotation velocities:

^ ^ = e E r - - ( V t B p - V p B t ) (1)
e 9r c y

In this equation, Zeff is formed after summation of the corresponding equa-
tions for each of the ion components of the plasma on the assumption that the
velocities of each component are equal, this being valid for large values of Er.
This equation defines the relationship between the three quantities Er, Vp and
Vt. Since Eq. (1) is sufficiently general, it can be used to compare the measured
values of Er, Vp and Vt over a wide range of possible experimental conditions and
can serve as a criterion of reliability of the measurements performed.

The neoclassical theory, which uses additional assumptions on strong damping
of poloidal rotation (owing to inhomogeneity of the magnetic field along the minor
azimuth) and neglects the damping of toroidal rotation (because of axial symmetry),
allows us to find Vp

c:

(2)

where the numerical coefficient K depends on the region of collisionality.
Substitution of the value of Vp

c into relation (1) gives the neoclassical relationship
between Vfc and Er:

(3)

Here, regardless of the values of Vt and Er, the transport is automatically ambipolar.
We again emphasize that the neoclassical theory only determines the relation-

ship between Vt and Er. Specific values of the toroidal velocity and the radial
field can be obtained by taking into account additional effects. For example,
toroidal damping (due to local corrugations, charge exchange or anomalous radial
transport) under steady-state conditions will lead to Vt = 0 and condition (3) will
unambiguously give Er. On the other hand, the processes responsible for
anomalous electron transport (for example, 'braided field'), because of their non-
ambipolarity, will determine the magnitude of the radial electric field Er. Then,
neglecting toroidal damping in the presence of Er driven by anomalous processes,
condition (3) unambiguously gives the value of Vt.
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Simultaneous action of the processes which determine toroidal damping
and 'driving' the value of Er will lead to non-fulfilment of condition (3) and
this in effect means non-fulfilment of the assumptions on which neoclassical
transport was obtained. Toroidal damping for a 'driven' field Er will result in the
appearance of a toroidal force and, consequently, of radial transport in addition
to neoclassical transport.

Thus, since anomalous processes influence not only the transport coefficients
in the plasma but also the magnitudes of rotation velocities and electric field,
simultaneous measurements of Er, Vp and Vt can provide additional information
on the nature of the anomalous processes.

2. EXPERIMENTAL RESULTS

The radial distribution of the potential was measured with a Cs+ ion beam
probe. The radial distribution of the toroidal and poloidal rotation velocities of
the plasma was determined from the Doppler shift of the C V (2272 A),
O V (2781 A) and C HI (2296 A) lines. The measurements were performed with
an MDR-23 monochromator (13 A-mm'1 dispersion) in spectra of the second
(2781 A line) and third (2271 A and 2296 A lines) orders of diffraction. The

Te i(x102,eV)

- ne(x1013, cm"3)

r (cm)

FIG.l. Radial profiles: electron density ne (ultra-high-frequency interferometer, Langmuir
probe in the limiter shadow); electron temperature Te (Thompson scattering, Si(Li) detector);
ion temperature T[ (charge exchange, Doppler broadening of C V, 0 Vand CIII lines).
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FIG.2. (a) Profiles of experimental (VpX) and neoclassical (VpC) poloidal velocities.
Spatial resolution in the experiment <*> 1 cm. The chord values of FpX given in the figure
increase, after Abel conversion, by a factor of 1.5-2; (bj profiles of experimental F*x and
neoclassical V"c toroidal velocities.

half-width of the instrument spread function did not exceed 0.2 A in any of
the measurements. The radial distribution of the plasma ion temperature was
also found from the Doppler measurements.

The measurements were carried out under the following conditions:
Ip = 25-26 kA, Bt = 14.5 kOe, ne s= 2 X 1013 cm"3, Te(0) = 500 eV, Tj(O) = HOeV,
Zeff= 1.5-2.

Figure 1 shows the radial distributions of electron density and electron and
ion temperatures. The radial distributions of the toroidal and poloidal velocities
are given in Fig. 2.
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The radial distribution of the poloidal velocity (Fig. 2a) was obtained from
the measurement of the Doppler shift of the C V and O V lines during scanning of
the plasma column emission along the height.

To measure the toroidal rotation velocity we inserted into a horizontal
port two deflecting mirrors, which permitted recording along two chords (tangent
to a circle of radius equal to the major radius of the torus) in two opposite
directions along the major radius of the torus.

In Fig. 2b, the dots indicate the values of toroidal velocity, from the shift of
the C V, O V and C III lines, where the shift was determined in the region of half-
width of the Doppler line profile. The position of the points in space is combined
with the position of the maxima of the radial distributions of emission of the
corresponding ions. The toroidal velocity profile was drawn, taking into account
the difference in the values of the shift measured at different sectors of the line
profile. Thus, for the C V line the shift increases noticeably from the maximum
to the wings of the profile, while the opposite effect is observed in the case of
shifts of the O V line.

In the central regions of the column the direction of toroidal velocity is
opposite to that of the plasma current, while the poloidal velocity has the same
direction as the electron diamagnetic drift. The direction of toroidal velocity
changes with that of the current and the direction of poloidal velocity with that
of the toroidal magnetic field.

It is noted that the working gas atoms have no toroidal velocity, and this
is attributable to the plasma being sufficiently transparent to the hydrogen atoms
involved in the discharge.

If the radial distributions ne(r), Ti(r), Vp(r), Vt(r) and Te(r) are known, the
value of electric field Er satisfying Eq. (1) can be calculated. Figure 3 shows the
distributions of the measured plasma potential <j> and the quantity /E rdr obtained
from Eq. (1). Their values agree within the errors present. The characteristic
values of the quantities entering into Eq. (1) for a radius of 5 cm are:

2 0 e V c m ,
ne or or

- V + Bp s - 2 e V - c m - 1 , - Vp Bt s 50eV-cm"a

e v e v

giving Er(5 cm) = 70 V- cm"1. Hence it is seen that the largest contribution to
the calculated value of the electric field is made by the term with Vp, and,
therefore, the error in determining this value makes the largest contribution to

the error of /Erdr.
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FIG.3. Radial profiles of potential (•) and quantity f ETdr(A).

We now compare the measured values of Vp and Vt with those predicted
by the neoclassical theory. In our case, the ions of the basic plasma component
(hydrogen) for 2 cm < r < 7 cm will be found from collision frequencies in the
'plateau' region. The calculated values of Vj)c and Vt

nc are given in Fig. 2.
It is observed that the experimental values for rotation velocities differ considerably
from the predictions of the neoclassical theory. In the experiment the poloidal
rotation velocity substantially exceeds its neoclassical value, while the toroidal
velocity, on the other hand, is many times lower than the neoclassical value.

The lack of agreement between the experimental and neoclassical values of
Vp and Vt when Eq. (1) is satisfied indicates that in the discharge there are
processes which lead to a strong damping of the toroidal moment.

It was thus found in the experiment that the plasma rotation velocities did
not agree with the corresponding neoclassical values. The value of Vp is evidently
associated with the high value of Er, and Vt is determined by the strong damping
of the toroidal moment. The plasma potential in the central regions is negative,
agreeing with the neoclassical theory in sign but having the value 0 = - 3—7 Tj.

3. DISCUSSION OF RESULTS

Going over to the discussion of the results, let us note the main differences
between experiment and neoclassical theory. It is well known that the electron
heat conductivity and the plasma diffusion are considerably anomalous [7]. The
anomaly factor for the ion component, on the other hand, does not exceed 2 -5 .
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Besides, our experiments showed clear disagreement between the rotation
velocity of the plasma and its neoclassical value. For interpretation of the
experimental results it is of interest to try to supplement the neoclassical theory
by taking into account anomalous electron transport and damping of the toroidal
moment - the processes which differ most substantially from the neoclassical case.

To describe the plasma, we adopt the hydrodynamic approach developed for
neoclassical transport in Ref. [8], and for the sake of simplicity we assume
VTi = 0. We shall also consider that the plasma consists of two components only —
electrons and ions.

The radial velocities of the plasma components are determined from the
equation of radial balance of forces:

nVre = — [en E + men^ei (V; - Ve)]etS

- en E + men^ei (Ve - V;) — V; (4)

In the equation for ions, a toroidal damping with characteristic time i"t is
taken into account phenomenologically. In the case of electrons, damping is small
because the masses are small. The electron and ion velocities can be found from
the longitudinal balance of forces:

0 = en E, + men i/d (Vj - Ve) + Me (Ue - Ve) (5)

0 = - en E + men vA (Ve - V;) + w (U; - Vtf - — Vi
Tt

where the term na (Ua — Va) describes the neoclassical viscosity with the
coefficient jua ~ man0 e

2 V to/qR in the plateau regime and na ~ mo-na^a y/e in
the banana regime [8], and Ua = [Er — (dpa/dr) (eana)"1 ] c Bp. These equations
need to be supplemented by the ambipolarity condition

Vri = Vre + VrA (6)

where Vra = DA (e Bp/Te c) Ue is the rate of anomalous electron diffusion and DA

the anomalous diffusion coefficient.
Equations (4) and (6) can be used to find all the quantities of interest to us:

the radial electric field

i_ dp; Y D A + D A \ I dp.
en 3r \ D t xL / ne dr

(7)
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the toroidal rotation velocity of the plasma, which may be regarded as equal to
the ion rotation velocity:

V t V l A B D nA Bp Dt n dr

and the rate of radial plasma diffusion:

r ~ A \ + D t ) nme vei Bp
 + V + Dt

 + D n c / Te dr

In these expressions, the following notations were used:

A i j . D A _, D A _. T e mjC2 T e pip Pep Me j Pep
A = 1 +w+~r'' Dt=~7 ^T~ =^ ; Dnc= ; xnc=

D t X e2 B T t Tj r t m n n c

(9)

w + r ' D t 7 ^T ^ ; D n c ; x n c
t XnC e2 BpTt Tj r t men

 nc men

are the transport coefficients which agree, with an accuracy up to a constant, with
the neoclassical ion thermal conductivity and diffusion of the plasma. The
poloidal rotation velocity is determined by substituting Er(7) and Vt(8) into
formula (1).

It will be seen from expression (8) that, when anomalous behaviour and
damping of the toroidal momentum are taken into account, a factor DA/DtA
appears in the expression for toroidal rotation velocity. For DA < D t, this
factor can substantially lower the value of the rotation velocity in comparison
with the neoclassical value. According to expression (7), the radial electric field
can be both positive and negative. However, if the anomalous electron behaviour
is not too pronounced, DA. < D t , x ^ , the sign of the potential retains its neo-
classical meaning.

The rate of plasma radial diffusion (9) increases in comparison with the
neoclassical value, while in the Dnc < DA < xj,c range the plasma diffusion
coefficient approximately agrees with the coefficient of anomalous electron
diffusion D «= DA . Note that if even one of the effects - anomalous electron
behaviour or toroidal damping - were not taken into account, the plasma would,
as a result, diffuse at a neoclassical rate. Apart from the effects described above,
the proposed model also represents some increase in the ion heat flux if only
because the diffusion coefficient may become comparable with the ion heat
conductivity coefficient.

Under the experimental conditions the plasma diffusion coefficient [9]
D A s 3 X 103 andx'nc = 5 X 103.

An estimate of Dt with the substitution of ion energy time = 2 X 10~3s
for TT gives Dt = 104. Thus, we have DA /D t = 0.3, D A / X ^ - 0-6, A s 2. For
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these values of the parameters, the toroidal rotation velocity should be five times
smaller than the neoclassical value (3), and in order of magnitude this agrees sat-
isfactorily with the experiment. Likewise, the rate of plasma radial diffusion (9)
is not at variance with the experiment. The predicted value of the radial electric
field (7) should always be smaller than the neoclassical value and, under the
experimental conditions, should be close to zero. The experimental values, on
the other hand, are higher than the neoclassical values. This indicates that the
proposed description of the plasma is incomplete and should evidently include
anomalous ion transport.

That the potential is several times the ion temperature suggests that epithermal
ions play a major role in anomalous ion transport.
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DISCUSSION

R.L. HICKOK: We have carried out similar potential measurements on a
somewhat smaller tokamak, and we find that the potential is positive and flat to
large radius.

In your study, were the radial potential profiles obtained on a single pulse
or from multiple pulses, and is the potential reproducible from pulse to pulse?

V.D. SHAFRANOV: Each pulse yields one point in the potential measure-
ments. To obtain the potential profiles, pulses were selected with very similar
discharge parameters.

A.A. WARE: In two experiments with a similar large value of pio/a
(PiO ~ ion gyro-radius in the poloidal field, a = minor radius), experimental
evidence from charge-exchange measurements shows a strongly non-Maxwellian
ion distribution (fj) which could explain your inferred anomalous ion transport.
On ATC (Ti = 220 eV, I = 60 kA), Goldston (Nucl. Fusion 18(1978) 1611) found



272 BUGARYA et al.

a large difference between ions moving parallel to the current and those moving
anti-parallel. On PDX (T; = 6 keV, I = 400 kA), Keane et al. (KEANE, C.J.,
DAVIS, S.L., MUELLER, D., Bull. Am. Phys. Soc. 26 (1981) 863) found a large
enhanced non-Maxwellian tail to fj. Both results can be explained by energetic
ions diffusing out too rapidly to thermalize with the incoming colder ions. The
enhanced tail to fj will lead to anomalous ion transport.

R.M.O. GALVAO: Dr. Shafranov, what is the magnitude of the toroidal
field ripple in the device?

V.D. SHAFRANOV: The TM-4 tokamak has 24 coils, and hence the ripples
in the plasma region are quite small.
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Abstract

SUPPRESSION OF DISRUPTIVE INSTABILITY IN LOW-q REGIME BY EXTERNAL
ERGODIZATION OF (2,1) ISLAND.

Helical field perturbations for a tokamak plasma have been studied in the TORIUT-4
tokamak device. A new method of disruption control in the low-q regime is developed. Non-
resonant helical field (m = 3, n = 1) is applied and the critical (2,1) island is removed from the
plasma periphery by the ergodization effect of the externally applied helical field. This disruptive
instability is thus suppressed and a mild path into the qL < 2 regime is realized.

1. Introduction

The prerequisite for major disruption, which is the most violent type of
plasma instability, is considered to be the growing (m=2,n = l) tearing mode [1,2].
The DIVA experiment gave the remarkable result that the q^<2 regime is
disruption-free under a certain condition, where q^ denotes the limiter safety factor
[3]. To suppress the major disruption in the q» >2 regime, some kinds of helical
perturbations have been proved to be effective [4-7] (see Table I).

The disruption control method described here uses non-resonant helical field,
which removes the critical island from the plasma periphery by the ergodization
effect. If non-resonant helical field is applied, the plasma loses any symmetry and the
configuration becomes three-dimensional. Two magnetic islands with mode
numbers (m,n) and (fi,v) are ergodized when the following stochasticity parameter s
exceeds unity [9]:

where S m n is the width of the (m,n) island and rm n is the radius of the rational

* Now at Research Institute of Applied Mechanics, Kyushu University, Fukuoka.
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TABLE I. HELICAL PERTURBATIONS TO SUPPRESS MAJOR
DISRUPTION

Method Concept

Resonant Helical Field (m/n = 2/l) Feedback Control of (2,1) Mode [4,5].
Control of Current Profile [6] (cf.[8l).

Non-Resonant Helical Field (m/n<2) Control of Rotational Transform [7].
Non-Resonant Helical Field (m/n>2) External Ergodization (present work).

surface. When the (m,n) island is produced by external helical perturbation, its
width is given by

where b is the radial component of the resonant (m,n) perturbation field and B«
is the azirriuthal component of the field [10]. We estimate the width of the (2,1)
island by the tearing mode theory (non-linear A' criterion). In order to ergodize the
(2,1) island, about 1.5% of the plasma current (I ) is sufficient for the external
(3,1) coil current (I3 j ) , as shown in Fig.l. In the calculation of Fig.2, the (2,1)
current is applied on'the q=2 surface to model the tearing modes. The magnetic
islands in the peripheral region are destroyed by the (3,1) helical field.

We have studied experimentally the ergodization effect of the (3,1) helical
perturbation on the MHD behavior of the tokamak plasma and applied it to suppress
the major disruption in the low-q regime and to pass the qr =2 barrier. The
experimental device used is the small tokamak TORIUT-4 [12r (major radius =
0.3m, minor radius < 0.12m). The (2,1) coil is mounted on the inner side of the
discharge tube wall (stainless steel 3mm in thickness) over a quarter of the torus.
The (3,1) coil is a saddle type coil wound outside the tube over the full torus. The
field structure produced by these coils is numerically calculated (see Fig.3 ). Because
the machine geometry is fat, the (3,1) coil produces rather high level of the (2,1)
component, and has high ergodization effect. It is shown that the field of the saddle
type coil is very close to that of the smooth (3,1) coil. Here the (2,1) coil is used to
detect the (2,1) Mirnov oscillation. The (3,1) coil current is controlled by transistors
with the frequency response of up to 10kHz.

2. Ergodization

The superposed (3,1) helical field of the above mentioned strength ergodizes the
peripheral region of the plasma, and causes the shrinkage of the current channel. In
this stage, the amplitude modulation of MHD fluctuation is observed. Figure 4
shows the effect of the (3,1) field of various strength on the (2,1) Mirnov oscillation
in the case of b/a=1.5, where b and a are the minor radii of the wall and the limiter,

The numerical method used was developed by Kawamura et al. (cf. [11]).
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FIG.!. Stochasticity parameter s as a
function of I^ f/ I for various current
profiles.

(q=qQ[l +y(r/a) /] ; qQ = !.O, qL=2.2).
Here we took 8 2 y =0. ha.
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FIG. 2. Calculated magnetic field structure. Crosses show crossing-points of magnetic
field lines through a poloidal cross-section. The left-hand side of the figures
corresponds to the inner side of the torus. The plasma current is approximated by a
filament current on the magnetic axis, (a) (2,1) helical current is applied on the
q=2 surface to model the tearing modes, (b) External (3,1) helical field is
superposed, which is produced by the (3,1) current with strength of I , J \ =0.015,
flowing outside the vacuum vessel (circle).
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FIG. 3. The Fourier components of the
vacuum magnetic field produced by the
(3,1) helical coil (solid lines). The broken
lines indicate the field components
produced by the (3,1) saddle type coil.

Freq.

[kHz]

20

"3.1 IA]

FIG. 4. Effects of the (3,1) helical
perturbation on the MHD fluctuations.
The dependence of the maximum
amplitude and the frequency of the
fluctuations on the strength of the (3,1)
helical current is shown for the case of
1 = 12.4kA, qT=2.4 discharges.

respectively. When the (3,1) stationary field of moderate strength (Ii J\ <0.05) is
imposed, the strength of the (2,1) Mirnov oscillation is reduced t6 the level of
1L 0 , andjhe suppression of the mild major disruption is found in the q i < 3
regime, where 1L denotes the ^-component of the perturbed poloidal field. The
frequency of the (2,1) mode is not changed significantly within the range of
i3yip<o.O3.
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Soft X-Rays

FIG. 5. Evolution of the plasma current,
loop-voltage and soft X-rays of the plasma
perturbed by strong (lj / I =0.!5)
stationary (3,1) helical field'.'

Strong (3,1) field causes shrinkage of the plasma column and the central
q-value becomes less than unity, and consequently the internal disruption is
stimulated. In such a case, as shown in Fig.5, the saw-tooth oscillation is enhanced
and the plasma current is limited by internal disruptions, but the major disruption is
never triggered. This experimental evidence shows a fundamental difference from
the resonant helical perturbation (cf.[5]), and is an evidence of the ergodization of
the (2,1) island.

The ergodization of the magnetic field in the peripheral region was confirmed by
the behavior of runaway electrons. Figure 6 shows the difference in the runaway
electron confinement between two typical discharges with and without (3,1) helical
field. Here, the plasma column is pushed outward in the middle stage of the
discharge. Without the (3,1) field, the plasma fills the full aperture of the limiter,
and as it moves outward, runaway electrons confined in the outer periphery bombard
the limiter and hard X-rays are emitted. In the discharge perturbed by the (3,1)
helical field, the signal of hard X-rays is reduced, because of the field ergodization in
the peripheral region.

3. Suppression of Major Disruption

The external ergodization of the (2,1) island is useful for the suppression of the
major disruption in the low-q regime. The strength of the (3,1) helical field is
controlled to follow the amplitude (envelope) of the (2,1) Mirnov oscillation which is
detected by the (2,1) helical coil. The (3,1) field destroys the (2,1) island; thus a
feedback control loop is constituted. In the current-rising phase of the discharge the
(3,1) field ergodizes the growing (2,1) island externally. Then the shrinkage of the
current channel results in q<:<2, where q is the safety factor at the surface of the
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current channel. As the current channel expands with the increase of the plasma
current, the configuration of qj <2 can be attained. In such a way, the catastrophic
destruction of the equilibrium oy the contact of the island with the limiter [1] or by
the mode interaction with the (3,2) island [2] is avoided and a mild path into the
qr <2 regime can be realized.

Figure 7 shows typical discharge characteristics and MHD signals of a controlled
and a non-controlled plasma of b/a = 1.5. Using the (3,1) field, the (2,1) activity
level is suppressed and a stable low-q (q, =1.8) discharge is realized. The necessary
strength of the control helical current, wnich is experimentally estimated to be about
1 to 2 % of the plasma current, is consistent with the theoretical value needed to
ergodize the peripheral region. In the case of non-controlled discharges, the hard
major disruption at the q^ = 2 barrier prevents the plasma from going into the low-q
regime.

We do not deny the possibility of attaining the low-q configuration
without the help of the (3,1) helical field. But in the non-controlled case, we need
extremely precise position control and careful wall conditioning. For a typical
example, we measured the maximum allowable deviation of the vertical field against
the disruption of the q^— 2 plasma. In the case of the non-controlled plasma of
b/a=1.5, the discharge was completely destroyed when +1.3% of the vertical field
perturbation was imposed, but in the controlled case, up to +4.5% of the
perturbation was permissible and the destruction of the discharge was found to be not
so hard compared with the major disruption of the non-controlled plasma. In this
way, the feasibility of attaining the Qi<2 configuration is much enlarged.

When we produced the plasma with small value of b/a, the attainment of the
q^<2 discharges was easy. But in the case of b/a=1.5, the (3,1) helical field control
was found to be almost indispensable to pass the qj =2 barrier, and the stable
qr-value was limited to 1.8 by the internal disruption coupled with the (3,2) tearing
mode. Without using the (3,1) control field, extremely high-speed current rise
(<lms) was also found to be effective to pass the barrier, but in that case, during the
current-rising phase, high-level MHD activity was found in the loop-voltage,
magnetic probe signal and soft X-ray signal [12]. When b/a = 1.13, stable discharge of
q^<1.2 was realized, where the average electron /3-value was estimated to be 2.7%
from the plasma resistivity (taking z e^-=l), and high m,n modes were found to be
enhanced.

4. Engineering Feasibility

The disruption control method described here enjoys the following advantages:
(i) The necessary frequency response of the control system is at most the
growth-rate of the tearing mode which is smaller than the frequency of the Mirnov
oscillations by more than an order of magnitude, (ii) The necessary (3,1) coil
current is about 1 to 2 % of the plasma current, which is smaller than 1/10 of the
helical current required in the method that controls the rotational transform, (iii)
The accuracy of the helical field can be much reduced, because it need not make
resonance with any special mode, (iv) Over-gained helical field enhances the internal
disruption, but never stimulates the hard major disruption as observed in the Pulsator
experiment. This is because the method described here is based on the stripping-off
of the critical surface itself.
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Ergodized periphery is considered to have a positive effect on the plasma-wall
interaction (helical magnetic limiter) [13]. But it is pointed out that this aspect of the
ergodization may be significant only in large-scale machines'.
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DISCUSSION

D. OVERSKEI: Have you compared discharges with the applied ergodic field
with normal discharges for a limiter of above two to determine the impact of the
ergodic field on plasma parameters such as rE , ne, re 0 , r p , etc.?

N. INOUE: We have not compared the electron temperature for these two
cases yet. We have found no significant difference in ne and the electron density
at the periphery between these cases.

D.C. ROBINSON: Were you able to control the disruption during the current
run-down phase, i.e. when q rises to 2 again, with your feedback system?

N. INOUE: In the current run-down phase, the discharge deteriorated because
of bad position control, but no major disruption occurred.
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Abstract

INVESTIGATION OF TRANSPORT AND DISRUPTIONS IN THE T-7 TOKAMAK BY
POLOIDAL-FIELD PERTURBATION.

Results of experiments on the effect of magnetic fields excited by a quadrupole winding
on the plasma in the T-7 tokamak are presented. The winding consists of two opposing coils
situated in the upper and lower diagnostic ports in one of the meridional cross-sections of the
torus. Application of the quadrupole field results in the formation of a step on the radial
distribution profile of the electron temperature, and this is logically attributed to the formation
of a magnetic island near the m = 2 rational magnetic surface. By varying the Te gradient
outside the island, it is possible to obtain the electron thermal conductivity as a function of
this gradient. It is found that the radial energy flux increases non-linearly with increasing
grad Te. A further increase in the quadrupole field results in the evolution of disruptions. These
results agree with existing reasoning on the plasma tearing instability, particularly with the
model of small-scale tearing modes which can be used to calculate the position of the resonant
magnetic surface close to that observed experimentally, and also explains the non-linear electron
thermal conductivity mechanism and characteristics of the evolution of disruptions.

1. INTRODUCTION

In Ref.[ 1 ], it was suggested that perturbations of the poloidal magnetic field
in a tokamak induced by special windings could be used to measure the radial
distribution of the plasma current density. The action of the field produced by
these windings on the plasma has the form of a spatial resonance: any changes
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in the plasma parameters are localized near the magnetic surface at which the
structure of the field lines of the unperturbed magnetic field is the same as the
spatial structure of the perturbations. The changes in the plasma parameters are
due to the formation of magnetic islands, these being regions of increased transport
giving rise to equalization of the radial distributions over the width of the island [2].
The creation of small local perturbations on the radial profiles of the plasma
parameters can also be used to investigate transport mechanisms.

In the present paper, we describe experiments to study the effect of magnetic
fields excited by a quadrupole winding on the plasma in the T-7 tokamak. The
experimental results are compared with the conclusions of the theory of plasma
tearing instability [3, 4].

2. EXPERIMENTAL SETUP AND TOKAMAK DISCHARGE REGIME

The quadrupole winding in the T-7 tokamak consisted of two opposing coils
situated in the upper and lower diagnostic ports in one of the meridional cross-
sections of the torus (Fig. 1). The current in the winding was excited by discharging
a capacitor bank and had a sinusoidal profile with a half-period of 30 ms duration.
The amplitude of the spatial harmonic of the field perturbation of poloidal
number m = 2 and toroidal number n = 1 at the plasma boundary reached 25 G
for a winding current of J = 4 kA.

The experiments were carried out with hydrogen for toroidal magnetic fields
of between 13 and 18.5 kG. The plasma minor radius was 31.5 cm. The
longitudinal discharge current was 130 kA with a pulse duration of 250 ms. The
plasma density averaged over the chamber diameter was (0.7-1.5) X 1013cm"3.
The current in the quadrupole winding was switched on at the quasi-steady-
state stage of the discharge with a delay of 100—150 ms relative to its onset.

In the measurements, attention was mainly focused on perturbations of the
magnetic field at the plasma boundary and on the spatial distribution of the
electron temperature (Te was measured from the emission at the frequency 2coce)
and of the intensity of the bremsstrahlung continuum emission in the visible.

3. RESULTS OF MEASUREMENTS

The influence of the quadrupole field on the plasma parameters depended
on the tokamak discharge regime. In the regime with a spontaneously evolved
rotating m = 2 mode, rotation of the mode ceased when the current was switched
on in the quadrupole winding. The current required to achieve this also depended
on the discharge conditions. This cessation of rotation was observed earlier
experimentally [1,5]. It is attributed to a non-linear 'locking' mechanism [6].
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FIG.l. Schematic diagram of quadrupole winding of the T-7 tokamak.

In the macroscopically stable regime, switching on the current in the
quadrupole winding resulted in the formation of perturbations of the poloidal
discharge field. The time variation of the amplitudes of these perturbations
had approximately the same profile as the variation of the current in the quadrupole
winding. Magnetic probes, separated from the winding by an angle of 75° with
respect to the principal axis of the torus, showed preferential excitation of the
m = 2 spatial harmonic (Fig. 2).

Figure 3 shows the time evolution of the radial distribution of the electron
temperature, and Fig.4 shows the evolution of the distribution of ne\/Zeff, which
was obtained from the measured intensity of the bremsstrahlung continuum
emission ~ n\Zenjy/le. It can be seen from the figures that the application of a
quadrupole field initially results in the formation of a step on the radial distribu-
tion profile of the electron temperature for minor radii between 7 and 10 cm and
then causes a certain decrease in Te over the total cross-section of the plasma. At
the same time, a decrease in the parameter neN/Zeff is observed in the axial
regions of the plasma whilst an increase in this parameter is observed for
r = 10-15 cm. As the amplitude of the perturbing field increases above a certain
level, which depends on the tokamak discharge regime, first minor and then major
disruptions are observed (Figs 5 and 6). The only difference between these
disruptions and those normally observed in tokamaks, including the T-7, without
external perturbing fields, was the absence of a burst of large-scale helical perturba-
tions considerably greater than the quasi-steady-state perturbations and developing
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FIG.3. Evolution of radial electron temperature distribution. Vertical hatching on the right
shows time variation of current in quadrupole winding J. Zero time was taken to be switch-on
time of J.
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FIG.4. Evolution of radial distribution of plasma parameter ne

within a time comparable with the disruption evolution time ~ 0.1 ms. In other
words, the perturbation induced by the quadrupole winding did not significantly
change its profile and amplitude with the onset of disruption. However, the
disruptions were accompanied by bursts of poloidal-field oscillations at the plasma
boundary at frequencies of the order of hundreds of kilohertz. These oscillations
were measured by using a high-frequency magnetic probe inserted in the tokamak
chamber through a diagnostic port.

4. DISCUSSION OF RESULTS

To explain the influence of the fields of the quadrupole winding on the
state of the plasma observed in experiments on the T-7 tokamak, it is logical to
assume that an m = 2, n = 1 magnetic island is formed under the influence of
the quadrupole component of the magnetic field perturbation near the q = 2
rational magnetic surface. We shall analyse the results on the basis of this
assumption.
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FIG.5. Initiation of disruptive instability by current in quadrupole winding (J): tokamak
discharge current (Ip), discharge voltage (Up), soft-X-ray emission intensity (X), average
plasma density (ne), spatial harmonic amplitude ofm=2 poloidal-field perturbation (as a
result of Fourier expansion of non-integrated signals from low-frequency magnetic probes
distributed on outer surface of tokamak chamber wall; chamber time constant for m = 2
harmonic is approximately 1 ms and non-integrated high-frequency magnetic-probe signal
f< 1 MHz.

4.1. Position of the resonant magnetic surface

It can be seen from Fig.3 that the region of equalization of the electron
temperature is found within values of the plasma minor radius between 7 and
10 cm. In accordance with the assumption made, equalization is due to the
formation of a magnetic island and thus the q = 2 resonant magnetic surface
should be found in this range of r. This result is contradicted by the value of
rs2 = 23 cm obtained from the measured distribution Te(r), assuming Spitzer
plasma electrical conductivity for a radially constant effective charge (see curve 2
in Fig.7).
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FIG.6. High-speed oscilloscope traces of discharge voltage and high-frequency magnetic probe
signal at times corresponding to points: a (quasi-steady-state discharge), b (minor disruption)
and c (major disruption) in Fig.5. Instantaneous azimuthal distributions of non-integrated
low-frequency magnetic probe signals are shown below. Points on abscissa of centres of each
distribution indicated by the crosses correspond to the recording times.

The position of the q = 2 resonant surface which satisfactorily agrees with
that observed experimentally is given by the profile q(r) obtained by using the
model of small-scale tearing modes [7] supplemented by the condition q(r) > 1.
This model allows for the influence of magnetic islands with different m on the
radial distribution of the plasma current density. It is assumed that equalization
of the current density takes place within each magnetic island. This results in the
formation of a stepped distribution j(r) with increased gradients between the
islands. This increase in the current density gradient between the islands causes
further growth of these islands and destabilization of new tearing modes with the
next poloidal numbers m. It is found that for a fairly large gradient, determined
by [7]:

1 (1)

where Bg is the poloidal field at the radius r, unlimited systematic destabilization
of small-scale tearing modes with increasingly large m is observed. This desta-
bilization results in complete destruction of the magnetic surfaces and thus the
value o f - j ' given by Eq.(l) can be considered to be an upper limit on the possible
values of the current density gradient. On the other hand, if the gradient is far
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FIG. 7. Radial distribution of safety factor q, current density j and effective plasma charge Zeff.
Curves 1 give results of calculations using Eqs (2)-(5j (curve 1 for Zef{ gives that using the
experimental profile Te(r) before switching on the current in the quadrupole winding); curves 2
were obtained from experimental profile Te(r) before switching on current J, assuming that
effective plasma charge is constant over the radius. Dashed curves ofZeff(r) were obtained
from Fig.4 (at time t = 0) for ne= no(l-r

2/b2) l7 (upper curve) and nt = no(l—r2/b2) (lower
curve); b = 35 cm is tokamak chamber radius.

from the limit (1), it should increase as a result of overheating of the inner regions
of the plasma. Thus, the steady-state value of the current density gradient should
be approximately described by Eq.(l). From this we readily derive:

j = <

B

0.2vrR

B
0.2TTR

0,

r/rsi

r<r, s i

rsl < r

r > a

(2)

(3)

(4)
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where Bt is the toroidal field, R the torus major radius, a the plasma minor
radius, and rsl the radius of the q = 1 magnetic surface which is defined by

The profiles j(r) and q(r) obtained from Eqs (2)-(5) are shown by the
curves labelled 1 in Fig.7. Also plotted is the radial distribution of the plasma
effective charge determined from the calculated profile j(r) (curve 1) and the
experimental profile Te(r). This distribution agrees with the Zeff distribution
obtained from measurements of the bremsstrahlung continuum intensity and is
shown by the dashed curve in this figure.

4.2. Dependence of electron thermal conductivity on electron
temperature gradient

The transverse plasma electron thermal conductivity can be estimated from
Eq.( 1). The value of Bg (r) in the denominator of Eq.( 1) is proportional to the
current flowing through part of the plasma cross-section bounded by a circle
of radius r. For the case of a homogeneous electric field, Bg(r) is proportional to
the Joule power released in this part of the cross-section. Thus, assuming Spitzer
electrical conductivity, which yields a relationship between the gradients of j
and Te, we obtain from Eq.(l):

(6)

In terms of the dependences on Te and ne, this expression is the same as the
empirical formula derived by Merezhkin and Mukhovatov [8]. The absolute value
of xe and the dependences of xe °n the plasma major and minor radii are also
similar to those in Ref.[8]. Equation (6) is valid for a fixed radial distribution of
the current density satisfying Eq.(l) and a Te distribution determined by the
Spitzer electrical conductivity.

We shall now assume that small local violations of condition (1) are possible
for the profiles j(r) and Te(r). Then, in accordance with the model of small-
scale tearing modes [7], the thermal conductivity should depend on grad j and
grad Te, and should increase rapidly on approaching the limiting values of the
gradients defined by Eq.(l).

The conclusion that the thermal conductivity depends on the electron
temperature gradient agrees qualitatively with the experimental results. Figure 8
shows the relationship between the heat flux across a toroidal surface of minor
radius r = 13 cm and the Te gradient at this surface. This radius was selected as
the most convenient for calculations since the maximum increase in grad Te is
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observed at this point. The heat flux was calculated from the change in the energy
content of the plasma electron component within the selected toroidal surface.
It was assumed that the Joule energy contribution to the electrons and the energy
losses due to radiation and ion heating are constant. Figure 8 shows a non-linear
increase in the heat flux as the Te gradient increases. We note that allowance
for variations in the radiation losses and heat exchange with ions would demonstrate
even more clearly the non-linear character of the dependence shown in Fig.8.

4.3. Disruptive instability

The existence of oscillations of the poloidal field at frequencies of the order
of hundreds of kilohertz which, as has been observed, accompany disruptions
agrees with the reasoning on small-scale tearing modes. A large-scale magnetic
island which develops spontaneously or (as in this case the m = 2 island) is produced
by an external winding, distorts the radial profile j(r), forming a step on this
profile with a planar section within the island and steep sections in its vicinity.
If the perturbation of the profile is fairly large and grad j near the island exceeds
the constraint (1), this results in the evolution of small-scale tearing modes,
destruction of the magnetic surfaces and expansion of the region of equalization
of j(r). Thus, an avalanche-like process of expansion of the region of increased
transport takes place in which the large-scale tearing mode only plays the part of
a threshold 'trigger mechanism' and small-scale modes subsequently play a major
role. Their growth rates are m2 times higher than the growth rates of large-scale
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modes, which explains the high rate of disruption. Since, at a given rotational
speed, the frequency is proportional to m, the small-scale modes should have the
external appearance of high-frequency oscillations of the magnetic field. Such
oscillations have been observed experimentally. However, we note that their
spatial structure was not measured. The appearance of comparatively short-
wavelength perturbations during the evolution of disruption was noted earlier
inRefs[9-12]and[5].

4.4. Bremsstrahlung continuum profile in the visible

It was shown in Fig.4 that when a poloidal field perturbation is applied, an
appreciable increase in the product ne-v/Zeff is observed in the range of minor
radii r = 10-15 cm, i.e. near the outer boundary of the magnetic island. This
may be attributed to the formation of a potential barrier for multiply-charged ions
in the region of increased transport [13]. Another possible explanation [14]
is reversal of the impurity flux as a result of spatial resonance of the m = 2,
n = 1 magnetic field perturbation with inhomogeneity of the plasma density if
this inhomogeneity contains the m = 3, n = 1 harmonic. Possible causes of
density inhomogeneities may be localized injection of neutral hydrogen in the
T-7 chamber and the possible formation of m = 3, n = 1 magnetic islands at the
plasma edge.

5. CONCLUSIONS

Experiments have shown that application of a quadrupole field in the T-7
tokamak results in the formation of an m = 2 perturbation and gives rise to
characteristic features on the radial distributions of the plasma electron tempera-
ture and intensity of the bremsstrahlung continuum emission in the visible part
of the spectrum. If the amplitude of the perturbation is fairly large, a disruptive
instability develops.

These results agree with existing reasoning on the plasma tearing instability
and, in particular, with the model of small-scale tearing modes which can be used
to calculate the position of the resonant magnetic surface close to that observed
experimentally and also explains the non-linear electron thermal conductivity
mechanism and characteristics of the evolution of disruptions. The conclusion
that the transverse transport depends non-linearly on the current density gradient
suggests that tokamak discharge regimes with improved thermal insulation of the
plasma may be feasible. These regimes may be achieved by artificial formation
of gently sloping radial distributions j(r), using non-induction methods of current
generation in which the current density is not subject to overheating instability.
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DISCUSSION

R. HAWRYLUK: How was the electron temperature measured, and was the
location of the q = 1 surface determined from soft-X-ray or from cyclotron
emission measurements?

V.S. STRELKOV: The electron temperature was determined from the
intensity of cyclotron radiation at the second harmonic.



Session W

POSTER SESSION





IAEA-CN-41/W-1

INVESTIGATION OF SUPRATHERMAL
DISCHARGES IN THE ASDEX TOKAMAK

G. FUSSMANN, G.BECKER, K. BEHRINGER,

K. BERNHARDI, K. BUCHL, D. CAMPBELL,

A. EBERHAGEN, W. ENGELHARDT, O. GEHRE,

J. GERNHARDT, G. v. GIERKE, E. GLOCK, G. HAAS,
M. HUANG*, F. KARGER, M. KEILHACKER,
S. KISSEL, O. KLUBER, M. KORNHERR, K. LACKNER,
G. LISITANO, G.G. LISTER, H.M. MAYER, D. MEISEL,
E.R. MULLER, H. MURMANN, H. NIEDERMEYER,
W. POSCHENRIEDER, H. RAPP, H. ROHR,
F. SCHNEIDER, G. SILLER, P. SMEULDERS,
F. SOLDNER, E. SPETH, A. STABLER, K.H. STEUER,
G.VENUS, O.VOLLMER, F.WAGNER, Z. YU*
Max-Planck-Institut fur Plasmaphysik,
Euratom-Association,
Garching,
Federal Republic of Germany

Abstract

INVESTIGATION OF SUPRATHERMAL DISCHARGES IN THE ASDEX TOKAMAK.
Discharges of the slideaway type can be produced in ASDEX under clean divertor

conditions only for densities below 8 X 1012 cm"3. It is found that for densities in the range
^ 3 X 1012 cm'3 a large fraction of the current is carried by suprathermal electrons. Electron
temperatures of 1.3 keV are measured and energy confinement times of 20-40 ms for the bulk
particles are obtained. On the other hand, total energy confinement times of 120 ms are found.
Strong HF activity and suprathermal ion tails are observed, indicating the importance of particle
wave interaction in these discharges. X-ray as well as magnetic measurements show that no
appreciable changes of the current profile take place after the transition from thermal to slide-
away states is complete. Attempts to decrease qa below 2 failed owing to the onset of disruptive
instabilities. By means of pellet injection and fast gas puffing into these discharges, excellent
particle confinement properties are obtained for approximately 100 ms. Good heating efficiency
is found for neutral injection during this phase.

I. INTRODUCTION

In a previous paper /I/ we have reported a special type of
suprathermal, low density discharge (ne~ 2 x 10 ̂ cm~3) which is
characterized by an extremely low loop voltage
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I = 250 kA) and a very low level of hard X-ray intensity in the
MeV range. Because of the large reduction of the loop voltage,
stationary long pulse discharges of up to 12s duration were
obtained. In addition to this technical achievement, we found
indications of unexpectedly good energy confinement in these
discharges. As a result of these findings we were motivated to
continue this work, and to develop improved diagnostic methods.
The quality of confinement in suprathermal discharges is of
particular interest because of the large ratio of the electron
drift to the thermal velocity. The finite drift velocity of the
electrons is generally considered as having an unfavourable in-
fluence, and is frequently regarded as being the actual cause of
the poorer confinement in tokamaks in comparison to current-free
stellarators.

Based on the assumption that good confinement in suprathermal
discharges may be due to the current profile being more peaked
than in Ohmic discharges, we have performed experiments aimed at
continuing such profiles into a higher density regime for inter-
vals on the order of the current skin time. These involved the
injection of pellets, as well as fast gas puffing.

Another aspect of this work is related to lower hybrid current
drive experiments. Since current drive requires a plasma having
some non-thermal electron component with which launched waves may
resonate /2/, the density at which non-Maxwellian tails can be
maintained was studied. This was accomplished by puffing varying
amounts of gas into fully developed suprathermal discharges.

II. DESCRIPTION OF THE SUPRATHERMAL PHASE

1. Classification of suprathermal discharges

In the classical works on runaways, it is assumed that elec-
trons with a sufficiently high velocity behave like free particles
that can be accelerated by an electric field to arbitrary high
energies. In tokamak experiments, however, it is found that because
of particle losses or additional forces, such as particle wave
interaction, a state is reached during which the bulk and the
tail of the distribution function do not change. It has become
customary to denote such stationary discharges as runaway dis-
charges when a marked deviation from a Maxwellian distribution
function prevails. More specifically, one distinguishes in a
very qualitative way between runaway and slideaway discharges /3/
according to the energy range of the observed bremsstrahlung. In
the following we use a more precise classification which is
adapted to our experimental findings: a runaway discharge is
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characterized by a high level of hard X-rays in the MeV range
(either plasma bremsstrahlung or thick target bremsstrahlung
produced by runaway impact), but shows only a marginal reduction
in the loop voltage (factor < 2 compared to a thermal discharge);
a slideaway discharge, on the other hand, yields very little
radiation in the relativistic range (generally even less than a
thermal discharge) but shows a much larger reduction in the loop
voltage (typical factor 3-10). Hence, in a runaway discharge
there is a relatively weak suprathermal tail extending far into
the MeV range, whereas in a slideaway discharge a significant
fraction of current is carried by particles with energies up to
a few 100 keV.

2. Conditions for the slideaway regime

According to the previous discussion, slideaway discharges
are of greater interest than runaway discharges, since only in
these cases is a pronounced deviation from a thermal discharge
expected. It is found, however, that the normal low density dis-
charges in ASDEX are of the runaway type. Slideaway discharges
can be produced only in very clean diverted discharges in which
Ti-gettering has been applied in the divertor chambers. In dis-
charges without Ti-gettering, or where toroidal or poloidal
limiters are used, a slideaway-like character is observed only
for the non-stationary phase, lasting a few 100 ms after the decay
of density. On the other hand, stationary slideaway discharges,
lasting for at least several seconds, have been produced in
hydrogen as well as deuterium, and for plasma currents from
150 to 300 kA. For qa values smaller than 3.2, however, a
spiking in the loop voltage and other signals is observed, and
some of the discharges terminate disruptively. Furthermore, in
the few attempts that have been made to check for the low qa

limit, disruptions at qa ; 2 occurred regardless of whether this
limit was reached by increasing the plasma current or decreasing
the toroidal field.

To generate slideaway discharges in ASDEX, a medium density
plateau is established, followed by an abrupt decrease in density
produced by closing the gas valve. Figure 1 shows the traces of
current, loop voltage, and line-averaged density for a slide-
away discharge in deuterium where the plateau of medium density
(iie = 2.7 x 10'

3cm~3, U l o o p = 1.2-1.3 V) lasts from 0.6-0.8 s.
In addition, 30 spectra of plasma bremsstrahlung (scan time 0.2 s),
each collected along a central radial chord and covering the
energy range from 20to 200 keV, are shown on top of the figure.
After t = 0.8 s, the density decays with a time constant of 45ms
until n e ~ 3xlO^2cm~3 £s reached; thereafter a much slower decay
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for a slideaway discharge with a density plateau of 4 X 10n cm'3. Also shown are 30 X-ray
spectra (20 < hv < 200 ke V) with a scan time of 200 ms (upper part).

is observed, and an asymptotic value of n = 1 xlO cm"' is
attained after several seconds. In the particular case shown
in Fig. 1, the density is increased again after t = 2.4 s, and
after t = 3 s a third plateau of n e = 4xlO'^cm~3 is maintained
by pre-programmed feedback control. As compared to the density
signal, the loop voltage is seen to decrease less rapidly during
the time interval 0.8-1.2 s; furthermore, the plateau values
of U^OOD/ne are found to increase with decreasing density. For
plasma currents of 250 kA a minimum voltage of 100 mV in hydro-
gen and of 220 mV in deuterium has been measured. It is unclear,
however, whether this difference between the two gases has a
deeper physical origin or is just due to different impurity
concentrations in the two cases. In both cases, however, the
total radiation losses as measured by a bolometer are found to
be only a small fraction of the Ohmic input (10 % ) , indicating
that the plasma remains clean.

The X-ray spectra shown in Fig.1 demonstrate clearly the
transition to the slideaway regime: whereas for t <_ 0.8 s flat
spectra are produced by runaways born during the first 100 ms,
we obtain for t > 1 s much softer spectra with a characteristic
slope energy of approximately 60 keV. Furthermore, the photon
flux in the total energy range 20 - 200 keV grows by a factor of
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FIG.2. The same as Fig.l but with the density plateau increased to 1 X 1013 cm'3.

five, in spite of the large reduction of density. On the other
hand, there is only a slight increase in the characteristic slope
energy and intensity with the transition to the third density
plateau (t = 2.4 s), while the loop voltage increases from 0.25
to 0.5 V. Markedly different spectra, however, are obtained
when the third density plateau reaches 1 x lo'-̂ cxn-̂  a s £s shown
in Fig.2. In this case the loop voltage increases to 0.8 V, but
the characteristic slope energy increases to several 100 keV
and the intensity is substantially reduced. These experiments
as well as others where various density programs have been
studied, show that a qualitative change takes place from a
slideaway to a runaway discharge when the density passes
6 -8 x 10'2cnT3.

3. Detailed diagnostics

Important information on the development of the plasma during
the decay of density and the low density phase is obtained from
ECE measurements (Michelson interferometry, and grating spectro-
scopy at the 2nd harmonic), charge-exchange measurements (CX), HF
measurements in the range 0.1-1-0 GHz (using small loops with
various orientations 15 cm remote from the separatrix), T e

measurements using a multipulse YAG laser /4/ with a repetition
frequency of 50 Hz, and a 3-channel PHA system with 5x0.6 cm
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Nal crystals for the acquisition of suprathermal bremsstrahlung
spectra along three different chords perpendicular to the
toroidal field.

It is found that on passing a critical density of 5xlo'^cm ,
microinstabilities /5/ occur which are recognized by the well-
known step-like increase in the ECE intensity. A more careful
analysis of the transition phase, however, reveals that broad-
band ECE, indicative of a non-Maxwellian distribution, is already
evident 100 ms after closing the gas valve. Furthermore, while
the emission increases by an order of magnitude as a result of the
instabilities, there is no substantial change in the shape of
the emission spectrum (details of the ECE measurements will be
presented elsewhere). The step-like increase of the ECE signal
is correlated with an increase in the suprathermal CX fluxes
perpendicular to the magnetic field, whereas the parallel fluxes
continue to decrease (Fig. 3). The enhancement of the perpen-
dicular CX fluxes indicates, a strong particle wave interaction,
which is confirmed by a dramatic increase in HF activity (70 dB).
During the low density state (ne = 1.3x 10

12cm~3, BQ = 2.2 T)
particularly strong excitations around 0.75 GHz are observed,
but bursts also occur at lower frequencies. The detected waves
are almost completely polarized with the vector B oriented in
the poloidal direction.
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FIG.4. Spectrum of plasma bremsstrahlung during the slideaway phase as measured along the
central chord (I = Nphot X hi>/(AS X AJ2 X Ahi>)) in comparison with calculated spectra for
a relativistic'Maxwellian at various temperatures.

During the slideaway phase, the CX measurements yield a non-
Maxwellian ion distribution with a bulk temperature of 160 eV
in the plasma center and a suprathermal tail extending from 2
to 20 keV. In deuterium discharges, fluctuations in the supra-
thermal CX flux are found to be correlated with the flux of
neutrons produced by d-d reactions.

The electron bulk temperature as determined by laser scatter-
ing is Te(0) = 1.2-1.4 keV, with no detectable density dependence
for n"e <_ 8xlO

1 2cm" . Comparing this value with the 0.7 keV mea-
sured during the thermal phase (t = 0.6-0.8 s), it is inferred
that, at least for the lowest densities where U-^oop is reduced
by a factor £6, a considerable fraction (>50 %) ol the current
is carried by the slideaway tail. From the measured temperatures
and densities (ne = 1.3 x 10'2cin-3) the energy content of the
bulk electrons and ions is estimated at 1.0 kJ. On the other
hand, a value of IS A =0.12 (see Fig. 6) equivalent to a total
energy content of 5.8 kJ is measured (in D2-discharges) by
means of diamagnetic loop. Taking into account an Ohmic input
power of 30 kW (H2) or 55 kW (D2), bulk energy confinement times of
37 and 20 ms respectively are deduced. The total confinement
times are approximately a factor of 6 larger. Thus, the values
of the bulk confinement times are still comparable with the maximum
confinement time of 60 ms obtained in high density discharges,
in spite of the fact that the ratio of electron drift to thermal
velocity has become as large as 0.3 in the center of the plasma.

Valuable information on the slideaway tails is obtained from
the bremsstrahlung spectra. In Fig. 4 such a specrum is plotted
with the usual scaling I = Nphot x hv / (AS x A£2 x Ahv). Slight
corrections for the absorption in air and non-ideal detector
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FIG.5. (a) Density interferometer traces for chords at r = 0 and rja = 1/2 after pellet injection
into a slideaway discharge, (b) Radial profiles of density at the three times indicated in (a).

efficiency have also been taken into account. It is found that
the spectra detected along the three chords (rj = 0 cm, r2= 13 cm,
r3 = 27 cm; a = 40 cm) are identical in shape. This surprising
result emphasizes that the spectra do not depend on the local
values of ne and Te but rather are controlled by non-local
mechanisms such as particle wave interactions. From the measured
intensity ratios for the three chords (1 : 0.58 : 0.07), relatively
broad radial profiles are deduced for the slideaway density.

Calculations using accurate expressions for the bremssstrahlung
cross-section show that our measurements can be approximately
described by a relativistic Maxwellian (Fig. 4) with a slideaway
temperature in the range of 60 - 100 keV. To account for current
transport this Maxwellian may be multiplied by an asymmetry
factor (1 +ecosG) with 9 being the angle between v and B. This
asymmetry factor does not affect the radiation detected perpen-
dicular to B, nor does it imply an anisotropy of pressure
(i.e. <VJL > / <V||2> = 2 independent of e ) . The measured energy
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content of the slideaways (4.8 kJ) is obtained by assuming a
slideaway density of ns(o)/ne(o) = 0.075 - 0.13 (ns(e) =
= 1.5 - 2.5xlOllcnT3) for T- = 100 keV and T- = 60 keV, respec-
tively. Furthermore, the current density on axis j(o) = 200 A/cm/

is consistent with an asymmetry parameter of £ = 0.3 - 0.4;
agreement with the X-ray measurements on an absolute scale
(hv > 100 keV) requires Zeff = 2 - 3 .

III.PARTICLE AND ENERGY INJECTION

In some of the slideaway discharges, D2 pellets of 1.80X 1.8mm
size have been injected at a velocity of 800 - 900 m/s. In con-
trast to higher densities, where the pellets penetrate typically
20 cm into the plasma, it is found from photographic observations
that the pellet ablation takes place close to the separatrix,
probably due to pellet disintegration as a result of slideaway
bombardment. Despite this unfavourable deposition, an increase
of density by a factor of 20 within 15 ms is observed. In Fig. 5a
HCN interferometer measurements for the central and r = a/2
chord are shown. The radial profiles constructed from these
measurements for the three indicated times are also plotted in
Fig. 5b. Within the time interval tj £ t < t2>about 1/4 of the
injected particles are lost, leading to a peaking of the density
profile. Whereas the particle confinement time within this first
time interval is already as high as 100 ms, much larger values
on the order of 400 - 500 ms are deduced for the second time
interval t2 £ t <_ t$. After t = t3 the particle confinement is
considerably degraded and the density decays. Very similar
effects can be produced by fast gas puffing lasting 10 - 50 ms.
After pellet injection or short gas puffing, the electron
temperature as measured by laser scattering decreases from 1.3
to 0.6 keV within 50 ms. On the other hand, it is found from
ECE measurements that although the non-thermal intensity is
markedly reduced during the high density interval, completely
thermal spectra are not restored.

Because of the fast changes of the plasma parameters, no
reliable energy balance can be made for the high density phase
after pellet injection. Some preliminary information on the energy
confinement during this time is obtained from neutral injection
heating. On injecting a 1.3 MW hydrogen beam (40 keV particle
energy) for 100 ms, ion temperatures as high as 4 keV are measured
by CX diagnostics. Doubling the injection power, however, pro-
duces no further increase in Tj. It is also observed by ECE mea-
surements that with neutral beam injection the slideaway charac-
ter of the discharge can be lost. Thus, the original good con-
finement properties may be destroyed by excessive heating power.
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Some attempts have been made to inject with reduced beam
particle energy (20 keV) and beam power (100 kW) into the low
density regime. Little heating efficiency is observed and the
slideaway character remains. One positive side effect of the
injection is an increase of the soft X-ray signal which allows
the observation of the sawtooth activity. This supports the con-
tention (discussion later) that q(o) s 1 throughout the slide-
away phase.

One may speculate that the good particle confinement is due
to more pronounced peaking of the current profile - possibly
enhanced by pellet injection - in comparison to normal Ohmic
discharges. This asssumption, however, cannot be confirmed by
the measurements. In Fig. 6 an example is shown where three fast
gas puffs have been added to a slideaway discharge with an
increased density plateau for t > 2 s. By means of the diamag-
netic loop (R^±) and plasma position measurements (Bp + 1^/2),
some information on the shape of the current profile (via
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internal inductance lj) and the anisotropy of the distribution
function can be obtained since the former signal is proportional
to the perpendicular pressure, whereas the latter quantity
depends on the sum of parallel and perpendicular pressure
(Bp = (fipj. + (3p,,)/2 (Ref. /6/)). From the measurements shown in
Fig. 6 we obtain for the thermal phase at t = 0.6 - 0.8 s a
value of l-j/2 = 0.62. If Pj. = Pj. is assumed after the first
gas puff, because of the relatively high density, the sarae
value of the internal inductance is obtained. Furthermore,
measurements during the slideaway phase before the first
gas puff are consistent with Pj. = P,( and 1^/2 = 0.62 = constant.
Thus, as indicated by the X-ray measurements, there is no
change in the current profile, nor is there evidence for
anisotropy of pressure during the slideaway phase.

IV. SUMMARY

It is found that slideaway discharges characterized by a
relatively large number of electrons in the energy range from a
few keV to a few 100 keV which carry a substantial part of the
plasma current can be produced in ASDEX only under clean con-
ditions in the divertor mode. Moreover, limits are observed in
the minimum safety number (qa s 3.2) and maximum density
(ne = 8 x I012cm-3).

The transition to the slideaway phase is accompanied by a
considerable increase of HF activity - supporting the assumption
that the dynamics of the suprathermal electrons are governed by
particle wave interaction.

X-ray spectra in the energy range 20 - 200 keV, measured at
various radii, show a characteristic slope energy of 60 - 100 keV
and reveal that the non-thermal part of the distribution function
does not vary over the plasma cross-section. From the intensity
profiles no indications for an anomalous shaping of the current
density profile are obtained. This result is in agreement with
measurements of the internal inductance, which is found to remain
constant during the thermal and slideaway stage and, furthermore,
does not change in cases where the density is rapidly increased.
This surprising result may possibly be explained by a controlling
mechanism imposed by internal disruptions which force q(o) ~ 1.

The energy content and the energy confinement times are de-
termined by means of laser scattering measurements of Te (bulk)
and measurements of 6 x via a diamagnetic loop (bulk + slideaways).
For slideaway discharges in hydrogen, confinement times of approxi-
mately 40 ms for the bulk plasma are obtained. In deuterium bulk
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confinement times of only 20 ms are found on account of a less
pronounced reduction of loop voltage. On the other hand, total
energy confinement times as large as 120 ms are found in the
same discharges. These good confinement properties are obtained
for drift parameters v̂ /vf-jj as large as 0.3.

Interesting results have been obtained by pellet injection
and fast gas puffing into the slideaway phase. A growth of
density by factors of 20 have been achieved within 15 ms,
indicating the stability of slideaway discharges. After injection,
a period of excellent particle confinement is observed. This
phase is terminated by a rapid loss of density after ~80 ms -
possibly due to a slowing down of slideaways. Neutral beam
injection applied during this time yields promising results
(T^ -z 4 keV) for medium injection powers of 1. 3 MW. For larger
injection power, however, a deterioration of the confinement
is observed.
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Abstract

FINITE-0 REGIMES AND TRANSPORT PROCESSES IN THERMONUCLEAR PLASMAS.
A "second stability region" for internal kink modes, characterized by poloidal wave

numbers m° = 1, has been found in finite-/3 axisymmetric configurations. This makes it
possible to envision a broad class of heating cycles from low-/3 to high-j3 regimes that maintain
complete ideal MHD stability for both ballooning and internal kink modes. These heating
cycles can be viewed as a sequence of equilibria of which the first part, which involves a rela-
tively fast temperature rise, preserves the magnetic flux. In the second part the flux conservation
is allowed to relax and the field "twist parameter"*(\p) to become larger than unity over a con-
siderable portion of the plasma column. The problem of confinement of energetic fusion reac-
tion products and of the possible influence of the collective modes that can be excited by them
in finite-0 regimes where ideal MHD ballooning modes are stable also leads to rather optimistic
conclusions. In fact, the "shear Alfven" type of perturbations from which ballooning modes
evolve do not appear as normal modes in realistic toroidal equilibrium configurations. The rate
of electron energy transport found in Ohmic-heated experiments is compared with that observed
in experiments where injected heating prevails. An analytic expression for the relevant diffusion
coefficient is given which is found to reproduce well both the electron temperature profiles and
the limited number of experiments whose energy balance has been analysed so far. A 1-D
transport code that reproduces the energy confinement times for temperature and density oscilla-
tions corresponding to the well known sawtooth oscillations observed in current experiments has
been developed. This code has been used to predict the time-dependent rate of fusion reactions
for near-term experiments such as Ignitor which should test the a-particle heating of D-T plasmas.
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1. INTRODUCTION

We report briefly the main conclusions of a set of parallel
lines of investigation that we have carried out on the subject of
finite-3 plasmas in conditions where substantial heating by fusion
reaction products can occur. Our long-range goal is in fact that
of identifying plasma regimes characterized both by relatively
high densities and temperatures in which the burn conditions of
tritiumless plasmas (so-called advanced fuels) can be experi-
mentally investigated.

2. A SECOND STABILITY REGION FOR INTERNAL KINK MODES

We have investigated whether the onset of ideal MHD internal
kink modes can jeopardize the stability of finite-beta toroidal
plasmas in which the rotational transform exceeds 2TT. In this
context we recall that the m°=l, n°=l internal mode was found to
be stable, regardless of the current density profile, for low
enough pressure gradients [1]. However, the mode becomes un-
stable for values of the poloidal beta above rather modest thresh-
olds (typically 3 p £ 0.3), with the plasma pressure gradient as
the main instabilxty driving factor.

Once we are in a regime where instabilities are driven by
the plasma pressure gradient, it is natural to ask whether the
same factors that produce the so-called "second stability region"
of ballooning modes [2] will also affect favorably the stability
of m°=l modes. In order to answer this question we have con-
sidered a simplified large-aspect-ratio equilibrium model, which
emphasizes the effects associated with the strong outward shift
of the magnetic axis in deeply diamagnetic plasmas [3]. We have
assumed the plasma cross-section to be limited by a perfectly
conducting circular wall and the magnetic surfaces to be also
circular. The poloidal beta is assumed to be much larger than
unity, of the order of the aspect ratio. The displacements of
the centers of the magnetic surfaces are obtained by solving
the first two moments of the hydromagnetic force balance equation.

By minimizing the ideal MHD potential energy functional with
respect to fluid displacements dominated by m°=l and m°=2 poloidal
harmonics » we derive a stability criterion against internal
kink modes. For sufficiently high beta, the leading contribution
to the potential energy functional may be written [3]

W[x2;eBp»l] = -7F
2 | dr|x;(r)*| 1 dp p V (p)l + x, Crfrp' (r)
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For any monotonically decreasing pressure, W is positive definite,
which implies that the mode is stable, independent of the toroidal
mode number n°. The low beta limit for our theory agrees
with the large beta limit of the standard theory [1] of m°=l
modes in low-beta tokamaks. Therefore it is possible to give an
asymptotically matched stability criterion, correct to leading
order in the aspect ratio, for arbitrary beta values. The
resulting stability limits against n°=l internal modes are repre-
sented in Fig. 1 for a typical class of tokamak equilibria.

2.0 r

1.5

1.0

0.5

0.25 0.5 0.75 1.0 1.25

FIG.l. Stability diagram for the m°'= l , n ° = 1 internal kink mode, for the following class
of equilibria: p(r) = po(l - ^ / a 2 ) exp(- 2 r W ) , q(r) = q0 (1 + r r/a2 + r4/a4). Here
e = a/R0 = 1/4 and j3p = [q(a) Ro/(Boa)]2

o/ dr 16 jrpr/a2. The dashed line corresponds to
the theory of Ref. [1], which is applicable for e/3p <SC 1, and exhibits a low-$ stable domain
as well as the stabilizing effect of the conducting wall atr — a. The solid line refers to our
finite-^ theory [3] and shows the suppression of the instability for sufficiently high (3.

This diagram shows the low-beta stable domain predicted by the
standard theory [1], as well as the new stability region above
a second marginal value of the poloidal beta. The mode stabi-
lizes as q0 decreases because the resonant surface approaches
the conducting wall.

For qo<l/2, the n°=2 mode would be excited. This mode does
not have a low-beta stable domain but is stable above a similar
high-beta threshold.

3. CONFINEMENT OF FUSION REACTION PRODUCTS IN FINITE-S REGIMES

Collective oscillations interacting with charged fusion re-
action products having energies in the MeV range (for instance
ct-particles in D-T plasmas) could in principle cause a deterio-
ration in their confinement as these particles form a separate,



310 COPPIetal.

nonthermal and spatially inhomogeneous population. In
particular, as a consequence of their relatively large magnetic
curvature drifts, magnetically trapped a-particles can resonate
with shear Alfven waves having frequencies u-WQa, the magnetic
curvature drift frequency averaged over the particle orbit.

We have examined this type of interaction both analytically
[4] and numerically [5] in an axisymmetric toroidal equilibrium
configuration. Our results differ considerably from earlier
results that postulated the existence of regular undamped shear
Alfven normal modes. In fact [4], in a configuration with mag-
netic shear, ideal MHD shear Alfven waves have a continuous
spectrum. The amplitudes of the corresponding normal mode solu-
tions are singular on the magnetic surfaces where the local
Alfven frequency WA=k|lcA is equal to the mode frequency, imply-
ing that the modes are subject to absorption and thus to damping.
Near the singularity, the effective radial wavelength becomes of
the order of the ion gyroradius and, if the parallel component
of the perturbed electric field does not vanish, electron Landau
damping can be an efficient mechanism of dissipation. Other
dissipative effects, such as ion viscosity, could also become
important; finite-Larmor-radius terms alone cannot remove the
singular behaviour of the normal-mode solutions [6], In con-
trast, transient perturbations with regular amplitudes are
damped by dissipation only late in their evolution, when their
effective radial wavenumber becomes large as a consequence of
the stretching caused by the radial dependence of their phase
velocity. The analytical results obtained in [4] for modes
with high toroidal mode numbers also extend to modes with low
toroidal mode numbers [6].

In a toroidal configuration the spectrum of shear Alfven
waves is modified by the coupling to the interchange modes,
which gives rise to the ballooning modes. In the ballooning
unstable domain the spectrum of the waves acquires a discrete
part. Outside this domain, in the so-called first and second
stability regions, the spectrum is continuous but the coupling
to the interchange modes affects the resonant interaction with
the fusion products [4]. The energy gained from the resonant
interaction may exceed the energy lost to dissipation and
could produce unstable normal modes or at least a temporary
amplification of transient perturbations.

A dimensionless number C o= (na/n)(L£/rQRc)(ea/macA
2)

characterizes the effect of the resonant interaction. Here
na/n is the relative density of (magnetically trapped) high-
energy a-particles', £ a and HIQ their kinetic energy and mass
respectively; Lc - 2TTqRc is the magnetic connection length;
Rc the radius of magnetic curvature; and rQ the scale length
of the a-particle density. Numerical solution of the rele-
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vant dispersion equation [5] shows that unstable normal modes
occur in the range C o>0.01 - 0.05. Realistic values of C o

fall below these limits, where the resonant amplification of
transient perturbations is not sufficient to cause a signi-
ficant quasilinear flux of the a-particles.

A. TRANSPORT IN OHMICALLY HEATED EXPERIMENTS

We have identified a scaling for the electron energy con-
finement time that gives a good representation of a wide variety
of Ohmically heated experiments. This scaling is consistent
with a local electron thermal diffusion coefficient:

Dth = V * ( r ) / ( n e e ) X Ac * Where J*(r) = (2/r2) £ J||r'dr' '
A = (a/8)/(16ir) xc 2/ 5 , J|| is the current density, n the electron

density, a the plasma minor radius, e is a numerical coefficient

and C = u) . d2/(v X2) is a characteristic dimensionless number,
y pi e ee e

Here w . is the ion plasma frequency, d = c/w is the electron
pi e pe

inertia skin depth and \ = v , /v is the electron-electron
., . . c -i-e the ee

collision mean free path.

The resulting scaling for the resistive loop voltage, valid
when electron conduction is the dominant energy loss mechanism,

is VN =Ec[R/<4a)][qs/6q°] x f y e . Here T c = C
2/5 T^ ( n ^ / A ^ / 5 ,

where A. is the mass number and Z the charge number of the main

ions, T c=[ £ dCr/a^/T.]""1, <\J% = An [na<J||>32Trae/(ecTc)],
<> denotes a volume average, n = 1 , n ( r = a ) a n d ^ n i s ttie

classical electrical resistivity. Then if we take T <^{r\ Z./A.)1/5

and notice that q /q is nearly constant, we find that the elec-
tron energy confinement time can be represented by [7]

-5/3 2/3 7/3

T2(ms)-2.52 ec [n^lO1" cm"3)] [a(10 cm)]

X (A./Z.) Ẑ '« / [Ip(kA) G
2] j 1/3 x F (4-1)

where ne is the line-average electron density, Zeff the effec-
tive ion charge and I p the total plasma current. The quantity
F, which accounts for possible variations of qs/q°, in low qs
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FIG.2. Electron energy confinement time in a variety of experiments with qs > 3 as a function
(a) of the variable r 2 defined by Eq. (4-1 j , and (b) of the variable 3nea

2. The experimental
value of the replacement time r | e is also shown in (bj.

regimes, is set to unity for all discharges considered below
(with qs > 3).

The electron-ion energy transfer is taken into account by
including the factor G= [1 + P /P ] in Eq.(A-l) and multi-

plying the experimental electron energy replacement time T

(3/2) < n e V / by Here PQH(r) and'

P£.(r) are, respectively, the volume-integrated Ohmic heating
power and electron-ion power transfer, P (r) is the power loss
by electron conduction across a radius r, and r^ is the radius
where Te(r)lt) « Te(0)/3. In the evaluation of Pei, it is
assumed that the ion heat conductivity is given by the neo-
classical theory [8].

The considered experiments cover the following parameter
ranges: 1013cm"3 < n e < 6xlO

l"cm-3, 40 kA £ Ip 1 500 kA,
12 kG < B T < 80 kG, 9 cm < a < 44 cm, 54 cm < R < 143 cm,
3 1 qs £ 7, 1 .5 Z e f f < 4 and 1 < A ± 1 4. Here % is the
toroidal magnetic field, R the plasma major radius, and qs the
safety factor at the plasma surface. The electron energy con-
finement time in these experiments is represented in Fig. 2a
as a function of the variable T2 defined by Eq.(4-1). The
remarkable improvement that scaling T2 represents with
respect to the simple iiea

2 scaling is seen in Fig. 2b. The
fit of Fig. 2a was based on taking e c = 0.35, but a more pre-
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cise estimate of this numerical coefficient requires a
detailed numerical simulation [9] of the derived electron
temperature profiles.

5. TRANSPORT IN EXPERIMENTS WITH "INJECTED" HEATING

The derivation of the effective diffusion coefficient
used to describe experiments in which only Ohmic heating is
present can be extended to the case where considerable external
injected heating is added. The adopted point of view is that
these transport coefficients are the result of a set of global
conditions for the existence of self-consistent equilibria
[10,11] and that:

(a) The current density distribution tends to relax into a
profile that has a maximum at the center of the plasma
column and is monotonically decreasing toward the column
edge;

(b) The class of microscopic processes that allows the current
density distribution to relax toward its "optimal" profile
is characterized by the dimensionless number C^tOpide2/
(veeAe

2) introduced in Section 4, where v e eX e
2 is the

collisional diffusion coefficient that represents the
longitudinal electron viscosity;

(c) The "optimal" electron energy deposition profile, for
which the scaling of the electron energy confinement time
is the same as that appropriate for Ohmic heating experi-
ments, is close to that of the current density profile,
typical of Ohmic heating.

Then we obtain

A

J ne c
S
e

(5-1)

where T3/2=Eo/r,oJo, rio=nci(r-0), Jo=J||(r=0), Z-T
3/ 2 Se/

(EOJ||), Ac, e c, and JA have been defined in Section 4, Ji|=JA(r,.),

2

T = I 1 + i- I I sY (5-2)

is a conjecture we make for the value of peak electron temperature,
Se(r) is the total rate of energy deposition on the electrons,
excluding Ohmic heating, SA=(2/r

2)/o
r r'dr'Se(r'), Se=S*(r=r5)

is taken to represent the relevant energy deposition in the
center of the plasma column, and Te(r )=0.2 T e o. Notice that
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TABLE I. NUMERICAL ESTIMATES OF THE DEGRADATION
COEFFICIENT

Case S /<E JM> (profile) (scaling)
e o II '

PLT [12] 0.55 1.08 0.77

PLT [13] 2.75 1.18 1.26

ISX-B [14] 2.96 i.oi 1.18

the form (5-2) yields the same value and_scaling for Te,_as
that for the case of Ohmic heating, for Z>>l(Se-*-°° ) and £
and Yj~Y=l- In particular we have taken

- d ( ^ :
Jil (r) r5

(5-3)

We have analyzed a limited number of experiments and found
that Y=Y, reproduces the available experimental data reason-
ably well, although y is a degradation coefficient for which
different physical factors than the energy deposition profile
can be considered.

Equations (5-2) and (5-3) have been applied to experi-
ments with neutral beam injection in PLT [12,13] and ISX-B
[14], Using profiles for Se, deduced from relevant measure-
ments, values of Y =Y (Proflle) were calculated from Eq.(5-3).
The same Se profiles were then used along with experimentally
determined values of T in Eq. (5-2) to calculate values of
Y EY^ s c a l i n§). A comparison of these values is shown in
Table I for three discharges that were investigated. For
each of the cases in Table I, theoretical plots of Dj versus
r have been made using Eqs (5-l)-(5-3). The results for PLT
[13] are considered in Fig. 3. For reference, the values of
thermal diffusion D|g corresponding to the ohmically heated
plasma, are shown. It can be seen that Dj is enhanced rela-
tive to D ^ (by as much as a factor of 4-5 at the plasma edge)
Also shown in Fig. 3 are the experimentally determined values
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FIG.3. Electron thermal energy diffusion coefficient Dj as a function of normalized radius
r/a, for neutral beam injection (NBI) in PLT [13]. Shown also are the values of the diffusion
coefficient D*°, derived from the Ohmic scaling (Section 4).

of Dj (i.e. values that were found by direct evaluation of
the electron thermal_energy balance equation using the experi-
mentally determined Se, T and dTe/dr). The agreement between
experimental and "theoretical" points is quite good.

6. TRANSPORT IN THE PRESENCE OF "SAWTOOTH" OSCILLATIONS
IN IGNITING PLASMAS

The local thermal instabilities that produce the "sawtooth"
oscillations of the central part of the plasma column in
ohmically heated plasmas may play an important role in ignition
regimes where the fusion reaction products contribute substan-
tially to the plasma energy balance. The redistribution of
particles and magnetic field by the disruption phase of the
oscillation may decrease the level of ohmic heating in the
central part of the plasma, if the instability is strong
enough and the magnetic island large.

We have developed a model [15] for the m C cl sawtooth oscil-
lations and incorporated into a one-dimensional transport code.
This model had been used to reproduce the sawtooth oscillations
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FIG.4. Time evolution of central electron temperature, density, and q(r = 0) for an Ignitor
experiment, (a) Precompressed; (b) postcompressed, y = ycl[\ + (k||Xe)

2]; (c) postcompressed,
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of present-day experiments; it has been extended to the low col-
lisionality regimes of igniting devices. The transport model
includes the effects of neoclassical ion thermal conductivity,
the anomalous electron thermal conductivity of Section 4,
assuming a value of cc close to that adopted in [9] to simulate
a series of discharges obtained in 1981 by the Frascati Torus,
anomalous particle transport with an inward component [16],
Monte-Carlo neutral transport with edge recycling, and velocity-
averaged energy deposition from the collisional slowing down
of the fusion alpha particles [17].
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The sawtooth model assumes that the m°=l reconnecting mode
generates a magnetic island inside the q=l(r=rs) surface, the
size of the island determined by the amplitude of the mode.
The collisional growth rate yc [18], determined by wCw-w^) x
(o.-cj^e)

3=i(v'Yr2(3/A)/TT)~'tT52 T R ^ X H I " " is assumed to suffer a
low collisionality cutoff such that Y=YC/(1+^|^e)

 o r 'Yc/[1
+

(kj]Xe)
2]. Here w=uo+i'yc, wAi(u)^e) is the ion (electron) dia-

magnetic frequency. T H ( T R ) is_the characteristic Alfven
(resistive) time, |XHJ is O(a

2/R2), and all quantities are
evaluated at r=rs ; k|| is the ratio of a dimensionless recon-
necting layer width to the magnetic field shear length, and ye

the electron mean free path.

When the size of ths island becomes equal to rs, we re-
distribute the poloidal magnetic flux ty within a radius rQ>rs

in such a way that the areas of the plasma subjected to a
given helicoidal flux x are conserved [19]. Here 3x/3r=Bg -
(r/R)Bz. In addition, we flatten the density and temperature
profiles for T<YQ while conserving particles and total energy.
The magnetic energy released in the disruption is given equally
to the ions and electrons.

We find that ignition depends on a sensitive balance
between temperature, density, electron thermal diffusion and
the ino=l mode growth rate. Figure 4a gives an example of the
precompressed stage of Ignitor (R=109 cm, a=3A cm, 1=2.7 MA,
Bj=100 kG) for linear k(|Xe. Figures 4b and c show examples of
postcompressed Ignitor (R=70 cm, a=28 cm, Ip=4 MA, Bx=15O kG),
with Te(r=0)=4 keV initially. For a quadratic collisionality
cutoff of the mode growth rate, 1/ Cl-t-kjj 2 X e

2 ) , the peak tem-
perature rises toward ignition (Fig. 4b), while,if we assume
1/(l+kj|Xe)j disruptions prevent a runaway temperature increase
but still allow heating (Fig. 4c).
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Abstract

THREE-DIMENSIONAL PLASMA COMPRESSION IN A Z-PINCH LINER SYSTEM —
TRANSPORT AND COMPRESSION OF A COMPACT TORUS BY A QUASI-SPHERICAL
LINER.

The use of cylindrical liners driven by a longitudinal current for three-dimensional
plasma compression is considered. The transformation of a cylindrical to an ellipsoidal cavity
is accomplished by the development of a programmed m = 0 instability. The research was
carried out with the help of a numerical experiment on plasma compression by a liner with
longitudinal wall thickness modulation. Two variants were considered: one with a solid-
state liner and a longitudinal magnetic field, the other with a rotating liquid-metal liner.
The calculations indicate that it is possible to ignite a D-T mixture with an energy storage
system of reasonable size. Further experiments in the 'torus-liner' programme (three-dimen-
sional-liner collapse, closed magnetic configuration) are described. The consistency of solutions
involving an extended transport channel is shown (for reactor applications, protection of the
shock chamber against liner disintegration products, radiation shielding, etc.). It is established
that for transport through cylindrical sections with £ « 2 m the level of losses will be small.
Losses at the conical transitions correlate with hydrodynamic perturbations, and this governs
the method of optimizing the transitions. The compression parameters (Vy,^ ~ lO'cm-s"1,
K ~ 103) correspond to those originally formulated. Calculations of a 0-pinch start-up
circuit with a shaped coil-liner gap ensure preferential accumulation of energy in the central
region. At the same time, diffusion of the driving field into the cavity is suppressed to a
level B < 1 T (taking into account relaxation and skin losses). Neutron yield calculations
(including the experimentally observed region N « 108) were performed for the two extreme
assumptions regarding losses (classical and Bohm).

1. THREE-DIMENSIONAL PLASMA COMPRESSION IN A Z-PINCH LINER
SYSTEM (S.G. Alikhanov, V.P. Bakhtin)

Recently, a great deal of attention has been given to pulsed thermonuclear
systems in which D-T plasma heating and confinement are achieved by means
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of a comparatively heavy liner. Although the method of liner acceleration is
not a matter of critical importance, the use of magnetic-field pressure in a Z-pinch
configuration would seem to have advantages. In such a system the efficiency
of energy transfer from a capacitive (or inductive) energy storage system to a
cumulating liner can be above 50%. However, compression solely in the radial
direction, given the practically attainable accuracy of liner construction, allows
a plasma volume compression ratio of no more than 100-200 to be obtained,
which means that the initial plasma parameters must be high. In the present
section of our paper, based on numerical experiments, we show that it is possible
to obtain three-dimensional plasma compression without forgoing the advantages
of linear acceleration by means of a longitudinal current.

We studied the development of the m = 0 instability in a Z-pinch liner
('sausage' instability), induced by applying an initial periodic inhomogeneity in
the axial direction. The inhomogeneity was produced by sinusoidal modulation
of the liner thickness (Fig. 1, which reflects the case of a rotating liquid-metal liner).
The calculations were performed by means of a specially developed two-dimen-
sional code called 'PADAKC with a triangular Lagrangian grid and with allowance
for the compressibility of the liner material. To avoid cumulative jets of liner
material accompanying diagonal liner collapse, a previously established longitudinal
magnetic field is applied. This question is discussed more thoroughly in Ref. [ 1 ].
There is, however, another possibility. If a liquid-metal liner is put in rotation
around the axis (methods of producing such a liner, the difficulties of doing
so and the results that have already been obtained are discussed elsewhere, e.g. in
Ref. [2]), then, from the law of angular-momentum conservation, the radial
component of the kinetic energy will become rotational, which, in principle, means
that we eliminate the possibility of the liner's inner surface going to zero radius
in the constriction region and forming a cumulative jet.

To achieve greater compression efficiency in the axial direction, the modula-
tion amplitude should be large so that the mass of the liner is concentrated in the
compression region and the axial field component performs an appreciable fraction
of the work in the axial direction. However, as the numerical experiment has
shown, unduly large modulation leads to severe distortion of the shape of the
cavity undergoing compression. The optimum modulation magnitude is
a = 0.12—0.15. In this case, an ellipsoidal cavity with an extended axis is formed
at maximum compression, which subsequently, as the reaction rises, broadens in
the equatorial sector whereas the regions near the poles are virtually immobile.

In the calculations performed here the behaviour of the plasma was treated
in a zero-dimensional approximation. The results obtained in calculating
variants employing a solid-state liner with capacitive (Qo = 10 MJ) and inductive
(Qo = 1000 MJ) energy storage systems are given in Ref. [ 1 ]. Let us just note that
in these variants about 20% of the energy was transferred to the plasma and nr
was of the order of 1015 s-cnT3. A similar result was obtained for a rotating
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FJG.l. Schematic drawing of a Z-pinch liner.

liquid-lead liner whose rotational energy at the time origin was 10"4 of the initial
energy of the inductive storage system (Qo= 1000 MJ).

The liner dimensions are as follows: inner radius - 70 cm, length - 140 cm,
mean thickness - 3.5 cm. The pressure in the liner was defined by the empirical
formula

P=3Pn

n+3
(Vo/V)3 -(Vo /V)4 / 3

/(n-1)

where Po and n are constants and Vo and V are initial and final volumes of the
liner (reference cell). Figure 2 shows the sequence of liner configurations for
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FIG.2. Dynamics of the collapse of a liquid-lead liner having wall thickness modulation with
an amplitude a = 0.12 and an initial velocity of <x> - 15 revolutions per second.
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FIG.3. Principal characteristics of plasma and liner versus time for the variant shown
in Fig.2. The initial plasma parameters are: density no= 1.2 X J017cm~3, temperature
To= 100 eV.

different instants of time, and Fig.3 the time dependence of the characteristic
plasma and liner parameters near the compression maximum.

In conclusion, the authors wish to thank V.B. Lopatko for his help in preparing
and extracting graphic material on the computer display.

2. TRANSPORT AND COMPRESSION OF A COMPACT TORUS BY A
QUASI-SPHERICAL LINER (A.G. Es'kov, R.Kh. Kurtmullaev, N.P.Kozlov,
V.N. Semenov, E.F. Strizhov, V.I. Khvesyuk, A.V. Yaminskij)

This work presents the results of experimental and numerical modelling of
a thermonuclear system [3] based on three-dimensional compression of a compact
torus by a heavy liner (the 'torus-liner' device [3]).

The system includes an extended transport channel which provides for
mechanical decoupling of the shaping chamber from the collapsing liner and
protection against disintegration products. The role of extended transport is
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critically important for practical reactor applications, too, as a method of providing
radiation and thermal shielding.

In the experimental work (Fig.4c), the transport channel had two cylindrical
segments with diameters of 0! = 18 cm and 02 = 11 cm and a conical transition
section (&t[ = 200 cm, fZtr/$tot ~ 10-15), a guiding longitudinal field B « 0.3-0.5 T
with a continuous magnetic surface over the whole tract and a magnetic well in the
liner space to trap the torus. In a multi-stage experiment, the shock chamber
was successfully maintained intact. The parameters of torus transport, accompanied
by radial compression in the conical transition section, are shown in Figs 4a and b.
An important characteristic is the low level of losses in the main (cylindrical)
segments of the tract. An appreciable falling off of the parameters is found in the
region of the conical transition, where strong hydrodynamic perturbations of the
torus have been noted (these are not found in the regular segments). Thus the



IAEA-CN-41/W-3 325

40

30

20

10

0

1.0

0.5

BIT)

r/R0

10 15

17 us

20 z (cm)

0 50 t (pis)

FIG.5. (a) Liner thickness profile; (b) axial distribution of the driving field; (c) motion
of liner centre and edge.



326 ALIKHANOV et al.

108

10'

106

105

Bohm

liner

102 103

FIG. 6. Neutron yield versus liner compression ratio for CT with no = 5 X 1014cm 3,
Bo= 0.2 Tand £l0 = 250 cm3, for different heat transport coefficients.

link between losses and perturbations provides a method of optimizing the parts
of the channel with variable cross-section.

Quasi-spherical collapse of the liner was produced by means of a 0-pinch
driving coil (0=11 cm, £ = 18 cm) with a capacitor energy of W = 500 kJ. The
compression characteristics are liner velocity Vg ~ 10s cm and compression ratio
K = 103, given satisfactory azimuthal symmetry and an ellipsoidal cavity.

The numerical results apply to one of the variants for shaping the energy
of the driving field along the liner. We know [3] that the 0-pinch start-up circuit
forms a quasi-spherical cavity of the cylindrical tube owing to prior collapse of
the edges, but with the very important characteristic that the bulk of the energy
is localized in the central region of the liner (the cumulative phase zone) where
the radius is at a maximum. The favourable B(Z) distribution in the simplest
variant with a single-turn solenoid is produced by appropriate shaping of the
coil-liner gap. Energy optimization involved the requirement of harmonizing
the liner velocity, the diffusion velocity of the driving field and the forward
velocity of the torus to ensure successful injection and trapping. The results
presented in Fig. 5 (with allowance for relaxation and skin losses) show the
possibility of limiting field diffusion to a level B < 1 T, corresponding to the
characteristic value Bo for the 'torus-liner' system, with a relative edge radius
redge/R ^ 0-9 which does not impede injection.
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Calculations of quasi-spherical plasma compression in a closed magnetic
field with initial CT parameters no= 5 X 1014cm"3, Bo= 0.2 T and fio= 250 cm3

give the neutron yield shown in Fig.6 if we make the two extreme assumptions
regarding losses. The experimentally observed yield o f N « 10a according to
Fig.6 corresponds to the following range of parameters: nf ~ 1 0 1 7 - 1018 cm3,

~ 500-4000.
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Abstract

IGNITION IN INERTIALLY CONFINED FUSION MICROPELLETS: ANALYSIS OF THE
PROBLEM.

Significant results are described in assessing the importance of the various mechanisms
involved in ignition of the fusion fuel in inertially confined fusion micropellets. In particular,
a method has been developed that is applicable to analysis of the influence of the energy
transport and deposition by fusion-born charged particles in inertially confined microsphere
dynamics. In spite of some limitations, a sufficiently valid estimate has been obtained.

1. INTRODUCTION

As pointed out in the most recent work of this group [ 1, 2], the conditions in
which a "spark" condition of ignition is attainable in inertially confined fusion
microspheres are considerably influenced by the pressure and the temperature-
dependent degree of ionization and electron degeneracy of the fuel under
compression. The resulting smoothing of the attainable density and temperature
profiles due to radiation heat transport was also reported.

Assuming that such temperature and density distributions are achieved, the.
problem is now to analyse the conditions under which ignition of the fusion fuel
will take place at a significant rate and propagate outwards, causing a generalized
fuel burnup.

2. MECHANISMS INVOLVED IN IGNITION AND BURNUP OF FUSION FUEL

Maintenance and propagation of ignition conditions through the fusion fuel are
strongly dependent on (a) the conditions of the plasma region surrounding the
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high-temperature central "spark" (mainly its temperature and pR parameter and
their temporal evolution); and (b) the energy deposition rate over this region and,
basically, over the central hot zone when fusion-born fast particles "spark" the
emerging radiation and heat conduction.

The evolution of plasma conditions is taken into account by the thermohydro-
dynamic part of the coupled code NORCLA, used in our calculations. The energy
deposition to the plasma responsible for ignition propagation is known to take
place by means of one of the following:

(a) Radiation transport and electronic conductivity effects;
(b) Transport of high-energy fusion-born neutrons;
(c) Transport of high-energy fusion-born charged particles (a-particles in

DT plasmas);

and as a result of the relatively large mass of the a-particles, the charge of the
a-particles, and the not very high birth energy of the a-particles. The latter is the
most important mechanism responsible for energy delocalization and ignition
propagation in low pR designs, but energy transport and deposition by neutrons
have a greater influence in high pR designs.

Previous analyses performed by our group [3, 4] give relative values of about
10%, 40% and 50% respectively for the above processes, measured in energy
deposition to the igniting microsphere, but on the assumption of local deposition
by fusion-born charged particles and with a rather low pR parameter in hot zones
(~1.0g-cm2).

3. ENERGY TRANSPORT BY CHARGED PARTICLES AND INFLUENCE
OF THEIR DEPOSITION ON IGNITION PROCESS

Energy deposition to plasma by fusion-born neutrons has so far been studied
in a fairly detailed way by multigroup, discrete-ordinates, time-dependent transport
methods, but energy deposition by charged particles has been considered in a
simplified way (local deposition).

To obtain more realistic results in the analysis of fuel ignition and burn
dynamics, a method has been developed to obtain a fairly valid estimate of the
actual influence of energy transport and deposition by fusion-born charged
particles on the process. This method is, at first approach, rather simple and is
an adaptation of the general method used in the treatment of energy transport
by neutrons to the case of the charged particles considered. For its application,
appropriate sets of multigroup cross-sections and Kerma factors have to be
generated as required by the transport code employed (CLARA) [5, 6].
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Generation was carried out in practice with the developed code HELION [7].
Starting from differential microscopic relative-velocity-dependent cross-sections
given for the interaction between charged particles by the classical Debye-corrected
Rutherford equation and assuming equilibrium (Maxwellian) distributions for the
velocities of the plasma components, the desired Legendre kernels and integrated
quantities were obtained in the proposed multigroup frame with density and
temperature dependence. Although this scheme suffers from restrictive limita-
tions, basically due to the high anisotropy present in Coulomb interactions (the
unsuitability of Legendre series to represent differential cross-sections in some
extreme cases), the results obtained are considered valid enough in the assessment
of the relative importance of energy transport by the particles concerned as a
mechanism for ignition propagation.

Comparison of the results obtained by this method and those obtained under
the hypothesis of local deposition (so far assumed) for comparable thermohydro-
dynamic conditions is highly eloquent. As a consequence of the rather low pR
values obtained via hydrodynamic compression in the hot zones of the microsphere,
a significant part of the energy carried by fusion-born charged particles is able to
escape this central "spark", making it very difficult to get the energy bootstrapping
required to attain sufficiently high fusion rates in this zone and allow a generalized
fuel burnup.

Calculations carried out in a thermohydrodynamic coupled way show the
inability of the analysed microsphere design to reach ignition conditions in zones
distinct from those initially hot as a result of the hydrodynamic compression and
of the inability of these zones to reach temperatures high enough to cause their
required propagation.

4. OUTLOOK FOR THE FUTURE

With the aim of overcoming the limitations of the method, which are basically:

(a) The inaccuracy of the standard multigroup discrete-ordinates method with
differential cross-sections developed in series of a finite number of Legendre kernels
in treating highly anisotropic interactions;

(b) The necessity of considering kinds of interaction between charged particles
distinct from the Coulomb interaction (nuclear interactions, anomalous interactions,
etc.);

(c) Other marginal inaccuracies resulting from an insufficient thermohydro-
dynamic treatment;

our group is now working towards:
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(i) Development of some modifications of the transport code which allow a
unified and accurate treatment of both "regular" (isotropic) and "quasisingular"
(highly anisotropic) interactions between fast fusion-born particles and plasma
components;

(ii) Development of methods of taking into account charged particle inter-
actions in plasmas distinct from the Coulomb interaction;

(iii) Development of new methods for correct treatment of some effects
related to a thermohydrodynamic characterization of the problem of ignition,
such as:

Radiation transport
Electron conduction
Electron degeneracy
Suprathermal electron transport
Instabilities
Energy deposition to electrons and ions

(iv) Analysis of alternative microsphere designs capable of improving burnup
and energy gains in the more realistic frame of the results reported. To this end
work is being undertaken to establish a parametric study on single and double
shell designs, using an impulsive concept of the target as a pulse adapter.
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Abstract

TRANSPORT AND PULSE SHAPING OF RELATIVISTIC ELECTRON BEAM IN LOW-
PRESSURE GASES.

An equation of motion for the transport of a relativistic electron beam in low-pressure gas
in the presence of an external magnetic field has been obtained taking into account self-fields of
the beam and charge neutralization. A simplified form of the equation applicable for the case
without magnetic field has been integrated using the fourth-order Runge-Kutta method to study
the transport of a 1 MeV, 20 kA, 50 ns beam in various gases in the pressure range 10"3 to 1 torr.
The results of the charge transport calculations indicate beam front erosion and pulse shortening
at low pressures. At higher pressures in the range 1CT1 to 1 torr, full charge neutralization
occurs and the beam pulse is transported without distortion. The pulse shape and electron
energy distribution for transport in argon are given as a function of pressure.

1. INTRODUCTION

The importance of the transport of high-power pulsed electron beams for
ion acceleration [ 1 ] and thermonuclear fusion research [2] is well recognized. In
addition to their role in inertial fusion research, high-power electron beams are
being considered for heating magnetically confined plasma to fusion temperatures
[3, 4]. Recent experiments [5] of heating dense plasma with relativistic electron
beams (REB) indicate efficient energy transfer and significant plasma heating.

Because of the high electric and magnetic self-fields associated with the
high-power electron beams, they cannot be transported in vacuum unless large
and uneconomic magnetic fields are employed. The beams can, however, be
transported efficiently through neutral gas and plasma channels with parameters
optimized for neutralization of beam self-fields. Theoretical and simulation
models of beam transport have already been reported [6-12]. In this paper the
equation of motion applicable for transport with an external magnetic field has
been obtained and the Lawson equation valid for transport without magnetic field
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is recovered as a special case. A numerical study of the transport of a 1 MeV,
20 kA, 50 ns beam through neutral gas using the Lawson equation and employing
an improved method of ionization calculation has been carried out and the results
are presented.

2. PHYSICAL MODEL AND EQUATIONS OF MOTION

The electron beam injected into the gas is characterized by trapezoid voltage
and current pulses and parabolic current distribution. Beam divergence angles are
assumed to increase linearly from zero at the beam centre to a maximum value at
the edge. Beam impact ionization of the gas and the consequent neutralization of
the radial electric field are taken into account. The effect of an external magnetic
field on the equations of motion is taken into consideration in the model. The
effects of current neutralization and gas scattering on transport at pressures less
than 1 torr are considered to be small and hence are neglected in the present study.

In the presence of electric and magnetic fields the motion of electrons is
governed by the Lorenz force equation:

P * = - e ( E + v X B ) (1)

where e is the magnitude of the charge, v is the velocity, E and B are the electric
and magnetic field intensities, and p is the momentum. In an axisymmetric
cylindrical co-ordinate system the magnetic field components Br and Bz are due
to the externally applied field and BB is the beam self-magnetic field resulting
from the time variation of the beam current. The electric field components are
Er due to the beam space charge and EB and Ez due to the time variation of
Bz and BB, respectively.

The self-fields Er and BB are given by:

Er = -Nbe/27reor (2)

BB = n0lbz/2in (3)

where Nb is the number of beam electrons per metre, Ibz is the z component of the
beam current Ib, and e0 and n0

 a r e the permittivity and permeability of free
space.

The ionization in the gas is produced by (a) beam electrons, (b) secondary
electrons, and (c) electron and ion avalanche effects. In dealing with gases at low
pressures, only primary beam impact ionization is important. The ionization
rate is calculated by the equation

(4)
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where n+ is ion density, ng is gas density, nb is beam electron density, o\, is the
ionization cross-section for impact ionization and v is the electron velocity. If we
denote the ratio of the number of ions per metre (N+) to the number of beam
electrons per metre (Nb) by fe, then Nb is to be replaced by Nb(l~ fe) in Eq.(2)
to take charge neutralization into account.

With the assumption that electron energy losses due to ionization, radiation,
induced emf Ez and instabilities are negligible, the following single equation of
motion in the radial direction is obtained from Eq.(l) by using Eqs (2) - (4) and
eliminating time:

„ 2^(r) _ err' {<*£
r
 7r 27mc2|3^ I 2

{
7 r 27mc2|3^ I 2 ymi) 3z

4|32c 72mJ3jCr 7/3zr

where v = Nbe2/47rme0c
2; 7 = (1-v2 /c2)~1 / 2 ; |?z=vz/c; coc(= eBz/7m) is the

cyclotron frequency; PB (= —er2Bzc/2) is the canonical angular momentum and
Bzc is the value of Bz at the cathode.

For the case with no external field (Bz= 0) and for paraxial conditions
(i.e. perpendicular velocity vr small compared to axial velocity v2 and hence r'
negligible), Eq.(5) reduces the Lawson equation. [5], i.e.

-7—^- (6)

3. PROCEDURE FOR COMPUTER CALCULATIONS

The simplified equation (6) has been integrated using the fourth-order
Runge-Kutta method. The voltage and current pulses have been divided into
20 equal time intervals (T) and the values at mid-intervals are used in the integration.
The charge neutralization factor fe is given by

(7)

The summation is carried out up to the time interval n for which fe is calcu-
lated. The ionization cross-sections of Rieke and Prepejchal [13] have been used
for a;. The calculation is started at z = 0 with full beam radius R, and if at any
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point in the trajectory the radius exceeds the target radius, the calculation is
recommenced with halved starting radius. The starting radius from which electrons
reach the target is determined by this procedure. A shooting technique is employed
to determine the precise starting radius, and the current inside this radius gives the
current transmitted to the target. When fe becomes 1 the space charge is fully
neutralized and the electron trajectory is determined by the action of the self-
magnetic field confining the electron motion.

At any radial point r(z, t), in order to calculate fe it is necessary to know the
currents reaching that point in all the previous time intervals, i.e. the trajectory
information of all the starting radii in all the previous time intervals is needed. For
this purpose, before commencing the above calculation, trajectories with eleven
starting radii in the range 1.0 R to 0.05 R are traced and the r - z information is
fitted to a third-order polynomial by the least-squares method and stored as
coefficients for use in calculating cumulative ionization in future time intervals.
Using this information and the shooting technique, the current reaching the
target is then calculated. The output pulse shape thus obtained is used to calculate
percentage charge transport and electron energy distributions.

The accuracy of the charge transport calculation is better than 5% of the
calculated value for transport exceeding 30%, while the accuracy is 20% of the
calculated value for a charge transport of 2% (see Fig. 1).

4. RESULTS OF TRANSPORT CALCULATIONS; DISCUSSION

The results of charge transport calculations carried out for a 1 MeV, 20 kA,
50 ns pulsed electron beam in different gases to a target of 5 cm radius at 100 cm
are given in Fig. 1. The charge transport is negligible (less than 1%) for pressures
less than 2 X 10~3 torr since there is no charge neutralization and the beam
blows up to the walls owing to the predominance of space charge force compared
to self-magnetic force. As the pressure increases, there is progressive increase in
the degree of charge neutralization and hence better charge transport. The dashed
curve in Fig. 1 is for parallel injection in Ar and, when compared to 10° injection
angle, indicates sensitive dependence on injection angles [9]. The type of corre-
lation reported earlier [9] between charge transport and the ionization cross-
section of the gas has also been found true in the present calculations.

4.1. Characteristics of the transported pulse

The output pulse shapes for 10° injection angle for transport in argon at
different pressures are given in Fig. 2. The predominant feature is the shift of the
current peak towards the falling edge of the input pulse at lower pressures. This
shift is caused by the beam front erosion resulting from scattering due to the
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space-charge force. For instance, at a pressure of 6 X 10"3 torr, the peak current is
transmitted after a delay of 33.5 ns. A similar shift of the current peak at low
pressure was reported by Kotlyarevskij and Usov [ 14] in their beam transport
experiments.

The ratio of pulse width (FWHM) of the transported pulse to that of the
input pulse for argon with 10° injection angle is given in Fig.3. The wide variation
of the ratio from 0.05 to 1 corresponds to near cut-off to full transmission of the
beam owing to the progressive increase of space charge neutralization. Thus by
varying the gas pressure it is possible to vary the pulse width over a wide range.
Such pulse shaping, even at the expense of the transported beam energy, is useful
for applications where short pulse width is of primary importance.

The electron energy distributions derived from the output pulse shapes are
given in Fig.4. It is seen from the histographs that there is loss of low as well as
high-energy electrons at low pressures (< 1 X 10"2 torr). At medium pressures
( « 4 X 10~2 torr) there is predominant loss of low-energy electrons due to beam-
front erosion. In the pressure region, 10"1 to 1 torr, the input pulse is transmitted
without any distortion in shape.

5. CONCLUSIONS

In summary, the computer calculation of beam transport in low-pressure
gases shows that (a) beam-front loss results in pulse width reduction at low
pressures; (b) charge transport is very sensitive to injection angles at low pressures;
(c) the percentage charge transport is higher for gases with higher ionization cross-
section; (d) the input pulse shape is reproduced for the gases studied for pressure
in the range 10"1 to 1 torr; and (e) high-power beams can be transported over
a distance of one metre with high efficiency by suitably adjusting the gas para-
meters. The pulse shape and energy distribution of the transported electron beam
in gases are different from the input values and are to be taken into account in
beam-gas interactions like plasma heating.
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Abstract

EQUILIBRIUM AND STABILITY OF HIGH-BETA PLASMA IN A FINITE C = ±1 TOROIDAL
SYSTEM.

The equilibrium and stability are theoretically and experimentally investigated of high-beta
plasma in the Modified Bumpy Torus, which is an asymmetric closed-line system with fairly
large C = 0 and 2 = ±1 field components. The finiteness of the C = ±1 component induces signi-
ficant stabilizing effects due both to self formation of a magnetic well and to the conducting wall.

1. INTRODUCTION

The Modified Bumpy Torus (MBT) is an asymmetric toroidal system with
closed magnetic lines of force [ 1 ]. The magnetic field configuration consists of a
bumpy field component (C = 0) and a fairly large £ = ±1 field component as well
as relatively small £ = ±2, ±3 fields.

To explain the experimentally observed stability of the MBT sector plasma,
theoretical work was done based on the new ordering, taking finiteness of the
£ = ± 1 field component into account. A series of experiments in the MBT sector
device and in linear configurations without the £ = ±1 field component were carried
out to test the end effects on the observed stability.
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2. THEORY

To investigate plasma equilibrium with finite S. = ±1 distortion, new orderings
(longer wavelength) 6±1 ~ 1 ; 60 , 6±2, 8±3, ha, | 3 ~ e ; a/Ro~ e3, or (shorter wave-
length) 5 ± 1 ~ 1; 50, 6 ± 2 ,ha~e; S± 3 ,0~e2 ; a/R0~e3 , were introduced, where 5g is
the normalized amplitude of the surface distortion with poloidal mode number £,
h = 27r/L is the longitudinal wavenumber of surface distortion, 0 is the plasma
beta, a is the minor radius, and Ro is the major radius of the torus. In toroidal co-
ordinates (x, y, z) such that dC2 = dx2 + dy2 + (1 - x/R0 )

2 dz2, the magnetic
lines are expressed by x = x0 + A(z) + eX (1)(x0, y0 , z) +..., y = y0 + eY(1)(x0, y0, z)
+..., with magnetic co-ordinates x0 and y0 .

The equilibrium condition is determined from the condition that pressure is
a function of ^dfi/B only. In both orderings (1) and (2) we have #d£/B = i//(x0, y0)
+ function of p only, and

a$p 1 r
—3 f I A ' i2 dz3

°xo t>0

(1)

where Bo is the lowest-order magnetic field strength, and i//v stands for the contri-
bution in the absence of plasma. When 4>v = Af x

2, + A2 yj (the term linear in
x0 being eliminated by choosing A(0) appropriately) and when dp/di// = const (<0),
Eq. (1) can be solved analytically. The plasma cross-section is an ellipse and the
ellipticity e (the ratio of two axes) strongly depends on 0, while the toroidal shift
does not depend on 0. When Aj, A 2 >0, the vacuum field has a closed #d£/B
surface; the plasma cross-section is elongated to the vertical (y) direction as 0
increases. When A[ < 0 and A2 > 0, although the vacuum field has no closed
#d£/B surface, a closed surface is formed for 0 larger than a critical value. There is
no equilibrium when A2 < 0 and Ax > 0 (note Ax + A2 > 0).

Stability based on the energy principle shows that 5W is reduced to the form:

A' I2 dz/B2

(2)

= HIViY-2(dp/d l / / )Xe y | 2 - 4(dp/d\!/)2 X 2 / 0 Jdx o dy o

A'B X VY; Vj. • f<°>=0; B-VX = B-VY = 0
and 0* = -4 (dp/d^)#| A' I2dz/B^. If we put Y = 0, we have the condition for the
generalized interchange mode (Q IIB): 1/0* < 1 or (d/dp) (#Bdfi#d£/B) ss
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(d/dp) I £d£ 12 > 0. For the highly localized mode, the stability criterion (Mercier's
criterion) becomes 1/|3* < 0.

Since the localized mode may be stabilized by kinetic effects such as finiteness
of Larmor radius, the most dangerous mode may be the low-m gross mode.
Assuming the conductor wall with elliptic cross-section confocal to the plasma cross-
section, we have for the m = 1 mode:

Here 7 J H and yiV are growth rate for horizontal and vertical displacement, |3 the
average beta, and w the compression ratio (sum of the plasma axis divided by the
sum of the two wall axes). This result is consistent with the sharp-boundary
small-5 theory [2].

3. EXPERIMENT

The experiment with finite £ = ± 1 distortion is carried out by using the MBT
1/4 torus sector with 1.5 m major radius. The device is composed of bumpy coils,
a copper shell with a longitudinally uniform azimuthal gap on the inner side of the
torus, and a discharge tube in the form of a simple torus. The bumpy coils are
arranged to produce the bumpy (£ = 0) field with mirror ratio 5.3 on the minor axis
in the absence of the gapped copper shell. The gapped copper shell, with gap angle
60 = 120°, radius r s= 6.5 crr i ) a n d thickness 5 mm, acts to modify the magnetic
field; the induced eddy current on the shell generates the £ = 0 field components
with equal magnitude C and —£; and the mirror ratio is reduced to 1.9. The
magnetic field is measured and a least-squares fitted expression, including up to
C = ±5, is obtained. The fdS./B = const surface is then calculated numerically. The
average shift of the magnetic axis is 1.5 cm outward from the minor axis, the
excursion amplitude of the magnetic axis due to the £ = ±1 field is 1.25 cm, and the
relative amplitude of the 2 = 0 field is 0.16. A, = 1.18 X 10"2 • cm"1 • kG"1 and
A2 = 4.9 X 10~3 • cm"1 • kG ' 1 per period, so that the ellipticity of the ^dC/B
surface is 1.57.

The plasma is produced by 0-pinch. The average magnetic field strength on
axis is 7.8 kG, which is raised in 2.4 (is. The induced azimuthal electric field at the
tube wall (r = 4.7 cm) is 125 V-cm"1. The crowbarred decay time of the magnetic
field is 40 us. Hydrogen gas is filled at 3 to 10 mtorr pressure. The gas is pre-
ionized and preheated by Z-type discharge.

Figure 1 shows the time histories of the plasma position in the equatorial
plane of the torus after the main discharge, which is obtained by microphotometric
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FIG. 1. Time history of plasma positions in the equatorial plane of the torus at Bz maximum
(hz = 0) and minimum (hz = nj locations, after start of main discharge (pg = 3 mtorr Hi).

8 12
Time()js)

FIG.2. Horizontal (9.x) and vertical (Hy) plasma radii and ratio (Sy/&x) at Bz maximum (hz = 0)
and minimum (hz = TT) locations, during containment time (p0 =5 mtorr H-i).

analysis of streak photographs taken at hz = 0 (Bz maximum) and hz = it (Bz

minimum) planes. The plasma position at each plane approaches the vacuum
magnetic axis with time. The excursion amplitude of the plasma column is larger
than that in the vacuum field. The plasma radius and ellipticity of the cross-section
are shown in Fig. 2. The plasma radius is obtained by microphotometric analysis
of top-and side-viewed stereoscopic streak photographs taken at hz = 0 and hz = n
planes as the half width of the intensity. The plasma cross-section is vertically
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FIG. 3. Time evolution of average (3 value and excluded diamagnetic flux, over plasma cross-
section, and integrated electron density in the equatorial plane of the torus, JrtfdZ.

elongated and its ellipticity is larger than that of the vacuum surface. Figure 3
shows the time evolution of the diamagnetic flux, the average beta value over the
cross-section, and the integrated electron density /ned£. The averaged beta value
is determined from the excluded diamagnetic flux in conjunction with the plasma
cross-section by assuming pressure balance. The integrated electron density in the
equatorial plane is measured by a CO2 laser interferometer. The beta value
decreases with shorter time constant in the early stage of discharge and then with
longer time constant in the later stage. The longer decay time is consistent with
the decay time of/nedfi, since the plasma radius increases with time. The decay
of beta in the later stage is therefore determined by the decay of the electron
density, which seems to be limited by particle loss to the sector ends. The origin
of the faster decay time, which is faster than classical diffusion time, is not yet
clear.

These experimental results indicate that the sector plasma is stable. The
question arises whether the observed stability might be due to the end effects
inevitable to the sector plasma. To answer it, experiments were carried out in a
linear machine [3] with only £ = 0 and £ = ±2 but no £ = ±1 field components.
In these experiments the same coil dimensions (total length and diameter) and the
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TABLE I. AVERAGE PLASMA AND DEVICE PARAMETERS IN LINEAR
MACHINE (at t =4 us, 10 mtorr)

Configuration

Radius (cm)

Ellipticity (8x/2y)

Density (cm"3)

Beta value

Ti+Te(keV)

Bz field (kG)

Mirror ratio

Wavenumber (cm"1)

6 = 0
+

fi = ±2

1.85

1.5

2.8 X 1015

0.42

0.21

7.5

1.46

0.285

fi = 0

1.8

1.0

4.0 X 1O1S

0.43

0.15

7.6

1.70

0.285

Uniform Bz

1.0

1.0

5.6 X 1015

0.83

0.25

8.2

1.0

-

0 1 2 3 A 5 6 7
Time(jjs)

FIG. 4. Temporal behaviour of displacement of the plasma column in pure bumpy (9. = 0)
field (open circles) and in$. = 0 and 9. = ±2 combined field (closed circles).

same condenser bank energy as in the sector experiment were used, so that the
resulting plasma parameters and end effects were nearly equal for both sector and
linear experiments. Typical plasma parameters are listed in Table I. Plasma density
and radius are measured with a ruby laser Mach-Zehnder interferometer, and j3 with
an excluded diamagnetic flux loop. The linear plasmas are unstable to the m = 1
mode, as shown in Fig. 4. The onset time of the instability is 3 to 4 jus after the
main discharge, and growth time is about 2 us for the pure bumpy (£ = 0 only)
field and for the £ = 0 and £ = ±2 combined fields. The total number of electrons
decreases rapidly when the instability occurs. The observed growth time is con-
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sistent with the sharp-boundary small 8 theory [2]. Application of this theory to
the sector plasma leads to nearly the same growth time as for linear plasmas.

4. CONCLUSIONS

This recently developed theory seems to explain the observed equilibrium
properties in MBT sector plasma. The theory suggests an improvement of stability
in 2 = ±1 systems. Comparison of linear and sector experiments shows that the
observed stability is due neither to end effects nor to the transient phenomena
after implosion; it may be due to the finiteness of C = ±1 distortion. To explain
this, more theoretical and experimental efforts are required.
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Abstract

STEADY-STATE HOLLOW-CURRENT TOKAMAK.
Use of RF current drive is one of the most promising ways for transforming a

tokamak into a steady-state machine. The distinguishing feature of RF-driven currents is
that they can be peaked at some radius, the hollow profiles being formed by the simplest
systems of current generation. In the hollow-current tokamak, the specific conditions
for MHD and thermal plasma stability, maximum /3 (fi = 87rp/B2), alpha particle confinement,
etc. must be fulfilled. Some of these conditions are shown to be satisfied in the present
work. In particular, the alpha particle losses are shown to exceed those in tokamaks
with monotonic current distribution by only a small amount unless the position of the
current maximum (r») satisfies the condition r» > rcr, rcr * (0.6-0.8)a, a being the
plasma radius. The poloidal distribution of the alpha particle flux towards the reactor
first wall is investigated. The MHD stability problem is discussed.

1. INTRODUCTION

When RF sources are used for sustaining a steady-state current, it often
is difficult to form a current distribution that is peaked at the plasma centre.
Much simpler is the formation of hollow current profiles. Such profiles were
obtained in the current drive experiment on the R—O stellarator where Alfve'n
waves were excited [ 1 ]. Besides, hollow currents were generated in experiments
with enhanced energy losses in the near-axis plasma region [2-4] . In addition,
the neoclassical current component has also a hollow profile.

Here, the question arises of whether there is any necessity for aiming at a
bell-shaped current distribution. For an answer to it, among other investigations,
plasma equilibrium and stability, as well as transport processes should be studied,
and the maximum value of (3 consistent with the stability of a 'hollow tokamak'
should be found.

Of course, in one paper it is impossible to carry out a thorough study
of the hollow-current tokamak. In the following, we shall, therefore, content
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ourselves with a study of alpha particle orbit losses and a discussion of MHD
plasma stability in such tokamaks.

2. ALPHA PARTICLE ORBIT LOSSES

We consider the problem of alpha particle confinement in a hollow-current
tokamak. In tokamaks the main classical mechanism (i.e. one which is not
connected with collective plasma processes) of high-energy alpha particle
losses is known to be collisionless orbit escape of particles to the wall [5]. A
method for finding both the fraction of escaping particles and the flux of
particles towards the wall was developed in Refs [6, 7] (see also the review
paper [5]).

Let us assume that the current distribution is given by

where x = r/a, r and a being the flux surface and plasma radii, respectively,
x* = r*/a, with r* the flux surface radius where the current density is maximum,
and K is a parameter determining the steepness of current distribution. An
important issue is the shape of the radial profiles of plasma density, n(x),
and temperature, T(x). To choose these profiles, we assume that enhanced
transport processes take place in the near-axis region, where the current is low
so that we feel justified to adopt a temperature distribution as follows:

1, x <x*
T1(x) = Tm J T2(x) = T m ( l - x 2 ) (2)

where Tm is the temperature maximum. Probably, a more realistic temperature
distribution lies between Tj(x) and T2(x).

We carried out numerical calculations of alpha particle losses for
tokamaks with A = 4 and A = 10.9. The former value is typical for the
projected large-scale tokamak reactors, while the latter one corresponds to the
tokamak considered in Ref. [8], where such aspect ratios are shown to be
preferable for tokamak reactors with strong magnetic fields. Figure 1 shows
the obtained dependence of the fraction of escaping alphas (ratio of number
of escaping to the number of generated alpha particles) on the position of the
current maximum (x*) for various values of IA (I is the total plasma current,
A = 2/(5 + S"1), 5 = b/a, b is the vertical semi-axis of the plasma cross-section).
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FIG.l. v versus current maximum position x, for T(x) = Tt(x) and T(x) = T2(x)
(dashed lines).

It follows from this figure that, for T(x) = T2(x), the alpha particle losses
increase drastically when x* approaches some critical value xcr so that
v(x* > xCT) essentially exceeds v(x* < xCT). In the region x* < xcr the value of
v is close to 1, which holds for tokamaks with bell-shaped currents. This is
due to the fact that for x* < xcr the condition 1 - x* > Ar/a (Ar is the radial
particle excursion) is valid and thus the alpha particles escape only from the
region with decreasing radial current distribution where the dependence of v
on the current profiles is known to be very weak [5]. The case x* > xcr is
almost equivalent to a skin current distribution; therefore, the dependence of
v on x* is also weak. It is clear that xCT is determined from 1 - x* = Ar/a so
that we obtain (the numerical factor takes into account the results presented
in Fig.l):

1
x r , = •

1 +
3.4

(3)

where I is given in megaamperes.
The situation is somewhat different for T(x) = Tx (x). In this case, the

abovedescribed effects are not so clearly pronounced; here, we may speak of
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some layer localized near xcr where a strong increase in v takes place. This is
due to the dependence of the temperature distribution on x*. As x* moves
outside the plasma, the temperature profile spreads out and leads to an increase
in the alpha particle losses.

It is interesting to study the dependence of the fraction of lost alphas on
the steepness of the current profile. The results obtained numerically for the
function V{K) with various values of x* are presented in Fig.2. It follows from
Fig. 2 that dependence of v on K is rather weak, v increasing with K for x* > xCT

and decreasing for x* < xcr. This is due to the fact that as the current profile
becomes steeper, q decreases in the region x > xcr for x* < xcr and q increases
rapidly in the region xCT <J x < x* for x« > xCT.

An important physical quantity characterizing the effect of alpha particles
on the first wall is the particle flux density given by the following expression [9]:

Here, E'(6 1) is the elliptic integral of the second kind, 7(0) a function obtained
numerically and shown in Fig.3, ( D the flux averaged over the wall surface,
and 6 an angle connected with the poloidal angle through cos 6 = 8 cost?
[1 + ( 5 2 - l )cos 2 0]- 1 / 2 .

It follows from Fig.3 that the distribution y0) for the 'hollow tokamak'
is almost the same as for the parabolic current profile.

For <r>, the following approximation holds:

[0.39 x | + 0.08 (I - xl) (1 + 0.02 Tm)]u
E (5 ' )

<n>. T m = | | + a ! X , * < T ) (5)m l + 0 . 5 x 2 m 3 l + 1.5x2

f f
Jdxxn /rTiv JdxxnT

\n> —/ dxx /dxxn

For T(x) = T2(x), x* = 0 should be taken in Eq.(5).
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3. MHD STABILITY

The feasibility of a hollow tokamak depends, to a great extent, on MHD
plasma stability. We shall now discuss this problem on the basis of the
published literature.

The experimental results obtained for PLT and DITE with hollow current
profiles show that there is no indication for the presence of surface-type helical
MHD instability modes [2, 3]. Just some kind of MHD activity related to
tearing instabilities with m = 2, 3 was observed. The R—O stellarator
experiments [ 1 ] did not show any marked helical instabilities when quasi-steady-
state hollow currents were generated by travelling Alfven waves.

The stability of hollow profiles against ideal helical modes was studied
numerically in Ref. [10], showing that stability is improved when the current
profile becomes steeper. Specifically, for q(a) = 1.6, x* = 0.5 and K. = 4, in
our model, the modes m > 2 turn out to be stable, and the stability region is
expected to extend up to q(a) «* 2 for steeper current profiles.

As far as the tearing mode is concerned, the problem is more complicated
and less well explored. The difficulty, in this case, is due to the possibility
of magnetic-flux mixing in the region of double tearing modes where a pair of
resonant flux surfaces with equal values of q = m/n exists. However, the
problem arising with double low-m tearing modes can be removed by various means:

(a) by selecting a sufficiently low value for the safety factor q at the plasma
boundary. For example, the most dangerous (m = 2) double tearing mode does
not appear at q(a) <, 2. There remains, however, the possibility of the develop-
ment of an internal m = 1 mode, as is the case in an ordinary tokamak with
well-defined current peaking at the axis;

(b) by establishing a current density profile near the resonant magnetic
surfaces, e.g. by exciting a small addition to the current [ 11 ] in the chosen region;

(c) by choosing the magnitude of the hollow current so that the resonant
low-m internal magnetic surface is in the neighbourhood of the current maximum
where its gradient is small [11].

For sufficiently high conductivity, the stabilizing effects of toroidicity
and the finite plasma pressure (according to the theory developed in Refs [12,13])
can suppress the m > 2 tearing modes, at least near the internal resonant surface.

Moreover, Refs [14,15] demonstrate that no reconnection of magnetic
islands takes place provided that a reasonably high magnetic barrier (i.e. a high
value of poloidal flux between a pair of singular magnetic surfaces) exists.

The critical values of plasma pressure, j3CT, in a tokamak are, as is well known,
defined by ballooning-type instabilities. Estimates of /3cr can be obtained from
the analytic stability criterion of Ref. [16].
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4. CONCLUSIONS

The analysis we have carried out indicates that there is no essential
deterioration in alpha particle confinement unless the position of the plasma
current maximum is not too close to the plasma boundary. Moreover, the
experimental data [1—4] as well as the MHD stability analysis carried out
make us hope that the MHD instability will not be an insurmountable obstacle
to the realization of hollow-current distributions. It should, however, be
noted, that our MHD stability studies of the hollow tokamak are preliminary
and further investigations of the problem are required. On the other hand,
the hollow tokamak has the same advantages as the conventional one, i.e. hollow
distributions are formed by the simplest devices generating waves in a plasma.
The possibility of controlling the current maximum position allows an improve-
ment in the reactor properties of the tokamak, in particular, an increase in the
energetic content of the plasma zone, as a result of pressure profile flattening
in the central region plasma, a control of the reactor energy balance and burn
temperature due to a controllable variation in the overall heat transfer on
changing the x*, etc.
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Abstract

STABILITY AND SYMMETRY IN INERTIAL CONFINEMENT FUSION.
The asymmetries of spherical implosions driven by direct laser illumination are of

fundamental concern to the inertial confinement fusion community because they provide
severe limitations on high gain pellet designs. Theoretical progress on several fronts has
recently been made through numerical simulations in providing a more complete understanding
of the physical processes involved in these asymmetries and instabilities. The results also
suggest methods of controlling these processes and their implications for laser fusion systems
design. Stability and symmetry issues have been investigated using an adaptively gridded two-
dimensional fully non-linear Eulerian computer model (FAST2D) and a triangular grid
Lagrangian computer model (SPLISH). Laser matter coupling and scaling laws relating the
asymmetry results to spherical pellet designs have been investigated using a one-dimensional
sliding zone adaptive gridding fluid code (FASTI D). Principal results include finding: (1) the
requirements for thermal smoothing of laser non-uniformities; (2) reduced Rayleigh-Taylor
growth rates and saturation via the non-linear Kelvin-Helmholtz roll-up; (3) that perturbation
wavelengths greater than the shell thickness are most likely to cause an asymmetric implosion;
(4) a new theory based on vortex shedding that explains the reduced linear Rayleigh-Taylor
growth rates; and (5) a possible wavelength intensity window for direct illumination where
the requirements of pellet velocity, symmetry and efficiency necessary for high gain can be
simultaneously met.

The critical consideration for achieving high spherical
compression is to determine the symmetry requirements on the
driver imposed by the symmetry that can be maintained during
the implosion process. Ablation pressure symmetry with Ap/p<
few percent mist be maintained if high gain is to be achieved[l].
We have investigated the effect of an asymmetric laser beam
(1.05 tfm) with an intensity ratio I_ov./I_,-_ " 2 on
thin foils (15 um CH) with our FAST2D code[2]. We find that
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lateral energy flov in the form of transverse thermal conduc-
tion smooths the effects of laser asymmetries. The degree of
smoothing is directly related to the distance between the abla-
tion and critical surfaces. To smooth asymmetries to the
extent that the ablation pressure variation is less than a fev
percent requires that the distance between the ablation and
critical surface be comparable to the scale length of the
asymmetry.

0.4

1.0 1.5 2.0

<INTENS IT Y> (IOl3W-cm2)
<Dac> (10 p |

FIG.l. The variation in ablation pressure (Ap/<p» for all six scale lengths plotted as a
function of the average laser intensity (<I>) and as a function of the average distance from
the ablation surface to the critical surface (< Dac)).

The numerical results are summarized in Fig. 1, where the
variation in ablation pressure is plotted as a function of the
average laser intensities for a series of asymmetry scale-
lengths ( \&) in the range of 100 um •$ X^ ^ 600 mn. (Also
shown is the equivalent distance between the ablation surface
and the critical surface.) These results are in agreement with
the NRL experimental results!3]3hown in Fig. 2. We compare the
foil velocity nonuniformity (V^ax^min - *) f o r t h e

100 and 200 pm asymmetries to the experimental results for a
vm asymmetry with ^JDBiX/\±n " 2.
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I N T E N S I T Y (10 W-crrf2)

2.1

FIG. 2. Comparison of the num erical results for the 100 yon and 200 ym scale lengths with
the 140 fim scale length experimental results (Ref. [3]) and with the 140 [im theoretical
results (dashed curve, Ref. [4]J.

A new analytic steady-state planar ablative flow model[h]
has been developed from which scaling laws can be derived which
depend only on the material, laser wavelength and absorbed
laser irradiance. The derived scaling laws are in good agree-
ment with both experiment and fluid simulations. On Fig. 2 we
show the results of the analytic model for laser smoothing.

The Rayleigh-iaylor(RT) instability may also destroy the
spherical symmetry of high aspect ratio imploding shells. This
desymmetrizing instability may grow in the ablation layer or at
an internal interface where materials of different densities
abut. Using our FAST2D code, we have modelled the RT instabil-
ity far into the nonlinear regime and beyond the point of foil
fragmentation both for a multimode perturbatior[5]a.nd
for single-mode perturbations for a series of perturbation
wavelengths (X) in the range of 1/2 ^ X/AR ̂  10, where AR is
the cold foil thickness (20 um). Laser intensities were in the
range 1-5*1013 W/cm2.

We find linear growth rates well below classical values
(by a factor on the order of 3-U) and a cutoff in the growth
rate for wavelengths less than the cold foil thickness. The
striking result is the dominance of nonlinear effects, i.e.
the Kelvin-Helmholtz (KH) roll-up, for short wavelength
perturbations. Although the linear growth rates increase as
k 1 / 2 up to the cutoff, the KH roll-up dominates at large k,
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2 0
0.5 I 10

FIG.3. A plot of the "free-fall" acceleration ("$" in units of 1014 cm • s'2) of the spike and
the final aspect ratio of the foil as a function of the perturbation wavelength (X/AR). The
solid circles are the aspect ratios obtained with a laser intensity of 5 Xi0 13 W- cm'2 and
# is the aspect ratio obtained with a perturbation wavelength of 200 fim.

drastically" reducing the penetration rate of the dense spike
"below its free fall value and effectively doubling the aspect
ratio of the foil[6].

Ihe growth rate of the spike shifts from exponential to
quadratic (free-fall) when the amplitude of the disturbance is
on the order of 1/5 the wavelength [A ~ 0(0.2 X)]. As a
result, the amplitude of the large wavelength modes (X/AR >
1.25) goes into "free-fall" at a later time and with an effec-
tive "free-fall" acceleration comparable to the foil accelera-
tion [0(l.5xl015 ci/s2)]. The exponential growth of the short
wavelength modes (X/AR < 1.25) saturates earlier in
time (since the linear growth rate is larger) and the "free-
fall" acceleration of the spike is reduced. This reduction
is a direct consequence of the tip-widening brought on by the
KH roll-up. The frontal area of the spike is increased,thereby
increasing its drag and reducing its rate of fall.

These results have serious implications with respect to
shell integrity as a function of perturbation wavelength. This
is evident from Fig. 3 where both the "free-fall" acceleration
of the spike and the final aspect ratio of the foil are plotted
as a function of perturbation wavelength (X/AR). Note that the
"free-fall" acceleration ("g") of the spike is reduced by over
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a factor of two for the short wavelengths. A combination of
the reduced "free-fall" and the earlier exponential growth
saturation increases the aspect ratio (R/AR) of the short wave-
length perturbation by a factor of two over the long wavelength
modes. Thus nonlinear effects, in the form of the KH roll-up,
dominate at large k, saturating the linear k 1 / 2 form of the RT
instability, reducing the rate of "fall" of the spike and
increasing the aspect ratio of the foil before breakup.

We now show that the vorticity, which plays such a domi-
nant role in the nonlinear evolution of the RT instability, is
also responsible for the reduced linear growth rates. In
particular, it is the shedding of the vorticity generated at
the ablation layer that gives rise to the low values of the
growth rate[7].

Fig. h shows the vortex shedding process from the ablation
layer for the 20 pm perturbation wavelength when the system is
in the linear regime. The finite-size vortices are generated
by the baroclinic (non-collinear density and pressure gradi-
ents) nature of the profiles. The vorticity generated at the
ablation surface is then convected with the flow and shed into
the blowoff. This shedding process is very similar to the
shedding of the vortex structure that arises from the flow
about a bluff body, and the measured Strouhal number (dimension-
less shedding frequency) agrees very well with this theory.
The shedding process reduces the classical RT growth rate by
removing some of the vortex motion from the growth region. We
express this reduced growth rate as y'= (kg) 1 / 2 -af, where f is
the measured shedding frequency and a is some fraction (less
than one). Fig. 5 compares this result with the computational
growth, rates.

Not only does this shedding reduce the linear RT growth
rate but a symmetric von Karman vortex street develops in the
blowoff region. The symmetric vortex street is very unstable
and this structure could have serious effects on laser absorp-
tion, thermal conduction and plasma instabilities in the under-
dense region.

Vorticity continues to be shed from the ablation layer
until the spike amplitude becomes comparable to half the
perturbation wavelength and the bubble region ceases to ablate.
The vorticity is then advected down the sides of the spikes
where it sets up a reversed flow which causes the tips of the
spike to widen,thus reducing their penetration rate. Vortex
dynamics plays a dominant role in both the linear and nonlinear
phases of the RT instability.
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V Q R T [ C I T Y

FIG.4. Vorticity contours for the 20 urn mode (X/AR = 1) when the system is in the linear
regime. The contours are in 10% increments of the maximum vorticity (+ 2.75 X 108,
— 2.87 X 10s S'1). The solid (dashed) contours are positive (negative) vorticity. The heavy
lines delineate the 10% (right) and 90% (left) density contour.

We have also simulated the linear and nonlinear evolution
of the RT instability for strongly perturbed targets and these
results are presented elsewhere at this conference[8].

The interior layer Rayleigh-Tlaylor problem can occur at
many different times and locations during the implosion of a
complicated multilayer target. The pre-ignition mix problem is
the most familiar situation. This occurs near the final stages
of compression of the fuel when the interface between the
higher density pusher and the fuel compressionally decelerates.
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FIG.5. A comparison of the computational growth rates (•) to the classical value
((W112 (solid lines)) and to the vortex shedding theory (o). (a = 0.56 to fit the 20 y.m
mode.)

A three-layer mix problem arises where a light fuel layer is
separated from a denser pusher shell by a thin but very dense
heat-shield layer. Short-vavelength perturbations permit the
upper and lower surfaces of the heat shield to move indepen-
dently, so the RT instability can result even though overall
stability is expected at long wavelengths. In order to inves-
tigate the nonlinear regime of the RT instability for these
two- and three-layer mix problems, we have developed a
Lagrangian model (SPLISH) which bases its fluid representation
on a two-dimensional dynamically reconnectable grid of
triangles[o].

In the three-layer mix problem the densities of the layers
are in the ratio 0.1:2:1 so that the unstable interface has an
Atwood number of 1/3. At this Atwood number the evolution of
the unstable interface is governed by the interaction between
the RT and KH instabilties in both the linear and nonlinear
regimes. The evolution of the RT and KH instabilities can be
separated into four distinct phases: (l) the initial classical
linear-growth phase, ending when the spike-to-bubble height is
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FIG.6. Wavelength intensity window determined by the symmetry requirements (downward
sloping solid curves) and the stability limits (aspect ratio < 40) for two radii pellets (0.1 and
0.5 cm). Constant efficiency of 7% is shown by the dashed line. Operating region is the upper
right-hand quadrant.

half the perturbation wavelength or,for thin layers, when the
spike-to-"bubble height equals the layer thickness; (2) a satu-
rated RT growth phase with steadily increasing KH roll-up and
increasing wavelength, ending when the spike tip becomes wider
than the spike body; (3) a small-scale structure phase and (U)
a turbulent mixing phase. The third phase is characterized by
downward flow from the thinned layers above the bubbles resem-
bling jets feeding the spike. A stagnation point forms at the
point where the jets collide, forcing an upward jet opposed to
the spike fall. In the last phase, large-amplitude waves run
across the stable interface as well, giving rise to jetting and
wave-breaking. Many similarities exist between the ablative
and nonablative cases. Ihe KH instability plays a very major
role in both cases in that it reduces the penetration rate of
the dense spike below its free-fall value.

Ihe stability and symmetry results provide limitations on
the designs of the laser fusion pellets if high gain is to be
achieved. RT results indicate a limit in the aspect ratio of
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around UO. Symmetry results indicate that the separation
distance of the critical from the ablation surface should be
about 0.3 to 0-5 of the current pellet radius. We have used our
one-dimensional code (FAST1D) to investigate scaling laws and
find an intensity wavelength window based on these limits[lO],

Calculations at laser wavelengths of 0.53, 1.06 and 2.7
im with pellet radii of 1, 2 and 5 mm were used to derive
scaling laws for the pressure P and the separation ratio D/R
versus laser intensity, laser wavelength and pellet radius.
We find a pressure scaling of the form p-(i x-°* 2 5R-°* 1 8) 0' 7,
and a separation ratio scaling of the form D/R~(laA

3*8)°'7/(R+3).
In the region of interest, B = 1 mm, and is only weakly
dependent on I and A. This form goes to the correct limits
for both large and small radii.

Our symmetry results indicate that if the separation
distance D is more than 0.3 times the laser inhomogeneity wave-
length, then 6P/P $0.1 6I/I (Fig. l), providing sufficient
smoothing for 10$ laser nonuniformities.

For today's moderate aspect ratio pellet, with R0/ARQ =
8-20, an ablation pressure of about 10-30 Mbar is required to
drive the shell inward to fusion-level velocities, with use of
a relatively unshaped laser pulse. Fig. 6 shows the minimum
smoothing and pressure barriers based on these limits. The
optimal laser intensity is approximately a few times 10 1 4 W/cm2

and at approximately one-micron laser wavelength. This should
suffice for producing both sufficient ablation pressure and
sufficient two-dimensional smoothing. (For a flux limit of f =
0.03 the optimal wavelength would increase to 2-3 urn.)

For fixed smoothing, decreasing the laser wavelength A
increases the instability parameter IA2, increasing the poten-
tial for plasma instabilities. Equally important, the high
ablation pressure at large intensities might be too large,
thereby driving strong shocks that would preheat the pellet.

There seems to be a barrier at shorter wavelengths because
the smoothing requirement quickly drives one to unacceptable
high laser intensities and ablation pressures. And at longer
wavelengths the ablation pressure requirement on the laser
intensity soon exceeds the threshold for plasma instabilities.
The actual location of the wavelength window is somewhat uncer-
tain but it appears to lie between 1/2 and 2.7 um.

Another important consideration in parameter mapping is
the hydrodynamic efficiency. In Fig. 6 we also show the variation
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of intensity with laser wavelength for fixed hydrodynamic
efficiency. Efficiencies greater than 1% are achieved below
this line. The highest efficiency is achieved by operating at
the intersection of the smoothing requirement and the pressure
limitations.

REFERENCES

[1] NUCKOLLS, J., et al., Nature (London) 239 (1972) 139.
[2] EMERY, M.H., et al., Phys. Rev. Lett. 48 (1982) 253.
[3] OBENSCHAIN, S.P., et al., Phys. Rev. Lett. 46 (1981) 1402.
[4] MANHEIMER, W.M., et al., Naval Research Lab. Memorandum Rep. No. 4644 (1981),

submitted to Phys. Fluids.
[5] EMERY, M. H., et al., Phys. Rev. Lett. 48 (1982) 677.
[6] EMERY, M.H., et al., Naval Research Lab. Memorandum Rep. No. 4288 (1982),

submitted to Appl. Phys. Lett.
[7] EMERY, M. H., et al., in Proc. 12th Annual Anomalous Absorption Conf. Santa Fe,

1982.
[8] RIPIN, B.H., et al., these Proceedings, Vol.1, p.139.
[9] FRITTS, M.J., BORIS, J.P., J. Comput. Phys. 31 (1979) 173.

[10] GARDNER, J.H., BODNER, S.E., Phys. Rev. Lett. 47 (1981) 1137.



IAEA-CN-41/W-10

RECENT RESULTS FROM
THE ROTAMAK EXPERIMENTS
(Summary)

G. DURANCE*, I.R. JONES, J. TENDYS*, M. TURLEY
School of Physical Sciences,
Flinders University,
Bedford Park, S.A.,
Australia

In the Rotamak concept, a rotating magnetic field is used to drive the steady
toroidal current in a compact toroid.1 Here we report on an extensive series of
current and magnetic field measurements that have been made on a high-power,
short-duration Rotamak device and on a complementary low-power, long-duration
apparatus. In neither of these experiments was a steady toroidal field employed.

In the high-power (« 12 MW),short-duration experiment, the frequency and
duration of the rotating field were 0.35 MHz and « 80 jus respectively. The RF
current pulses used to generate the rotating field had the form shown in Fig. l(a).
The diameter of the spherical Pyrex discharge vessel was 16.8 cm. Argon was
used as the working gas both to ensure that the conditions necessary for current
drive were well satisfied and to take advantage of its rapid rate of ionization at
the low filling pressures used. This experiment clearly demonstrated that the
previously identified 'steady' phase' of the Rotamak discharge could be maintained
with apparent stability for times of up to 50 /us. Under certain conditions a
second 'steady' phase was found to occur towards the end of the discharge.
Figure 1 shows the results obtained in an experiment with a filling pressure of
2.5 mtorr and an externally applied 'vertical' field Bv of 260 G (the 'vertical'
field being characterized by its vacuum value at the centre of the discharge vessel,
r = z = 0). The time dependence of the total toroidal plasma current
10 is shown in Fig. 1 (b); the two 'steady' current plateau phases are evident. The
first current plateau of I^,(t) has a value o f « 6 kA. Assuming that all the electrons
in the discharge vessel are rotating synchronously with the rotating field, the
total number N of electrons in the vessel is given by I^/ef where f is the frequency
of the rotating field. During the first current plateau period, N = 1.1 X 1017.
Comparing this number with the number of neutral argon atoms initially present in
the discharge vessel, 2 X 1017, it is clear that the gas is substantially ionized. Figure l(c),

* On attachment from the Australian Atomic Energy Commission Research Establishment,
Lucas Heights, N.S.W., Australia.

1 A full description of the Rotamak magnetic configuration and of a typical apparatus
can be found in HUGRASS, W.N., JONES, I.R., McKENNA, K.F., PHILLIPS, M.G.R.,
STORER, R.G., TUCZEK, H., Phys. Rev. Lett. 44(1980) 1676.
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(c) (e) (f) 1cm/div

FIG.l. (a) RF pulse, 1 kA/div; (b) filtered I^t), 2 kA/div; (c)-(f) poloidal flux contours,
A\jj = 400 G- cm2.

(d) and (f) show measured contour plots of the poloidal flux, iKr,z). These measure-
ments indicate that the first current plateau of I^Ct)) corresponds to a compact
toroid equilibrium having its separatrix lying just at the discharge vessel wall,
while the second current plateau correponds to a j3 = 1 mirror configuration.
Further measurements have indicated that a steady toroidal magnetic field is
self-generated during the course of the Rotamak discharge.

In a complementary low-power, long-duration Rotamak experiment, a 6 kW
RF oscillator, the output of which was appropriately divided and phase-shifted, was
used to generate the rotating magnetic field. The frequency, amplitude and
duration of the rotating field were 0.845 MHz, 10 G and 15 ms, respectively. In
these experiments, the spherical Rotamak vessel, 27 cm diameter, was filled with
deuterium in the pressure range 0.3 to 0.8 mtorr. Figure 2(b) and (c) show
I0(t) and Bz(O,O,t) (where Bz(r, z, t) is the z-component of the total poloidal
magnetic field) for an experiment (filling pressure 0.80 mtorr D2) in which the
'vertical' magnetic field Bv(O,O,t) was increased more or less linearly with time
(see Fig.2(a)). The rotating field pulse was applied for 15 ms. Figure 2(b) shows
that I^(t) increases linearly to a value of 290 A, at which point, presumably
because the available RF power is insufficient to drive a larger current, the
toroidal current ceases abruptly. Note that Bv is still increasing at the time of
current interruption. In these low-power experiments, the degree of ionization
is small; the 290 A of toroidal current corresponds to the rotation of
2.1 X 1015 electrons, while the total number of deuterium atoms initially present



IAEA-CN-41/W-10 369

o

o

o

o

t/1



370 DURANCE et al.

in the discharge vessel was 5.4 X 1017. Figure 2(c) shows that field reversal is
obtained during the 11 ms of driven toroidal current. Observation of the positions
of the separatrix, magnetic axis and neutral point confirmed that this period of
field reversal corresponded to the generation of a compact torus configuration.
Note that the Bz(0,0,t) signal jumps to the Bv(O,0,t) value at the time of toroidal
current interruption (the frequency oscillation apparent on the oscillogram
traces after the cessation of toroidal current is an artifact of the measuring system
and is to be ignored).

A major advantage of using the rotating field technique lies in the fact that
plasma currents, and hence magnetic configurations, can be sustained provided a
mechanism exists for relaxing the momentum gained by the ions as a result of
collisions with the electrons. The possibility exists of studying stationary
equilibria. This possibility has been demonstrated in an experiment (filling pressure
0.5 mtorr D2) in which Bv(0,0,t) was kept constant after it had reached a
predetermined value (see Fig.2(d)). Figure 2(e) and (0 show that 1^ and Bz(0,0,t)
remain constant as long as Bv remains constant and the rotating field is applied.
In this example, a compact torus configuration is maintained for 11 ms.
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Abstract

STUDIES OF MHD TURBULENCE IN LOW-j3 CURRENT-DRIVEN PLASMAS.
The MHD turbulence generated by the interaction of large-amplitude tearing modes is

investigated numerically by using the low-)3 reduced equations. With up to 500 Fourier modes,
reasonable spatial resolution is obtained for S < 105. The reduced magnetic and kinetic energy
spectra follow a power law m~", with v = 1.5 for strong turbulence. The spectrum is anisotropic,
A^/Aj. = \ / \ — 2—3, where A is the integral scale length and X the micro-scale. The dynamics
of the major disruption is investigated in the high-S regime, S > 10s. After the phase of rapid
non-linear tearing mode growth, the voltage drops abruptly. During the negative voltage spike,
a quasi-stationary level of small-scale Alfven turbulence persists. The anomalous resistivity
is found to depend only weakly on S. When the tearing mode amplitudes have decreased
beyond some threshold value, the turbulence decays rapidly. It is concluded that during the
subsequent phase of current decay in a disruption the anomalous resistivity is negligible.

1. INTRODUCTION

It has been noticed [j] that the interaction of two differ-
ent tearing modes in a low-3 plasma column gives rise to MHD tur-
bulence. This mode interaction process appears to be the most
widely accepted model of the major disruption in tokamak-like
plasmas, as it may account for the essential features of a dis-
ruption, the rapid loss of the thermal energy of the plasma and
the negative voltage spike. While the phase of turbulence onset
is now quite well understood, the properties of the fully deve-
loped turbulent state and its decay have not yet been treated
convincingly. An important question is the magnitude of the tur-
bulent or anomalous transport coefficients, in particular the
anomalous resistivity which, if large, would lead to a danger-
ously fast current decay. We have therefore extended previous
investigations as summarized in [j2] to the state of fully deve-
loped turbulence.

In turbulence theory numerical simulations have proved to
be a valuable tool. Their main drawback, however, is the restric-
tion in the number of degrees of freedom imposed by the limited

373
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computer capacity, which is particularly stringent for three-
dimensional problems. Since in a full simulation both energy-
carrying large scales k~~̂  and dissipative small scales k~ have
to be included, k,/k = (Re)3/"*, Re = Reynolds number, and hence
the total number of legrees of freedom is (k,/k ) 3 'v (Re)5/2,
it is obvious that within the foreseeable future such simulations
will be limited to Reynolds numbers at most a few hundred.

In the case of MHD turbulence in a low-g current-carrying
plasma column a particularly economical dynamical model may
be chosen [jTJ instead of the full MHD equations:

-|r = B«V<(> + s~ nj - E (1)
dt O

(-̂- + v»V)A = B'Vj + S~1pV2A (2)

ot

with

B = (z x Vij;, B ) , v = (z x V<}>, o)

j = V/IJJ , A = Vj_2<|)

E is the applied axial electric field, 2TTRE corresponds to the
loop voltage. The equations imply a uniform density and are
written in the usual dimensionless form with the units a = wall
radius, v = B (a)//4irp , and p ; n(r) characterizes the re-
sistivity profile with ° n(o) = ?, y is the (collisional) plasma
viscosity. S = 4Trav /n(o)c2 is often called misleadingly the
magnetic Reynolds number. In fluid turbulence a Reynolds number
is defined in terms of the average turbulent flow speed u and a
correlation length A characterizing the energy-carrying modes.
Re = uA/y is the kinematic Reynolds number and Rm = 4TruA/nc2 the
magnetic Reynolds number. Whereas the parameter S is usually
very large, the Reynolds numbers_2are much smaller. In the cases
considered below we find u ^ 10 , A ^ 0.1 and hence Rm <v 10~°S.

Equations (1), (2) have been solved numerically using a fi-
nite difference approximation in r with 150 - 300 non-equidistant
mesh points and Fourier analysis in 9 and z, characterized by
mode numbers m and n. In the fully developed turbulent state no
simple rule applies for selecting modes (m,n). Instead all modes
with 1 < m/n < 2 are important up to a m "v (Rm)3'1*. Up to 500
modes have been used. m a x

The initial current profile was chosen j (r) = 8/(1+(r/0.5)e)V1

and q(o) = 1.1. The resistivity profile n( r) a inM'1 was fixed
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in time to avoid the complications of a further complex time-de-
pendent process, which, however, limits direct application of the
present results to the first phase of a disruption. S values were
varied between 3x10"* and 6*105. Though typical values in tokamaks
are still substantially higher, the S range considered exhibits
the transition to what we believe to be the high S-regime, so
that the results obtained should be significant also for higher S
than those considered. The plasma viscosity is usually chosen
somewhat arbitrarily as a constant parameter equal to some aver-
age value of nc2/4TT, which corresponds to unit Prandtl number
Rm/Re.

2. CHARACTERISTIC PROPERTIES OF THE TURBULENCE

In this section we describe results concerning turbulence
spectra and correlation functions obtained from numerical runs
in the range S < 105, where the available spatial resolution
(number of modes) is adequate (or almost adequate) to describe
the full spectrum of turbulent oscillations. As outlined in Refs
[j3 and Q Q the turbulence is excited by the interaction of
large amplitude (2,1) and (3,2) modes. The turbulent fluctuations
consist of large scale (m < 5) tearing modes, which are quasi-
static magnetic perturbations and small scale (m > 5) Alfven
waves with about equal magnetic and kinetic mode energies.
It is illustrative to introduce the reduced energy spectra
W (m) = Z /rdr B 2/2 (which is in principle measurable experi-
M n ran
mentally) and WT,(m) = Z /rdr v

 2 / 2 , as well as the reduced dissi-
K n _1 mn

nation spectra D (m) = S Z /rdr nj 2 and D (m)= S~1]x 2 /rdrA 2.
M n ran K n mn

The energy spectra are generally found to follow a power
law m~v. For low turbulence levels corresponding to Re < 10, as
are obtained for S < 101* the spectral index v is quite large,
v ^ 2 - 3 depending on Re. The dissipation spectra follow a
m-(v-1) -̂ aw app r o xi m at eiy. p o r v > 2 the summation over m con-
verges, the high m modes contributing little to the turbulent
dissipation. In fact increasing the number of modes included
the same power spectrum is extended to higher m, while the glo-
bal properties of the turbulence are not changed. If, however,
the total number of modes is too small or their choice is in-
appropriate, the turbulence level is significantly reduced, in
particular the kinetic energy, and the spectral index v is in-
creased. Hence a well converging spectrum does by no means imply
adequate spatial resolution.

For S > 5 x 101* strong turbulence with Re > 102 is genera-
ted. Figure 1 shows the (time-averaged) energy and dissipation
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spectra for three different values of S. They are obtained from
a case with S = 3 x 101* run up to maximum kinetic energy W at
t = 445 and continued to t = 460 also with S = 9 x 101* and
3 x 10s. These runs were performed with 300 radial grid points
and 245 modes with n = 24. It turns out that in particular
for the larger two S - cases this number of modes is not suffi-
cient to fully describe the dissipative part of the spectrum
with k = (e/p3)1'"*= 2mcj where e is the total dissipation rate.
We obtain md = 60 and 150 for S = 9 x \Q* and 3 x 10

s. Cutting
the spectrum at m ^ x < m^ leads to a piling up of energy close
to ^max' This effect can be clearly seen in the kinetic energy
spectrum and is particularly evident in the dissipation spec-
tra, probably affecting the whole spectrum in case c). It is
therefore not unreasonable to conclude that for very large S
there will be an inertial range in the energy spectra with an
index v = 1.5 as predicted for Alfven wave turbulence [jT\ • In
spite of the inadequate spatial resolution it appears, however,
that the gross features of the turbulence are still reasonably
well described, as the dissipative effect of the missing modes
is roughly compensated by a higher amplitude of the modes close
to the mode boundary.

Several types of correlation functions have been considered,
the longitudinal correlations fr(p) « <vr(r)vr(r+p)> and
fg(ro6) <* <Vg(r9)vg (r (6+<5))> and the corresponding latitudinal
correlations gr « <ve(r)vg(r+p)> and ge « <vr(r6)vr(r(9+6))>.
From these functions it is evident that the turbulence is not
isotropic. A measure of the anisotropy is obtained by comparing
the characteristic turbulent scales, the integral scale A = /fdx
and the Taylor microscale X, X2 = 1/f"(o) in radial and poloidal
directions. We find Ag/Ar = Xg/Xr slightly decreasing from 3 for
S = 3 x 1011 to about 2.5 for S = 3 x 105. Plots of the correla-
tion functions fr, fg are given in Fig. 2. A necessary condition
for adequate numerical resolution is that the microscales are
well resolved. We find that Xr(> 0.02) as well as XQ (> 0.05) ex-
ceed the limits of spatial resolution Ar and r/mfnax by a safe
margin. The microscale is found to scale approximately as

x - s-Va.

The Alfven turbulence gives rise to an anomalous resistivi-
ty na (and also viscosity y a ) . An integral measure of na is ob-
tained from the turbulent Ohmic dissipation rate, na =
= 2 /rdr nimn/^"rdr j. . An alternative more localized measure
m, n ml1 u

is obtained from the damping rate of an Alfven mode i, excited
to an amplitude significantly above the corresponding spectral
level

^ = - 2 k2(n + D ) W .
M (3)

OL 1
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0.35

FIG.2. Longitudinal velocity correlation functions in azimuthal and radial directions,
fg (ro&) and fr(pj. The integral turbulence scales A = Jfdx differ by a factor of about three.

where D = 9̂  <b2> , 6̂  = correlation of life time of mode i, and
b is the magnetic field corresponding to the Alfven turbulence.
With some average value over the Alfven spectrum 9, D is roughly
equal to na.

3. DYNAMICS OF MAJOR DISRUPTIONS

In this section the interaction of the Alfven turbulence
with the large-scale tearing modes is investigated, which is
seemingly closely connected with the dynamic processes occurring
during a major disruption. To account for the typical behavior
of the loop voltage, boundary conditions corresponding to con-
stant plasma current were imposed. As it turned out, rather high
values of S had to be chosen, S ^ 5 x 105. At these values the
available number of Fourier modes was clearly insufficient to
guarantee full resolution of the dissipative turbulent scales.
However, it was found that the calculations of the gross pro-
perties were still quite accurate, though the high mode number
spectrum was not well reproduced. In the three cases displayed
in Fig . 3 we have used 99 modes with n = 14 for S =
= 1.5 x 106, case a), and 245 modes with n = 24 in cases b)
and c) with S = 3 x 105 and 6 x 105 respectively. The times gi-
ven in these figures refer to a time t chosen somewhat arbi-
trarily well before the onset of the disruption. Case b) had a
long history not displayed, while a) and c) were generated from
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FIG. 3. Applied electric field Eo and energy of the dominant tearing modes
for S = 1.5 X 10s, 3 X 10s, 6X1OS.

b) by decreasing and increasing S respectively by a factor of 2
at t = t . The dashed lines on the r.h.s. of the E curves in
Fig. 3 indicate that this part is certainly strongly affected
by the change of the resistivity profile which occurs during the
disruption and which is not accounted for in the present cal-
culations.

Figure 3 clearly indicates that violent disruptions only
occur at sufficiently high S values, S > 2 x 105 for the present
configuration. For smaller S no rapid tearing mode growth occurs
and the voltage spike is considerably weaker, especially the in-
tegrated signal. The explosive simultaneous growth of both tear-
ing and Alfven modes seems to be the essential dynamic feature
of the disruption, as has previously been noted in Ref. [~̂ J
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This process may be explained by the mutual reinforcement of
large-scale and small-scale modes. On the one hand, Alfven turbu-
lence is excited in the interaction region of the dominant tear-
ing modes, which is rather well defined by the region of stochas-
tic field line behavior. Growth of the tearing mode amplitudes
thus leads to a larger turbulent region; in addition, it also
intensifies the turbulence locally. On the other hand, the large-
scale tearing modes V are driven by the small-scale turbulence
b, which acts as a negative magnetic viscosity -S<b2>, \~5~\:

_ n) v
2^ (4)

The process described by this term in (4) is related to the in-
verse cascade of magnetic potential that plays an important role
in the theory of 2D MHD turbulence. The threshold e<&2> = n is
consistent with the onset of explosive growth in cases b) and c)
in Fig. 3. The growth rate cannot, however, be derived from Eq.
(4) but requires more detailed analysis of the mode dynamics,
as indicated in Ref. [jT]. It should be mentioned that in cases
b) and c) the entire central plasma region becomes stochastic
with respect to magnetic field lines and turbulent.

Coupled with the tearing mode growth is a rapid decrease
of the mean poloidal field energy Wo and a broadening of the
current channel which induces a reversed skin current outside
the q = 2 region at r s 0.75. The change of the current pro-
file has a strong stabilizing effect on the dominant tearing
modes. When the mode growth stops, the negative voltage spike
starts abruptly. As the reversed skin current is localized in a
region of relatively high resistivity, it tends to decay faster
than the interior current density, thus increasing the total
current. Hence the constant current constraint requires E o to
become negative. The time scale of the voltage drop is primari-
ly determined by the resistive skin time in the edge region of
the plasma. Consistent with this picture we find that the ne-
gative voltage rise time roughly varies as S"1. Since in toka-
maks the resistivity at the plasma edge depends on complex
transport effects, no simple prediction of the width of the vol-
tage spike can be made. A lower limit is given by the growth
time T M of the tearing mode energy W M t in Fig. 3, which is not
independent of S but increases with S, scaling roughly as

After saturation the tearing modes decay on a time scale
Ta, somewhat longer than the growth time TJJ. The Alfven turbu-
lence, in particular the anomalous resistivity remains on a
quasistationary level for a period of the order of the decay
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time Ta. The magnitude of ria during this phase is found to scale
as S"1/^, while xa *> S

1/3, so that the total turbulent dissipa-
tion /na dt is roughly independent of S. If an additional dissi-
pation process, e.g. electron viscosity, is included, the turbu-
lence level is such that the total dissipation rate is about
equal to na in the purely resistive case. The turbulence level
as well as xa depend also on the number N of modes. If N is re-
duced, xa is shortened while na assumes higher values, so that
again /nadt does not vary strongly. For still smaller numbers
of modes, for instance N < 50 for S = 3 x 105, tearing mode
amplitudes and turbulence levels are, however, substantially
lower. Because of the practical limits in N some extrapolation
regarding predictions of Ta and na are required.

To summarize the results of this section, the change of the
configuration during the disruption, in particular the tearing
mode saturation amplitudes, are independent of S, and so is the
total dissipation « /nadt and the integrated voltage signal
« /Eodt. The time scale seems to vary like S

1/3 or even S1/2.
The decay time xa is of the order of the width of the voltage
spike. We may conclude that the anomalous resistivity will be
negligible during the subsequent decay of the plasma current, in
any case compared with the actually strongly increased classical
resistivity owing to electron heat loss and possibly impurity in-
flux.
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DISCUSSION

M. COTSAFTIS: Is it possible to ensure that the number of modes
selected is compatible with the number of grid points in the simulation in order
to avoid outflow of energy and momentum toward individual higher-order modes,
and is the current distribution renormalized at each step?

D. BISKAMP: Only for S < 10s does the available number of modes N
allow adequate description of the dissipation by the high-mode-number part of
the spectrum. For larger S, N is too small, and mode energies pile up at the mode
space boundary; the high-m-number spectrum approaches the (unrealistic)
statistical equilibrium distribution. However, the gross features of the disruption
are not very sensitive to the details of the Alfven spectrum and seem to be reasonably
well described up to S = 5 X 10s. The time development of the mean current
distribution jo(r) is included in these numerical computations.

M. DUBOIS: In the case of minor disruptions there is no current decay,
but there is a rather considerable negative peak in the loop voltage. Do you observe
this in your simulations?

D. BISKAMP: There seems to be no qualitative difference between minor
and major disruptions. A major disruption is just a particularly strong disruption
giving rise to complete field line stochastization of the central plasma column
and hence to rapid cooling, which seems to initiate the subsequent current decay.

M.N. ROSENBLUTH (Chairman): How do you define the resistive skin time
which determines voltage spike width?

D. BISKAMP: The time scale of the voltage spike is found to be essentially
given by the resistivity outside the q <** 2 surface, which is not affected by the
MHD turbulence generated during the disruption. In our simulations, there is
only a static 'classical' resistivity in this region, while, in reality, r) is determined
by various complex transport effects due to microturbulence and impurities.
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Abstract

A TURBULENT MECHANISM TO EXPLAIN SAWTOOTH ACTIVITY AND DISRUPTIONS
IN TFR 600.

A detailed study of MHD phenomena on TFR shows the limits of current explanations.
Two examples, one of a sawtooth, the other of a q = 2 minor disruption, are discussed. A striking
disparity of time-scales is observed between MHD precursors and the disruptive phenomenon
itself, a disparity which is not predicted by the classical theories. The spatial extension of the
observed phenomena is also unexplained. Both features are better explained by a turbulent
mechanism where the turbulent region propagates radially, fed by the current density gradient.

INTRODUCTION

The disruptive phenomena in tokamaks remain poorly understood although
there are several theoretical interpretations in the literature for each class of
disruption [1—5]. However, careful observations of the experimental results
indicate common points between the different disruptions which suggest some
unity in their mechanisms. Here we study some types of q = 1 and q = 2
disruptions that have been observed in TFR. We examine the data to see if they
can be explained by a classical magnetic reconnection of flux lines in large-scale
magnetic islands [1-4] or whether a more complicated mechanism involving
small-scale turbulence [5] must be invoked.

INTERNAL DISRUPTION ON THE q = 1 SURFACE

The precursor seen at the end of the regenerative part of a sawtooth is
almost certainly due to an m = 1, n = 1 tearing island. Its evolution takes place
on a resistive time-scale of the order of a millisecond, in good agreement with the
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FIG.l. Small-scale turbulence.

analytical law [6]. Magnetic cartography [7] from soft X-ray signals shows that,
just before the disruption, the island is far from having reconnected the central
region: its thickness Wj is typically 1/3 the radius r0 of the q = 1 surface. Numerical
simulations of the reconnection [3, 8] show that the time necessary for the island
to grow from this width to total reconnection is at least equal to the time necessary
for the island to reach Wj= ro /3. Experimental data show that the disruption takes
place in a much shorter time, typically 50 (is. The disparity of the time-scales can
be interpreted in two different ways: either a sudden and large acceleration of the
reconnection (predicted neither by theory nor by computation) or the triggering
of a different phenomenon, for instance a turbulent mechanism [5]. Soft X-ray
signals exhibit a complicated structure during the disruption itself, in particular
sharp spikes near the q = 1 surface. This is very conspicuous on low-q 0*2.5)
high-density (ne(0) «* 1.7 X 1014 cm"3) discharges on TFR 600, such as those
with neutral injection heating presented in Ref. [9]. One may try to decide which
mechanism is the closest to reality by checking whether these features can be
properly simulated by the different models of the disruption. For this purpose
we have included in our kinematic model [7], which simulates the disruption by a
simple flattening of the temperature profile, two kinematic models of the disruption
itself. The first model corresponds to a complete reconnection of the (1,1)
island [ 1 ], with the possibility of increasing the island growth rate to optimize
the simulation of experimental data. In the other model [5,6] it is assumed that
at a given time, when the island has a rather small width, a small-scale turbulence
spreads in the inner and outer regions from the island, as shown in Fig. 1,
flattening the temperature in this domain. In this model the evolution of the
island is not necessarily significant during the disruption. Figure 2(b) shows soft
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FIG.2. Soft X-ray emission measured along different chords of the TFR plasma.

X-ray emission measured along different chords of the TFR plasma. (A complete
sawtooth lasts 8 ms) Figure 2(a) shows simulated signals with the complete
reconnection model of the (1,1) island with an optimized (here accelerated by a
factor of 100) island growth rate. However, the simulated signals for central and
peripheral chords are not at all satisfactory.

Figure 2(c) shows signals simulated by the turbulent model. The agreement
is satisfactory except for too fast a relaxation of the simulated compared to the
experimental peaks. Agreement could be improved by using a more realistic heat
propagation outside the turbulent zone.

Figure 3(a) and (b) show the size of the island (black) at the time of the
disruption, and the maximum extension of the turbulent region (white).
Figure 3(c) shows the evolution of simulated soft X-ray emission profiles during
the disruption as obtained by optimization of the parameters of the turbulent
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FIG.3. (ajand(b): Size of the island (black) at time of disruption and maximum extension
of turbulent region (white), (c) Evolution of simulated soft X-ray emission profiles during
disruption.

model. The indirect character of the technique used here (explained in more
detail in Ref. [10]) requires that we make some reservations in the conclusions.
However, it can be asserted that:

(1) There is a break in the rhythm between precursor evolution and the
disruption itself, i.e. the disruption is not a simple continuation of the m = 1
island growth;

(2) The turbulent mechanism can explain fast variations of experimental
signals during the disruption, which seems to be impossible with a total reconnection
model;

(3) The persistence of m = 1 oscillations after the internal disruptions, often
observed, is another fact hard to understand with a total reconnection model.

q = 2 DISRUPTIONS

A systematic study of q = 2 disruptions has been made on TFR 600 [11, 12].
This complements results already obtained on TFR 400 [13]. If trivial cases such
as loss of equilibrium are omitted, it appears that the scenario of a q = 2 disruption
has a striking resemblance to the observations during a q = 1 disruption:

(a) First, there is a growth phase of tearing modes. Their growth rates lie
between 0.1 and 1 ms"1, which is compatible with a resistive time-scale. On one
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hand there is an m = 2, n = 1 island which induces m = 3, n = 1 and m = 1, n = 1
modes; on the other hand there is another island, m = 3,n = 2 o r m = 3 , n = l .
It must be noted that the (3-2) mode is not always present. Moreover, no m = 3
mode was observed on TFR 400. The (2-2) mode is destabilized by a cooling
of the plasma edge.

(b) A very brief disruption stops this growth phase. A sudden loss of
confinement is observed which leads to a fall of the temperature in the plasma
core. Simultaneously the external part of the plasma is heated and a heat flux
on the limiter is observed. A short negative spike on the loop voltage shows that
a small percentage of the magnetic poloidal energy is lost. (These events are
simultaneous to within 100/is.)

(c) The significant loss of thermal energy due to the disruption can affect
the position equilibrium of the discharge or render the sustainment of the plasma
current impossible by lack of Ohmic power. Moreover, the energy flow which
strikes the wall produces light impurities. All these facts cause the q = 2 disruption
to be less reversible than a q = 1 disruption. However, this irreversibility is only
apparent because it is due solely to the lack of available power to restore the
thermal and position equilibria; "q = 2 sawteeth" are often observed but they are
less regular. The similarity of q = 2 and q = 1 disruptions makes the idea of
a common mechanism for both types plausible. Again, it is not evident in the
case of q = 2 disruptions that the mechanism consists of reconnection of large-
scale islands (2/1, 3/1, 3/2, 1/1, etc.). In some cases a turbulent mechanism is
more suitable.

Figure 4 shows experimental signals measured during a minor disruption
when the safety factor at the edge was q(a) = 4.3. Knowing the radius of the
q = 1 surface, and using a parabolic approximation of the q profile between q = 1
and the edge, the resonant surfaces can be localized with reasonable accuracy.
Integration of magnetic loop signals gives an estimate of the island width at the
disruption. Figure 5 shows that 3/1 and 2/1 islands are almost touching and an
ergodization of the region between the two resonant layers is plausible [4]. Never-
theless no significant delay is observed between other signals such as the drop in
both electron temperature and soft X-ray emission and the negative spike on the
loop voltage. Furthermore, from measurement of the electron temperature by
2o>ce emission, the inversion radius is estimated to be 6 cm, while the mechanism
[4] would set this radius between 12 and 16 cm. The absence of significant
oscillation on the soft X-ray signals excludes the existence of a large 1/1 island.
No 3/2 island is seen in this case. The rapid propagation of the perturbation to
the centre of the discharge and the inversion radius localization suggest the
existence of turbulence as described in Ref. [5], initiated by the interaction
between the q = 2 and q = 3 islands and propagating far from its initiation point,
fed by the current gradient.
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FIG. 4. Experimental signals measured during minor disruption when safety factor at the edge
was q(a) = 4.3.
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FIG.5. 3/1 and 2/1 islands are almost touching.

CONCLUSION

On two crucial points - the time-scale of the disruption compared to the
precursor, and the size of the affected region — the classical explanations for
internal and q = 2 disruptions encounter some difficulties. A turbulent model
seems to account better for the experimental data. An experimental effort to
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show the existence of microturbulence during the disruption is desirable, as are
further theoretical steps towards a self-consistent model.
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DISCUSSION

J.D. CALLEN: Your experimental data may indicate a change of phenomena
near the end of a sawtooth, but could you tell us what experimental evidence
indicates to you that your turbulence model is an appropriate model rather than
some other, perhaps as yet undiscovered, new phenomenon?

M. DUBOIS: No direct "proof exists. A temperature measurement with
very high spatial and temporal resolution is needed. Nevertheless, this model fits
the data of q = 1 and q = 2 disruptions, and no other explanation exists for q = 1
disruptions except for the total reconnection model, which seems incompatible
with the experiment. It is therefore tempting to investigate our model in greater
detail.

M.N. ROSENBLUTH (Chairman): How will the nature of disruptive turbu-
lence change in higher-temperature kinetic regimes?

M. DUBOIS: The main difference we expect is in the triggering of the m = 1
disruption: the cancellation of the angle of the separatrix at the X-point will occur
for much larger islands, and such islands may degrade the confinement in the centre
enough to prevent the thermal sawtooth regeneration. A large quasi-stationary
m = 1 mode would be observed (as in ISX-B or PDX).
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Abstract

CONFINEMENT IN TOROIDAL SYSTEMS WITH PARTIALLY DESTROYED MAGNETIC
SURFACES.

A Hamiltonian formulation of the guiding centre drift equations valid for stochastic fields
is given. Modification of neoclassical transport due to imperfect magnetic surfaces is investigated
numerically. For banana-trapped particles a discrete map representation is given for the orbits
and used to study loss of banana-trapped tt-particles due to field ripple.

I. Hamiltonian Formulation of the Guiding Center Drift Equations

Recently developed methods of analysis are providing new
insight into problems involving nonlinear equations of motion
which, although deterministic, lead to apparently chaotic
behavior. This subject is of immediate importance for magnetic
fusion research, where small asymmetries in magnetic fields can
lead to stochastic particle orbits and poor confinement. The
calculation of the orbits of charged particles in given electric
and magnetic fields is one of the oldest problems in plasma
physics . To facilitate the numerical evaluation of long time
confinement parameters such as diffusion rates, an average must be
made over the rapid gyro motion of the particles. The resulting
guiding center equations have played an important role in plasma
physics since their inception [1-7] .

It is particularly convenient to use magnetic coordinates for
confinement studies. These coordinates, in addition to defining
the surfaces across which diffusion is relevant, separate fast and
slow time scales related to motion along and across the field. As
we will show, in a Hamiltonian formalism they are also intimately
related to the canonical variables for the guiding center
motion. Of course a stochastic field has no such coordinates, but
the systems of interest for confinement studies are necessarily
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only small perturbations of systems with good magnetic surfaces.
We therefore assume the existence of a nearby field, § with good
surfaces .

We will use two representations for 2, the familiar Clebsch
representation and a covariant representation:

B* = $(|i x % = A($x + P*V<|>) (1)

The variable <\> labels the flux surfaces, and C is a measure of the
angle around a flux surface across the field. The quantity A is
the permeability, defined by the condition $<],'§ x (B/A) = 0. For
scalar pressure equilibria A = 1, and Grad [8] has shown that for
tensor pressure equilibria I/A = 1 + (P - P )/B . The quantity
(3 is related to the parallel current and pressure through
B»j = -B 5p*/5C, &P/dc|> = B 5f3*/&x> a n d X measures the distance
along a field line. Given any explicit representation of B* in
toroidal coordinates r,0,i(), the magnetic coordinates can be found
by comparison with Eq. (l). Consider a torus of aspect
ratio e = R/a, with R and a the major and minor radii. The
simplest non-trivial toroidal system is given by the truncation to
first order in e of a zero pressure equilibrium [9]

(2)

where we have normalized S to its value on axis . The coordinate r
labels the magnetic surface so we can take ty = r /2 . We then find
C r 6 - <)>/q - r/R sin6, x = <t>/e + r

29/qR, and p = - (9/rR)(d/dr)
(r / q ) . These expressions are readily evaluated to higher order in
e using higher order expressions for J [9], The analysis of
transport in a finite pressure plasma using the higher order
formalism will be the subject of a future publication.

Vfe assume that the exact magnetic field of interest can be
represented through B* = B~ + 6B" where J is a field which can be
described by Eq. (l) Sad 6$ represents the effect of magnetic
field coils, plasma modes, etc. As has been shown [10], one
component of 6$, namely 6B*«$4>, dominates the structure of the
perturbed surfaces. Other components of 6$ contribute only non-
resonant distortions of the equilibrium and are unimportant. We
represent this component of 6$ exactly through 6§ = $ x aB*
with a a general function of position. If a is represented
through its Fourier series

a = V a (r)cos(n<j>-m9-6 ) (3)
nm am

m,n
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we find that a changes the topology of B* at rational surfaces
q = m/n, producing islands of width

4q <j> nm

Typically, a/r ~ lO"
5 produces islands of width 6r/r ~ 1 0 , so

that very small a is sufficient to represent quite stochastic
fields. In terras of particle orbits, other components
of 61$ affect only the perpendicular drift velocity which is also
proportional to the gyro radius, whereas topology changes,
proportional to a , modify the parallel motion and are clearly
dominant for a much smaller than the system size.

A convenient form of the guiding center drift, first
formulated by Morozov and Solovev [11] and modified by Boozer [5]
and Littlejohn [6]} is given by

v = ̂ i — i — r s + v x p.ti (5)

1 /2
where p = v /(^ = [2E - 2p.B - 2$] ' /B is the "parallel gyro
radius", b = t/B, and the gradient operator in Eq. (5) acts
on p with E ^ fixed. Here and in the following we use units of
time given by top = eB<,/me and lengths given by the minor radius a.

The Hand 1toAlan character of v can be demonstrated by finding
the canonical variables, closely related to the magnetic
coordinates [12]. First introduce the perturbation
J > J + 7 x at, in Eq. (5). Neglecting terms of order p a, v is
then given by Eq. (5) with p replaced by p = p.. + a. The rate
of change of the magnetic coordinates and of p£, <\> = vVt\>,
pc

 = v»Vpc etc. can be expressed as a linear combination of the
terms oH/54», 5H/5C, oH/5x, dH/op where the Hamiltonian is

H = j B2
P|1

2 + \M + * (6)

Transformation to the variable 9 = C ~ P p then puts these
equations into canonical form and gives for the drift equations

• = oH • _ _ 5H S - oH • _ _ oH ,-,,
1 T$~ ' pc " a l » ec " d^ » * " W : ( 7 )

One of the advantages of the Hamiltonian formalism is that
simplifications and idealizations can be made in the functional
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FIG.l. Poincare plot made with 1 keVions, with n = 0. A single m = 8, n = 4 mode is present.
The ions follow the magnetic islands as well as executing large-scale drift motion.

form of the magnetic field without sacrificing exact energy
conservation and the Liouville theorem. For example the use of
the first-order model given by Eq. (2) gives, to order e, B =
l-ercos6 with 9 = C + ex/q(r) • Further we can take
0t = C, since p produces a correction to B of order z. p . The
Hamiltonian then gives a set of drift orbit equations which,
although idealized, exactly conserve energy and satisfy the
Liouville theorem.

II. Modification of Neoclassical Transport

The first-order (in e) model Eq. (2) has been used to produce
Poincare maps for magnetic fields as well as for drift orbits,
and to investigate the modification of neoclassical diffusion due
to the destruction of magnetic surfaces. Shown in Fig. 1 is a
Poincare map obtained using 1 keV ions with \i = 0 and a
perturbation a of magnitude a/a = 10~5 with m = 8, n = 4. The
island size for the ion orbits is the same as those for the
magnetic field, but in addition the ion orbits are displaced from
the q = 2 surface by drift motion. This indicates that, at least
for passing particles, the stochastic threshold for the drift
orbits corrresponds to that for the magnetic field itself .
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To study particle diffusion we have introduced energy-
conserving pitch angle scattering. The pitch \ = v /v is changed
every time step by

2
\(1-VT) ± [(1-X )vx] (8)

where v is the collision frequency, % is the time step with
vt « 1 , and the ± implies a random sign. This can be shown to
give an equivalent Lorentz collision operator [13]. We have
studied the modification of neoclassical banana diffusion as a
function of the perturbing field amplitude in a simple model
consisting of equally spaced modes of equal amplitude [14]. Three
qualitatively different regimes exist. Parameterize the magnitude
of a in terms of a stochasticity parameter s, with a given by Eq.
(3) with a m =• s. If s « sc, where sc is the threshold for
stochasticfty [15] of the exact field B , the particles diffuse
according to the neoclassical rate [16], If s < s a significant
fraction of space is filled with magnetic islands, which give rise
to enhanced transport much in the way banana orbits contribute to
neoclassical diffusion. Diffusion due to a combination of islands
and a collision term has been investigated previously [17,18,19],
but the results cannot be directly compared because of the quite
different particle orbits. Finally, if s > s the diffusion is
given by the particles streaming along the stochastic field, and
can be calculated [20] using the random phase approximation for
the modes in a.

Figure 2 shows the obtained diffusion coefficients for 1 keV
ions and electrons. We have used a 30 kG field, a = 30 cm, and
e = I/A . The q profile was taken to be linear in <|>, ranging from
1 .0 on axis to 4 .0 at the wall. The modes had n = 4 and m =
7,8,9. A significant modification of the electron neoclassical
diffusion rate exists below the stochastic threshold, whereas the
ions are relatively unaffected because island-banana diffusion is
overshadowed by the large ion neoclassical rate.

Neutrality of the plasma would of course not permit large
differences in electron and ion diffusion to occur, but similar
modification of electron heat transport is to be expected. We
have begun to assess the role of MHD modes on particle
confinement. Recent three dimensional non linear resistive MHD
simulations of MHD activity during high power neutral beam
injection into high temperature plasmas in PDX display a large
variety of modes, primarily driven by the sawtooth (m = 1, n = 1)
oscillation. In Fig. 3 is shown a Poincare plot of the magnetic
field surfaces during a typical discharge. Although the field is
somewhat below stochastic threshold in most domains, the abundance
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10 10 '

FIG.2. The electron and ion diffusion coefficients, normalized to their neoclassical values,
Dnc, as a function of the amplitude of the perturbing fields, s. Here ve/oje

 = 1-8 X 10~s,
Vi/«j = 10~6, a/pe = 12 000, and a/Pi = 200. Also shown are the quasilinear values and the
stochastic threshold. ThevalueofDeatS = 10's has been changed from that given in Ref.[l4]
by the development of a more accurate and efficient method of measuring small diffusion rates.

of magnetic islands must be expected to contribute significantly
to particle diffusion.

III. Discrete Map Representation of Banana Orbits

A further simplification of the description of particle
orbits can be made in the case of banana-trapped particles. In an
axisymmetric system the radial drift averages to zero along an
orbit. In a non axisymmetric system, however, vu oscillates as a
result of the field perturbation, giving rise to an additional
oscillating radial excursion. Along most of the trajectory these
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FIGS. Poincare plot of the magnetic field in PDX during large-amplitude sawtooth oscillations.
The safety factor profile is modelled as q = 0.82 + 6.6 \p. We kept the 30 largest modes of the
simulation, with 1 < m < i 2 , 1 < n < 4 and amplitudes anm ranging from 10~n to 10'*, with
average amplitude 1.5 X 10'5.

small excursions are self cancelling, but near the turning points
the excursions are largest and do not cancel. Using the model
magnetic field, B = B0(l-ercos9 + 6cosN<(>), where 5 is the local
ripple magnitude, one can integrate along unperturbed trajectories
analytically to find the displacement after a single bounce,
A(r) . The toroidal angle between two turning points is

ij)̂  = 2q9t, with cos9t = (R. - R)/r, and R-b> the bounce radius, is
a constant of the motion in order to conserve B at the turning
points. Let ^pCO be the amount the banana orbit precesses
toroidally while moving between turning points. An area
preserving map of the banana orbit motion is given by

r + A(r )cos(N((>. - x/4)
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INTOR
K q < 3
Rounded Profile

FIG.4. The region of confined banana-trapped a-particles for typical INTOR design parameters,
1 <q < 5. Particles with banana tips in the shaded region are confined, those in the partially
shaded region are marginal, and others are lost.

J+1 -4.1 >J+1
" A'(r )sin(N<t> - TC/4)/N (9)

J+1 J

A(rj+2)coS(N*j+1

where the first and third equations must be solved iteratively,
and the A' = dA/dr terms are necessary modifications of <)> at the
banana tips in order that the map be area-preserving. The first
half of this map represents the changes in r,<]> evaluated at the
lower banana tip, and the second half at the upper banana tip.
The local approximation to this map, A(r) = const, has been used
previously [21] to investigate the threshold in ripple magnitude
for the onset of stochastic banana trajectory motion, and hence
particle loss, for fusion-product, banana-trapped a particles. An
approximate expression for this threshold is

1/2pq'] (10)

which for typical reactor design parameters gives a limit of 0.3%
on 6. In Fig. 4 is shown the extent of stable banana trajectories
for typical INTOR parameters. The generalized map, Eq. (9), is
appropriate for studying long time transport of banana-trapped
particles. The toroidal precession rate <j>p can be calculated
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using expressions for the toroidal velocity [22] and the bounce-
averaged pitch [23]. Ws find for small e

$ = - pjq'4 /Ter [E - (l-52/2er)K] + §- /2Tir [2E - K] } (H)
p 9 R

where p is the poloidal gyro radius, E and K are elliptic
functions with argument t, /2er, and £ = v /v evaluated at 9 = 0.

For colllsional effects we use the bounce-averaged collision
operator of Cordey [23] to obtain appropriate displacement and
diffusion in pitch angle. Integrating over a single bounce time
we find, using the notation of Cordey,

(12)

2
where <v/v> = ?— K, <v,./v> = ̂ ^- [E - (1- | — ) K ] , and

11 it/Iir " ^ £

v

Taken together the mapping and collision operator constitute a
complete Monte-Carlo formalism for studying the banana-kinetic
equation in toroidal systems .

ACKNOWLEDGEMENTS

This work was supported by United States Department of Energy
Contract No. DE-ACO2-76-CHO3O73.

The authors acknowledge useful discussions with J. Greene,
D.A. Monticello, W. Park and K. McGuire.

One of the authors (RBW) is indebted to the Aspen Center for
Physics for their hospitality during a visit, where some of this
work was completed .



400 WHITE et al.

REFERENCES

[I] H. Alfven , Ark. Nat. Astron. Fys. 2_7A. 1 (1940)
[2] C. S. Gardner, Phys. Rev. 115 (1959) 791
[3] T. G. Northrop, The Adiabatic Motion of Charged Particles,

Wiley, New York (1963)
[4] T. G. Northrop and J. A. Rome, Phys. Fluids ^1_ (1978) 384
[5] A. H. Boozer, Phys. Fluids 23_ (1980) 904
[6] R. G. Littlejohn, Phys. F l u i d s ^ (1981) 1730
[7] H. Weitzner, Phys. Fluids lh_ (1981) 2280
[8] H. Grad, Proc . Symp . Appl. Math _18_ (1967) 162
[9] J. M. Greene, J. L. Johnson, and K. E. Weimer, Phys. Fluids

_14_ (1971) 671
[10] M. N. Rosenbluth, R. Sagdeev, J. B. Taylor, and G. M.

Zaslavsky, Nucl Fus. 6_ (1966) 297
[II] A. I. Morozov and L. S. Solovev in Reviews of Plasma

Physics, edited by M. A. Leontovich (Consultants Bureau, New
York, 1965) Vol. 2, p. 228

[12] R. B. White, A. H. Boozer, and Ralph Hay, Phys. Fluids 25
(1982) 575

[13] A. H. Boozer and G. Kuo-Petravic, Phys. Fluids 24 (1981)
851

[14] A. H. Boozer and R. B. White, Phys. Rev. Lett. _49_ 786
(1982)

[15] V. Chirikov, Phys. Rep . 51_ (1979) 263
[16] M. N. Rosenbluth, R. D. Hazeltine, and F. L. Hinton, Phys.

Fluids _L5_ (1972) 116
[17] A. B. Rechester and R. B. White, Phys. Rev. Lett. 44 (1980)

1586
[18] A. B. Rechester, M. N. Rosenbluth, and R. B. White Phys.

Rev. 23_ (1981) 2664
[19] C. F. F. Karney, A. B. Rechester, and R. B. White, Physica

4D (1982) 425
[20] M. N. Rosenbluth, R. Z. Sagdeev, J. B. Taylor, and G. M.

Zaslavsky, Nucl. Fus. 6_ (1966) 297
[21] R. J. Goldston, R. B. White, and A. H. Boozer, Phys. Rev.

Lett. 47_ (1981) 647
[22] B. B. Kadomtsev and 0. P . Pogutse , Nucl. Fus . ll_ (1971) 67
[23] J . G. Cordey, NucL Fus . 16 (1976) 499

DISCUSSION

B. McNAMARA: Have you investigated the effect of this diffusion on the
ambipolar potential and the effect of the potential on the orbits and the diffusion?

R.B. WHITE: The ambipolar potential is included in the formalism, but
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numerical results regarding the effect of the potential on diffusion rates have not
yet been obtained. Clearly, ambipolarity requires long-term equality of ion and
electron diffusion rates. This is not to be expected for heat transport, however,
since a retaining potential has a strong influence on low-energy particles, whereas
those of high energy are relatively unaffected. It is interesting to note that
experimentally observed field fluctuation levels of 5B/B « 2 X 10~s may be large
enough to make the electron diffusion (neglecting the potential) larger than the
ion diffusion. Thus the magnitude and even the sign of the potential may depend
on the fluctuation spectrum and level.

R.S. PEASE: Have you been able to calculate the bootstrap current as a
function of the stochasticity?

R.B. WHITE: No, this has not yet been attempted. It is one of several
interesting topics which we hope to pursue in the near future.
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Abstract

BETA LIMITATION IN TOKAMAKS AND THE EFFECT OF VISCOSITY ON RESISTIVE
BALLOONING MODES.

Part I investigates whether the ISX-B and DITE experiments are limited by ideal high-n
ballooning modes. Heating is simulated by a sequence of equilibria with increasing p in which
the forms of pressure and current are determined by the expected non-linear effects of
important MHD instabilities and the results are compared with experiment. It is concluded
that ISX-B may be limited by ballooning modes but that DITE is not. Part II considers aspects
of the linear theory of high-n resistive ballooning modes in axisymmetric toroidal geometry.
The equations describing resistive modes, including the effects of collisional viscosity, are
derived using Braginiskii's stress tensor. The simpler averaged equations, valid for small
resistivity, are also obtained and discussed. The limitations on applying the simplified reduced
equations, frequently used for a large aspect ratio tokamak, to resistive ballooning modes are
considered. Finally, the stabilizing influences of parallel and perpendicular viscosity are
investigated.

Parti

BETA LIMITS IN TOKAMAKS

An important question in the attainment of high (3 in tokamaks is whether
high-n ideal MHD ballooning modes provide a limit to the maximum |3 achievable.
It has been argued that a number of experiments, notably ISX-B, have indeed
passed the theoretical limit without exhibiting any significant deleterious effects,
and that ideal ballooning modes do not therefore pose a serious threat to the
achievement of high /? [1 ]. On the other hand, high-n ballooning mode activity
could provide a plausible explanation of the "soft (1 limit" met, for example,
in DITE [2].

403
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In Part I we examine experimental data from both ISX-B and DITE for
evidence of ballooning activity. We find in fact that ISX-B could well be self-
optimized to ballooning modes, which would presumably limit further increases
in p. However, the DITE profiles examined appear to be stable everywhere to
high-n modes, and hence considerably below the optimized limit. A possible
alternative explanation of the /3 limitation found in DITE is given.

STUDY OF BETA LIMITS IN ISX-B

The case reported in Ref. [3] has 0j = 1.4 + beam, <0> = 1.7% + beam, qa = 2.69,
where fy = 87r/pdA/V0J

2. Hogan carried out a computer simulation of the experi-
ment [3] and found that the critical j3 for the onset of ballooning instability was
much lower than 1.7% and that at /3 = 1.7% the central plasma region was very
unstable. Hogan's computed pressure profile was more peaked than the experi-
mental one. It may be, therefore, that the experiment had been experiencing
ballooning activity in the central region and the profiles had been adjusted
accordingly.

Such an experimental adjustment is in fact performed numerically by the
Sykes-Turner optimization procedure [4], so we apply the technique to a numerical
model of the ISX-B configuration. Starting with a current profile corresponding
to a safety factor q in the range 1 < q < 2.9 with fy = 1, we adjust the pressure
gradient p' to obtain marginal stability to high-n modes, maintaining the original
current profile by small adjustments in the toroidal field. The process converges
when almost all the plasma is at marginal high-n stability, and then has j3j = 1.3,
15(0) = 6.7% and <& = 1.7%, very similar values to those obtained by ISX-B.

Figure 1 compares this numerically optimized pressure profile with that
obtained from experimental ISX-B data. The agreement both in shape and absolute
magnitude (as indicated by (3(0) values) is perhaps fortuitous, given the experimental
uncertainty, but does indicate that the ISX-B discharge under study is close to
marginal stability. It may well be that all the high-0 ISX-B cases are self-optimized
in this way, and that high-n modes are now imposing a limit.

The pressure profile produced by Hogan's evolutionary code (which takes
no account of ballooning instability) is also shown in Fig. 1. It was derived from
the t = 135 curve given in Ref. [3] and is much more peaked than the experimental
or optimized results.

BETA LIMITS IN DITE

Experimental results from DITE show that j3j < 1 except at low current.
Typical DITE results (taken from Ref. [5]) are shown in Fig. 2. DITE shot HN110



IAEA-CN-41/T-4 405

1.0

0.5 -

\
\

-

-

-

" Hogan

-

i i

\ \

\

Code

i

\ y

\ \
0
>

\

/
/

1

Experiment
/

Computed

\

s \

\
1 , ,

(Po =

is

6.3 V.)

6.7 '/.)

^ 1 i
0.5 1.0

r/a

FIG.l. Comparison of the numerically optimized ISX-B simulation with experimental data
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FIG.2. Variation of <(3> with current in DITE. The solid points indicate experimental results
(taken from Ref. [5]) and the numerical models correspond to points Ao, A, Bo and B.

is located near A. It is a low current (112 kA) discharge which reaches |3j = 1.3
before disruption. Shot HNLQ160 is at a higher current of 158 kA and experiences
strong sawtooth activity, reaching only |8j = 0.8 (case B). All points on Fig. 2 refer
to plasma (3 only.
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Comparison of Normalized
Pressure Profiles (DITE)

HNLQ160 (qQ=2.47)

CASE B

( a )

o 0.1

Comparison of q - Profiles

(Experiment & Simulation)
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/ / M58 kA
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b)

7 a • 1.0

FIG. 3. Comparison of experimental and numerical model pressure profiles (a) and q profiles (b)
for both high and low current cases.

COMPUTER MODEL OF DITE

Comparing numerical pressure profiles with experimental data, we see that
p' ~ i//1-5 gives a very similar profile to the low current case A and we choose it
as the basic form for our model. We use a toroidal current of the form

RJ0 = [rR2 + ( l - r )Rg] ^'- s -



IAEA-CN-41/T-4 407

where R is the major radius and r is used to vary /3j. The coefficient c is only
used if the axial safety factor q < 1 and we expect the sawtooth to be present:
we then choose c just large enough to raise q to unity. (Note that physically
this corresponds to an ejection of pressure from the central region.)

Study of shot HN110 (112 kA)

Solving the Grad-Shafranov equation with a small value of r, we first obtain
case Ao. It has 0j = 0.22 and q = 1.04 and is everywhere stable to high-n modes
(Xmax = 0.2, where Xcrit = 1.0). In the absence of sawtooth and ballooning activity
we would expect the injection heating to be effective, so we raise r, which raises
/3j. When /3j reaches 1.1, corresponding to case A, we can compare with experi-
mental data. The procedure has produced almost identical (|3>, pressure and
q-profiles (Fig. 3(a, b)). We note that high-n ballooning modes are still completely
stable (Amax = 0.735).

Study of shot HNLQ160 (158 kA)

We now follow the same procedure at higher current (158 kA), using the
same basic form for J^. At /3j = 0.22 we obtain case Bo with, significantly,
q = 0.74. However, from Bussac's analysis [6] we do not expect the sawtooth
to be unstable since )3j < 0.3, and so we allow q to remain at 0.74.

As we simulate the effect of heating by raising |3j, we would, however, expect
the sawtooth to appear when j3j exceeds 0.3, and in the code we introduce the
coefficient c to raise q to 1.0 by ejecting pressure from the central region. Case B
is obtained in this way with q = 1 when /3j = 0.8, and may be compared with shot
HNLQ160. The computed equilibrium is everywhere stable to high-n modes:
Xmax = 0.726. Again, </3> and the q-profile (Fig. 3(b)) agree closely; however, the
experimental pressure profile is somewhat higher in the outer regions (Fig. 3(a)).

SUMMARY

Using a simple numerical procedure, incorporating the effects of sawtooth
activity, we have produced equilibria representative of both high and low current
DITE discharges. These are found to be completely stable to high-n ballooning
modes, unlike the ISX-B example which attains higher /3 and could well be limited
by these modes.

Rather, it appears that DITE could be limited to lower jS by sawtooth activity.
Thus, at low current, q0 > 1 and additional heating is effective in increasing )S
until we eventually conjecture that local heating drives q0 < 1. The onset of
sawtooth activity may not be apparent experimentally, as it could rapidly lead to
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a major disruption [7] due to poor wall stabilization of the m = 2 mode for this
configuration. At high current, q0 < 1 and the strong sawtooth activity could,
by exciting other instabilities such as tearing modes, produce a very turbulent
discharge, leading to the observed broader current profile and rendering additional
heating increasingly ineffective: a soft/3 limit. In ISX-B, on the other hand,
the conventional sawteeth are observed to be replaced by 'modified sawteeth'
at high j3j [8]. The interpretation of this is aided by non-linear resistive MHD
simulations 18, 9] which show that an initially strong sawtooth instability can
damp down into a steady convective cell as a saturated state when j3j is high.

The continuous local redistribution of pressure required to maintain q0 «« 1
associated with this m = 1, n = 1 convective cell could be expected to lead to
better confinement than the more violent conventional sawtooth. Similarly, it is
also less likely to induce disruptions caused by a steeper current gradient near
q = 2 exciting the m = 2, n = 1 mode. We might conjecture therefore that if DITE
could maintain a broader current profile at low current and survive the initial
sawtooth activity at high /3j without disrupting, it could enter the modified saw-
tooth regime and ultimately achieve the /3 limit imposed by ideal ballooning.

Part II

VISCO-RESISTIVE BALLOONING MODES

Observed deterioration in confinement properties for |3 less than the ideal
ballooning limit has been ascribed to the presence of resistive ballooning modes.
In this part of the paper we examine aspects of the linear stability of these modes.

On the basis of single-fluid resistive MHD equations, resistive ballooning
modes have been shown [10] to be unstable in tokamaks even at low fi. In this
paper we derive the relevant linearized resistive equations modified by perpendicular
and parallel ion viscosity and by anisotropic resistivity. Numerical solutions are
obtained for finite aspect ratio tokamak equilibria.

The equations used are the resistive single-fluid MHD equations with aniso-
tropic resistivity, supplemented by the parallel and perpendicular viscosity
contributions to the ion stress tensor [11]. Linearizing these equations along
with Maxwell's equations, we introduce the ballooning transformation and quasi-
mode representation 0 ~ 0 exp inS where, in terms of the standard orthogonal
flux co-ordinates [12] \p, x, ? with I = Vi/> X Vf + I(^) Vf, the eikonal S is given
by S = (f — fvdx) with v = IJ/R2. The equations governing visco-resistive ballooning
modes in toroidal geometry may then be reduced by expansion in powers of n"1 to
the form:
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3-V0 + C1 +7?||n2|VS[2/s)sA||B = 0 (1)

t- Vu + (sp-inp'o 0) (B2+7p0)/(7p0B2) - 2in0Ks+ T?±n2|VS|2 p/s

-sco[I +T7ln
2|VS|2/s]/(3B2) = 0 (2)

t- V(p+2w/3) + inp'oBAy + psuB2 [1 +4v1n
i |VS|2/ps] - ^ - 3 • VB = 0

B (3)

B B
(4)

where 0 is the perturbed electrostatic potential with growth rate s, Ay the parallel
component of the vector potential, p the plasma pressure, and u = vy/B, with vy
the fluid velocity parallel to B. The equilibrium pressure is po(i//) and
Ks= (3 X VS-lb/B2 with It the field line curvature. The effect of parallel
viscosity is contained in to:

co = - 3 VU + u(rf • V)B - in0Ks + (sp - inp'o<W/37Po]

and the parallel and perpendicular viscosity coefficients are TJ0 = p ^ and
T?, = O.3p ir i/(u2 iT?)[ll].

These equations have been solved numerically. Typical results for a Soloviev
equilibrium (stable to ideal ballooning modes with </3> = 9%; aspect ratio R/a = 2.9;
b/a = 2) are shown in Fig. 4 for the purely resistive case. These results differ from
similar ones reported earlier [ 10] in the stability of the modes emerging from the
discrete finite values of the frequency. On other surfaces within the same equili-
brium and in other equilibria these modes appear to be stable. The main result of
Fig. 4, in agreement with Ref. [10], is that the resistive ballooning mode with
s a (n2rA/T r)

1/3 is damped at smaller values of n, but becomes unstable as n is
increased and the scaling changes to s « (n 2 r A / r r )

3 / s . The critical n for instability
here is given by n 2 r A / r r « 1.8 X 10"3 ( and for JET-like parameters with Te = 6 keV,
n = 1014 cm"3, this gives nc «* 300).

The effect of parallel viscosity on the resistive ballooning'mode is shown in
Fig. 5. A stabilizing effect is observed as T?0 is increased and all wavelengths
eventually become stable when (3i(c«JAri) ** ' /4. Taking equal electron and ion
temperatures and the above plasma parameters, this implies that complete stabi-
lization does not occur till Tj >750 eV at which temperature the fluid description
of parallel viscosity has become invalid.
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FIG.4. Frequency and growth rate of resistive ballooning modes as a function o/n2rA /r r

for a Soloviev equilibrium with ($) « 9% stable to ideal ballooning and resistive interchange
modes. The marginally stable value ofn2rA/TT is 1.8 X 10'3.

AVERAGED EQUATIONS

To understand the role of viscosity and how these results depend on the
various equilibrium properties, it is convenient to analyse the basic equations
further. As shown by Chance et al. [13], the two length scale nature of the
equations, arising from the secularity of VS, permits the derivation of averaged
equations in the resistive region where 77n2| VS|2/s <: 1. These equations, derived
in Ref. [ 13 ] for the resistive problem, take the same general form in the visco-
resistive case, namely that of coupled equations for <j>(X) and p(X) with eigenvalue
Q = s/s0 where X = Z/Zo and Z = jVdx, and the precise definitions of
Zo a (n 2 r A / r r r

1 / 3 and s0
 a (n 2 rA / r r )

1 / 3 are identical to those of Ref. [13].
In general the problem now involves the solution of the averaged equations with
boundary conditions p, 0 -»• 0 at X -> ±°° and boundary conditions at X-*±0
provided by matching the resistive region solutions to solutions of the ideal
marginally stable equations. A complete analytic solution of the resistive problem
can be obtained using the techniques of Ref. [ 14] if a further, small Q, approxi-
mation is made and various geometric coefficients are ordered appropriately.
In this limit the visco-resistive equations become:
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1 _dp
dX IQ + 4AX2 dX

- - X 2 — p+QG(0-p) = O (6)
X(Q+4AX2)J M P V ^ V>

d ( 6 H d A N D
^ + (4>-p)-X2Q0-X4A-0+-
dX2 X dX M Q dX

4AX2

Q+4AX2
Q Q2

H(H-l)
X2 p = 0 (7)

w h e r e X 2 / Q » l , G - 1 ~ D ~ L ~ A ~ Q 3 / 2 « : i , J u ~ Q 5 / 2 a n d H ~ N ~ M i ~ M ~ l
is assumed. The quantities H, M, G, D are as defined by Glasser et al. f 14] (except
for a sign convention which reverses the sign of H). The new averaged quantities L,
N, ii, A and Mĵ  are defined as follows:
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P

<J/X> UX>

<JB2> <JXB2>
with X = R2B2/B2

N =
<JB2) <J/X)

UXB2> <J>2

J_
JB

tf_ <J> (J/X)
) <JB2>2

A =
pr?|| UB2>2 with <X> = 4 Xdx

and Mi is obtained from M [ 14] by the replacement OX) -»• <JX>7JJ/T?||. In these
equations, perpendicular resistivity appears only in M^, perpendicular viscosity
enters through A and therefore, as noted by Glasser [15], becomes significant
when 0 ^ (me/mj)1/2, while parallel viscosity appears in ju where it is coupled to
the geodesic curvature. This increases its importance in the equations and makes
its appearance here different from that obtained in cylindrical or slab models.
When fi = A = 0, and 7?̂  = T?|| , Eqs (6) and (7) can be solved analytically with
Q-i ~ D ~ n ~ Q3/2 < j hatching through the intermediate region X2/Q ~ 1 is
carried out analytically [14], and dispersion relations for even (twisting parity)
and odd (tearing parity) ballooning modes are obtained by matching to a pre-
scribed ratio of the two ideal "Merrier" solutions C0Z° + Cj Z"1. (The constant
Mercier solution is distinguished from the trivial even solution C2Z° by retaining
its small logarithmic correction in the matching procedure.) The resulting
dispersion relations are:

Tearing

(8)c,
97 C
•'-'^-'0 0

Twisting

2Z0C0

Q5/4

G
5/4 (9)

where a± = (2+G + r)/8; r = (G2+4GD)1/2; G = Q3 /2G; D = D/Q3/2. Equation (8)
is identical in form to the tearing mode dispersion relation [14]. Equation (9) is
new. In the limit (n2rA/r r) ->0 we obtain the dispersion relation for the resistive
interchange mode, Q3/2 = D - G"1 and find the stability criterion D > G"1 (rather
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FIG. 6. Effect of average curvature on resistive ballooning from solution ofEq. (9). (a) G = 5,
D = 0.1; (b) G = 20,D = -0.1; (c) G = 5, D= +0.1; (d) G = 20, D = +0.1. Circled numbers
are values of Z0C0ICi.

than D > 0). The additional stabilizing effect in G"1 «(1 +2q2)7p/B2 is associated
with compressibility, which is also essential for the curvature stabilization [16]
at large values of Zo when D < 0. Numerical solution of Eq. (9) is shown in Fig. 6,
which has the same general structure as Fig. 4.

COMPRESSIBILITY AND THE REDUCED EQUATIONS

If the compressible terms are dropped from the averaged equations (by taking
7-*•()) the stabilizing effect of favourable curvature (D<0) is lost, i.e. there is an
unstable (purely growing) solution to Eq. (9) for all n if CojCx > 0. A similar
result holds for tearing parity [16]. If reduced MHD equations [17, 18] are used
from the start (7 = 0 in the equation of state) a single averaged equation may be
derived which for X2 /Q> 1 takes the form:

d2(j> D H(H-l )
1 d> — <

dX2 Q X2

(10)
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FIG. 7. Effect of perpendicular viscosity. Marginally stable value ofZ0 plotted against A,
from solution of Eqs (6) and (7).

This equation differs from Eq. (7) with p = <j> in the appearance of

= I 2 p ' 2
<JXJ/X)2

< J B W > 2

<J/B2>

<JB2>

which is responsible for a purely growing mode even in the limit of vanishing
curvature (D -> 0) [18]. Comparison of the averaged equations obtained in these
various limits shows that the reduced equations do not give a correct description
of the linear stability of resistive ballooning.

PERPENDICULAR VISCOSITY

With the addition of either viscosity or anisotropic resistivity, the analytic
solution of Eqs (6) and (7) is no longer possible. In addition, the system of
equations is not self-adjoint except in special cases. Equations (6) and (7) have
therefore been solved numerically with the same matching procedure as in the
analytic case built into the boundary conditions at small X. As A is increased,
the resistive mode becomes progressively more stable but a viscous mode (with
real Q) is more readily destabilized. Figure 7 shows the marginal value of Zo as a
function of A for the most unstable of these modes..
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CONCLUSIONS

Numerical solutions of a visco-resistive stability code coupled to a Grad-
Shafranov equilibrium code have been obtained. In addition, in the pure resistive
case, an analytic dispersion relation has been derived for even ballooning modes
and shows that the effective "average curvature" for such modes is D—G"1 and
hence more favourable than was previously thought.

The reduced MHD equations have been investigated. No geometric limit has
been found in which their use can be justified in studying resistive ballooning
modes. In particular, they fail to predict the stabilizing effect of favourable
curvature on modes driven by the inner ideal region (when C0/Ci > 0), and give
an incorrect stability condition for interchange modes.

Parallel viscosity has been found to be stabilizing and to couple to the
geodesic curvature in toroidal geometry. Complete stabilization has been found
to occur at rather high temperature where the fluid model may have become
invalid.

Perpendicular viscosity has been shown to modify resistive modes for
0 ~ >/me/mi but does not stabilize for all n.
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DISCUSSION

J.T. HOGAN: You have erroneously compared P(r) (r = cylindrical variable)
with P(p) from Ref. [3] (p = radial magnetic variable). In fact, the pressure profile
from Ref. [3] matches the data.

As to the differences in the calculated growth rates, self-optimizing techniques
which reduce ideal modes to the marginal state often do so at the expense of
tearing stability, by producing steep current density gradients near both q = 2 and
the boundary. Hence meaningful self-optimization requires testing for both ideal
and tearing stability. Do you test for tearing stability?

J.W. CONNOR: If your unstable profile and the marginally stable profile
are both consistent with the data, this emphasizes the hazards of drawing con-
clusions concerning the high-n ballooning modes. However, it does seem significant
that marginally stable profiles are consistent with the data. The importance of
transport resulting from tearing modes in the outer regions, driven unstable by
high-n ideal ballooning mode induced transport, is appreciated but has not been
included in this simple model.

P.H. DIAMOND: Regarding the issue of compressibility (here I refer to
coupling to the parallel ion sound motion): for the regime y ^ cos, growth occurs
more rapidly than sound flow. Hence it would appear (and this is borne out by
both analytical and numerical analysis) that the reduced equation (convection of
pressure) is indeed accurate and yields y ~ (ot2rjRlTloj\)1/3. (Here cos = Cs/Rq,
7 = growth rate, cc = eTj3p, TJR = resistivity and a>A = VA/Rq.)

J.W. CONNOR: The attitude adopted in this paper is that in the asymptotic
limit n 2 r A / r r <K1 the reduced equations predict unstable modes with growth
rates y scaling as T?1/3, while the full equations do not - this is irrespective of
magnetic field geometry. It may be that, in certain devices and at certain tempera-
tures, sufficiently high n can be chosen so that 7 > OJS while the boundary layer
analysis remains valid - in which case the reduced equations would be valid.
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Abstract

NON-LINEAR g MODES IN THE RFP AND POSSIBLE RELATIONSHIPS TO
ENERGY CONFINEMENT.

A spectral Fourier code for studying resistive g modes in the Reverse Field Pinch (RFP)
is described. The results of a mixed helicity simulation show that ergodic field line behaviour
occurs as a consequence of the interaction of g modes with varying helicity. The possible
relationships of this ergodicity to energy containment in the RFP are considered.

1. INTRODUCTION

Adverse curvature in the RFP and spheromak causes them to be unstable
to the resistive g, or interchange, mode at typical experimental average beta
values (<;5%). At low j3 (<^0.1%) this mode is probably fairly benign as is
evidenced by results from the Levitron [ 1 ]. It is therefore important to investigate
the non-linear effect of this mode on stability and energy transport in the RFP.
Linear resistive MHD studies have been performed for a variety of finite beta
RFP equilibria (2]. The results show linear g mode instability at the field
reversal point (m = 0 modes) and across the core region within the field reversal
point (| m | > 1 modes with typical toroidal mode numbers, n, 5 < n < 15).
The g modes outside the field reversal point (Imi > 1) are usually stable at
normal pinch parameters Q <,2. However, inclusion of a resistivity gradient leads
to rippling modes in the outer regions of the pinch. Owing to the low tem-
peratures in this region, these rippling modes are not stabilized by parallel
thermal conductivity.

The effects of the Braginskij stress tensor and Hall term on linear instability
have also been studied [3]. The leading-order effect is found to be that of
parallel viscosity which can completely stabilize short-wavelength modes [4].

* Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA.
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FIG.1. First harmonic energy components for S= 5 X 104 case (VT negligible).

For the longer wavelength instabilities, studied linearly and non-linearly,
however, parallel viscosity gives rise to only a small reduction in growth rate.

Previous non-linear studies of the g mode have concentrated on the single
helicity behaviour of the m = 0 and m = 1 modes [3, 5, 6]. A stabilization
mechanism has been identified in which the g mode gives rise to a quasilinear
flattening of the equilibrium pressure gradient in the vicinity of its singular
surface. This reduction in pressure gradient causes a saturation of the kinetic
energy in the mode, but the magnetic energy continues to grow far into the
non-linear regime. This is illustrated in Fig. 1, which shows the increase in
energy as a function of time.

This paper describes the extension of these studies to mixed helicity
interactions and examines the possible consequences of such interactions on
energy transport in the RFP.

2. MIXED HELICITY SPECTRAL CODE

The numerical code uses cylindrical geometry and approximates the
torus as a periodic cylinder. To obtain good numerical resolution of the
instabilities, a Fourier representation is used in the poloidal (0) and toroidal (z)
directions. For example, the radial field component can be written as
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Br(r,0,z,t)= \ fBrSmn(r,t)sin(m0 + nkz)

+ Br (r,t) cos (md + nkz)

(1)

where k = 1/R, R is the major radius, and the subscripts C and S refer to
cosine and sine phased components respectively.

The full set of compressible MHD equations are solved. The parallel
viscosity term is included in the momentum balance equation and the adiabatic
pressure equation is used as the equation of state since this couples naturally
into the implicit part of the time advancement scheme. To ensure that
div B = 0, only two components of B are time-advanced, the third being made
redundant by using the div B = 0 relationship. For example, the relation:

Bzc =\(~ Us )
cm,n nk \ r 9r \ =>m,n/ r

is used to replace all n ^ 0 Fourier harmonics of Bz. Second-order accurate
spatial differencing is used in the radial direction while, to ensure good numerical
stability, a Crank Nicholson scheme is used for the temporal differencing of the
linear terms, the non-linear convolution terms being included explicitly [3].

3. MIXED HELICITY STUDIES

An analytic RFP equilibrium is used for all the studies described in this
paper. The model assumes an analytic form for the pitch:

where r is a normalized radius such that the field and current on axis are unity,
and introduces a pressure gradient, dp/dr, such that the Suydam parameter,

(4)

is constant (C < 1/8 is the Suydam criterion). To match experimental conditions,
a vacuum region is added in which dp/dr = 0, Bz = constant, Bg « 1/r.
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This equilibrium has been shown to be tearing-mode stable at zero beta
and stable to all ideal modes up to a central beta of 17% [7]. A typical form
for this equilibrium is shown in Fig.2. It is prohibitively expensive in terms of
computer time to study a fully 3-D case at realistic parameters, so, in order to
gain some insight into such behaviour, the mixed helicity interaction between
the m = 0, nk = 0.6 mode and the m = - 1 , nk = 1.6 mode was studied. Such
an interaction is of particular interest because 2-D simulations of the m = 0
mode have shown that it will develop to such an extent as to envelop nearby
m = 1 modes [6]. To simulate an energy loss process, the Ohmic heating term
was removed from the energy equation. The particular case studied has a central
beta of 4%, a magnetic Reynolds number of 104, and a pinch parameter 0 = 2.
Figure 3 shows the non-linear development of the island widths of the dominant
modes. It can be seen that when the m = - 1 , nk = 1.6 mode touches the rational
surface of the 'cross talk' harmonic (m = - 1 , nk = 2.2), this harmonic grows very
rapidly. This in turn destabilizes the m = - 1 , nk = 1.6 mode. The process is
very similar to the mode coupling exhibited in non-linear tearing mode
calculations [8]. Figure 4 shows the intersection of field lines, with the r,z
plane at the start (t = 0) and end (t = 880 Alfven transit times) of this mixed
helicity simulation (for clarity only the region between z = 0 and w/k is plotted).

At the start of the calculation the three m = 0 islands occurring about
r = 2.66 are clearly visible, while the eight m = 1 islands occurring about
r = 2.23 may just be distinguished. Also, it is evident that closed flux surfaces
exist between the m = 0 and m = 1 modes at t = 0. However, at the end of the
simulation (t = 880 7A) , one field line can be seen to traverse the entire region
ergodically. The possible relationship between this ergodic behaviour and
electron transport is considered in the next section.

4. ERGODIC TRANSPORT

The condition that neighbouring m = 1 islands with toroidal mode numbers
nj and ^ + 1 do not overlap is given by

6B {(1/ih)(/fa, ))}
16 k2 wz'r (5 )

where 6B is the magnitude of the radial field fluctuations associated with the
m = 1 islands and BgQ is the equilibrium poloidal field. Evaluating this
expression for an aspect ratio of R/a = 4 imposes a bound of
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SB
<O(1(T4) (6)

for the unstable m = 1 modes that span the entire region within the field reversal
point. Non-linear calculations for contemporary reverse field pinch parameters
show that the m = 1 modes are still in their linear phase when they violate this
inequality. This result and the mixed helicity studies of Section 3 indicate that
ergodicity is to be expected across a large portion of the pinch's minor radius.

To quantify the ergodic losses and ascertain their scalings with plasma para-
meters it is necessary to understand the factors governing the magnitude of the
magnetic fluctuations. Previous studies have shown that the g mode enters its
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non-linear phase, and velocity saturation occurs, when the island width is
comparable to the resistive layer width [5], The magnitude of the magnetic
fluctuations used for these ergodic transport studies is taken to be the magnitude
at the time of velocity saturation. Thus the fluctuations are taken to scale as
the square of the resistive layer thickness. The transport losses predicted under
these assumptions will be optimistic since the magnetic component does not
saturate when the velocity component does. However, even at a moderate
magnetic Reynolds number, S = 104, the growth rate of the magnetic component
in the non-linear phase is such that the magnetic component takes several tens
of JUS to e-fold. Preliminary results indicate that the addition of parallel thermal
conductivity further reduces the non-linear growth rate. To relate energy
losses and ergodicity, it is necessary to calculate the stochastic magnetic diffusion
coefficient, Dst [8]. This has been calculated both numerically and analytically
using the Rosenbluth and Rechester expressions [9], the results of both methods
being in good agreement. For parameters consistent with contemporary RFP
experiments,

This value is used in the Rosenbluth, Rechester and White expressions or those
given by Krommes [ 10], as the quasilinear limit is not valid in all cases, for
both collisional and collisionless transport. This yields electron energy contain-
ment times of 100-200 jus and 50—100 jus, respectively (where a machine of
HBTXIA dimensions has been assumed). It should be noted that the modes
also give rise to convective energy losses associated with the large-scale flows
of the instabilities. These convective losses are small in comparison with the
conductive ergodic losses for typical RFP parameters.

Guiding centre calculations for the ergodic magnetic fields used in the
evaluation have also been performed with electrons in the 100 eV to 1 keV
range. The results of these indicate that the averaging of the ergodic field
over a finite particle orbit size has a negligible effect and that the electrons
undergo the same degree of ergodic motion as the field lines at these energies.

It is also possible to determine scalings for the ergodic energy losses with
temperature (T), current (I) and density (N). Numerically, the resistive layer
thickness is found to vary as S~0-22 and 00-36 depending on the mode. Using
the above assumption that this scaling determines the magnetic fluctuation
level gives

5B
OC S~0.44 00.72
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A similar scaling for the S dependence has been observed experimentally [11].
Using this scaling and the expressions for ergodic losses in an Ohmically heated
case gives

IO.5+O.O5 JO.710.1
T < x

 ao.4±o.os c o l l i s i o n a l > T o c-ToToT collisionless

where an empirical density dependence N « Ia, 0.5 < a < 1 is used as observed
on the RFPs.

These scalings predict a dependence on current density and cover the
currently observed dependences in RFPs which indicate T « l \ X «s 0.5 — 1.0.
The size dependence is in reasonable agreement but is somewhat obscured by
impurity effects (Zeff).

5. CONCLUSIONS AND DISCUSSION

The mixed helicity interaction between an m = 0 and m = 1 g mode in the
core of a pinch has been examined. A destabilizing mode coupling process has
been identified and the resulting overlap of modes of varying helicity has been
shown to cause ergodic field line behaviour. Using a criterion for mode overlap,
the probable existence of ergodicity over a large portion of the pinch's minor
radius has been demonstrated. The Rosenbluth and Rechester expressions
have been used to quantify the electron transport losses associated with this
ergodic behaviour. The confinement times («sl00 jus) and scaling T °= 1̂
(0.5 < X < 1) are consistent with present experimental values.

Further details of this model remain to be refined. A better understanding
of the role of parallel thermal conductivity, both in terms of the 2-D saturation
of the magnetic component of mode energy and the back effect of the induced
transport losses on mode behaviour, is required. In extending the present
theory to future higher temperature machines, the linear and non-linear effects
of including the Hall and various Braginskij stress tensor terms and kinetic
effects must also be taken into account.
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DISCUSSION

Y.-K.M. PENG: According to your theory, how would xi eff
 s c a l e

the temperature and magnetic field strength of a RFP plasma?
T.C. HENDER: It is of course possible to produce such scalings from our

theory. The necessary scalings are indeed given in our paper to allow you
to do so. However, at present, experimental uncertainties (Zeff, etc.) and
theoretical uncertainties (correlation lengths, etc.) make us reluctant to do
this. In any case, the ultimate answer must come from experiments.
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Abstract

CURVATURE-DRIVEN INSTABILITIES IN THE ELMO BUMPY TORUS.
Curvature-driven instabilities are analysed for an Elmo Bumpy Torus (EBT) configur-

ation which consists of plasma interacting with a hot electron ring whose drift frequencies
are larger than the growth rates predicted from conventional MHD theory. Stability criteria
are obtained for five possible modes: the conventional hot electron interchange, a high-
frequency hot electron interchange (at frequencies greater than the ion-cyclotron frequency),
a compressional instability, a background plasma interchange, and an interacting pressure-
driven interchange. A wide parameter regime for stable operation is found which, however,
severely deteriorates for a band of intermediate mode numbers. Finite Larmor radius effects
can eliminate this deterioration; moreover, all short-wavelength curvature-driven modes are
stabilized if the hot electron Larmor radius ph satisfies (kjPh)2 > (2A/R(3h)(l+P|[/P^), where
kx is the transverse wavenumber, A is the ring half-width, R is the mid-plane radius of curva-
ture, 0h is the hot electron beta value, and P is the pressure gradient. Resonant wave-particle
instabilities predicted by a new low-frequency variational principle show that a variety of
remnant instabilities may still persist.

I. INTRODUCTION

Recently, there have been extensive investigations^1"^J of
the special stability physics associated with the Elmo Bumpy
Torus (EBT) configuration in which the dynamics of the hot
electrons can decouple from that of the background plasma and
form a diamagnetic well that produces stable confinement. For
the success of this method, it is vital that the system behave
far differently than is predicted from the conventional MHD
description, where the bumpy torus configuration appears to be
highly unstable. Indeed, it is found that the system responds
far differently from an MHD theory if both of the following
conditions are fulfilled:

(1) The curvature-drift frequency of the hot component is
roughly greater than the growth rate predicted from a
conventional MHD calculation; and

(2) The core beta, 3 C , is sufficiently small, viz.
6C < 2(A/R)(l + Pjjn/

pih) where A is the half thickness of the
hot annulus, R is the radius of curvature at the annulus, and
P^ is the hot electron pressure gradient.

When these two conditions are fulfilled, one still finds
the possibility of instability which can be predicted from
either variational or modal calculations. Although remnant
instabilities can always be found, there also exist broad
parameter ranges where gross instability can be found.
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Troublesome instability islands arise when positive and negative
energy modes match to give new types of instabilities.
Furthermore, the stability picture is altered profoundly by the
consideration of finite Larmor radius of the background ions and
the hot electrons where it is found that moderate electron
finite Lamor radius (FLR) effects can broaden instability
regimes, whereas stronger FLR effects are stabilizing.

In this work we will summarize the various approaches that
have been used to study the stability of curvature-driven modes
in EBT, and we will discuss some of their implications for
present and future machines.

II. VARIATIONAL ANALYSIS

A new variational principle was developed to study the
stability of low-frequency (less than the magnetic drift
frequency) perturbations of a hot electron ring-plasma system in
the guiding center limit. This principle was derived from the
drift kinetic equation including the electrostatic potentialt1J
and also, at marginal stability, from the magnetic moment,
action, and flux adiabatic invariants ' '• If the guiding center
distribution functions decrease monotonically with energy
(3F/3E)|j < 0, positive dissipation), or it can be shown by the
Nyquist technique that AWQ < 0 is a necessary and sufficient
condition for instability t3 K where AWQ is the perturbation
potential energy at zero frequency:

A W 0 = | / d 3 r [ai^| 2 + TA|Q(| |
2 + a J|(b-(f*x\)

T*
- Bo

L [Mv
2f - q

Here, t is the field line displacement; t) = VX(|XB) is the
perturbed magnetic field; Qj = $«t> + ?• (VB - aBic/x*) with
b = B"/B ; T* = 1 + 3 P L / B 3 B - (3p/3B)2(3p/3<(.) x with p the
charge density and 9 the electrostatic potential; J|| is the
parallel current; < = %•¥% is the curvature; V = Vjg ^ ; the
summation E j is over all species', and f]_, is the Lagrangian
perturbed distribution function obtained by solving the drift
kinetic equation.
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This principle predicts that a plasma configuration with a
ring of hot electrons trapped in an unfavorable curvature region
is always unstable. In particular, the plasma is interchange
unstable when its pressure P c (assumed isotropic) exceeds the
threshold given in the high-mode-number axisymmetric lirait by

ds dPlh f (2)

where d/d4> = |Vt|i|~2 V\p« V, <JJ is the magnetic flux, Pĵ  \\ h are
the hot electron pressure components, and s is the distance
along a field line. This condition is the quantitative
statement of violating condition (2) in the Introduction.

Below the 3 C limit given by Eq. (2), the nature of the
instabilities alter, but AWQ will still be negative. In this
case the system is susceptible to a magnetic compressional mode,
which can have extremely high growth rates if there is too much
core plasma present. However, with moderate core plasma density
the instability is of a resonant nature in which the positive
dissipation permits negative energy modes to grow. To examine
this situation, a study has been undertaken of low-mode-number
instabilities in a bumpy cylinder system where the hot electron
annulus is assumed to be confined to a layer of half
width A that is much smaller than the cylinder radius a .
The displacement is written

t = [(V8x'B/B2)x - (Vij;x1j/B2)Y]exp[ *(
muthal angle and u the frequency,
finite-frequency quadratic form,
of A/a keeping 6 C ~ A/a for the
3h ~ 1 for the hot electrons,
components X and Y . In lowest

ie -u>t)] , with 6 the azi-

Taking variations of the
which is expanded in powers
core plasma pressure and
yields equations for the

order, Xv") = 0 while
) = 3U(\|>)/3i|> is flute-like, with X ^ ^ . s ) being determined

from Y^O) and another flux function. Next order leads to an
equation for Y(0/(\|I) , which, for A/a < 3h < 1 > reduces to

£[«•> $ "

Here, I = ^dsB~1(pI_r^/m
2) is the inertia with p m the mass

density; D = £dsB~i[e«£) [ !• VPn h + (a/x *)e'VPih] is the hot
electron interchange drive; and
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VBV

TS
(4)

resonances for
dr = 2TrdEdpB/M2 |V||
2Tr/(od = $d8<^A*V&>
vd = (c/qB)t>x[Mv2ic +

contains finite frequency and drift resonance terms for the hot
ring electrons, as well as finite core beta and bounce

the background plasma. Here, e = Vip/|V^|2;
with vt| = ±[ l{ E - y B - q<j> j /M]

 1'2 ;
is the period for a drift orbit, with
VB + qV^] ; 2Tr/wb = ^dsvjf

1 is the bounce
period; £ = oj^/sds'vjj"1 is an angle-like variable; and
<...> = j>{ d? /2TT)( ...) denotes bounce averaging. The solutions
of Eq. (3) describe the interchange instability and possibly a
resonant version of the compressional Alfven instability.
Within this ordering scheme, the nonresonant Alfven mode is not
present. Equation (3) can be easily modified to include
parallel electric field and finite ion gyro-frequency effects.
The structure of Eq. (3) closely resembles the structure that
arises in the radial analysis of a z-pinch model, which will now
be discussed.

III. RADIAL EIGENMODE ANALYSIS

The z-pinch model, with its natural curvature, is
especially convenient for studying the radial mode structure.
This model was self-consistently developed for eigenmodes with
frequencies comparable to the ion cyclotron frequency wc^ in
the zero gyro-radius, flute limit I4* ', Ions were treated as
cold, core plasma electrons as warm, and. ring electrons
relativistically. The differential equation for the model is

dr Gl ~
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- exp(2/ r dr 'H)

k2B2

rco

(a + G3)

2 k 2 B 2- G2)2k2B
2

d r

= 0 (5)

The dependent v a r i a b l e V In Eq. (5) i s r e l a t e d to the r a d i a l
displacement ? r = V( r ) exp ( J r dr 'H) , with
H = ( l - G 2 ) / r ( l + G]_) + k u / u c i . Here,

k 3F , 3 F \
+ a) — I

qB 3r 9 E /

qMB dr qyMBr

UP2/B2

(Pif/B):

(6)

with E the r e l a t i v i s t i c energy and c2p? = E2 - 2\i Be2 - M 2^ .
Also, a = 1 + (Pj_ - P| |)/B2 and X = u2u>\±/[u\i - u 2 ) .

Five types of short-wavelength modes (i.e. with radial
wavenuraber kr > A~*) were found: a low-pressure core interchange
mode for which the hot electrons behave as rigid and non-
interacting; low-frequency (at << u>c±) and high-frequency
(a) ^ uc£) versions of hot electron interchange; a magnetic
compressional Alfven mode; and an interacting ring-plasma
interchange mode. Analytical expressions for their respective
stability criteria, maximum growth rates, and marginal
frequencies are listed in Table I. The notation is
k2 = kf. + k2 ; q0 = ( Y

2 - l)/2YARa)ci|u>ce| with R the radius of
curvature and T^ = (Y - l)Mec

2 the hot electron kinetic energy;
and n^ and n^ the hot electron and ion densities.
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This table indicates that the description of the
instability regimes roughly separates into two cases, qg > 1 and
qg < 1 . The case qQ > 1 applies to the current EBT-S
experiment where qo - 8 and even EBT-P where qg = 2 . For
reactor-like parameters, qg << 1 (~ 5xlO~2) . For qg » 1 , the
stability condition for the low-frequency hot electron inter-
change mode is automatically satisfied, but a high-frequency hot
electron interchange mode exists. As indicated in the table,
both these modes need a sufficiently high core plasma density
for stability. If q i k2q0(l - 3c)/kf < 1 , the congressional
mode characteristics are independent of ">MC± > and a
sufficiently low background plasma density is needed for
stability. Table I indicates that there is a substantial window
for stable plasma operation except near q = 1 (which only arises
for qo > 1). where the stability criteria for the two high
frequency modes completely shrinks away the window of stability.

In the next section, we show that the stable window re-
emerges when FLR effects are considered. The unstable band can
be interpreted as arising from the coalescence of two stable
waves: the negative energy precesslonal mode
u H u)cv = kqgO)cjA( 1 - BCJ ; and the drift wave obtained from the
balance of the high frequency ion inertia term and the back-
ground electron tixij drift, which gives w = (k£/k)Aa>ci . For
qo < 1 • it is possible to show that an additional unstable band
arisest'J from coalescence of the negative energy precessional
mode with a shear Alfven wave: cucv = k|| V^ , with
VA = B/( n̂ m-jj ̂ '2 and k|| quantized in the toroidal direction.

The core plasma density is limited from above by either the
compressional Alfven wave or the interacting ring-plasma inter-
change mode. For low core plasma temperatures, the compres-
sional Alfven wave limits the background plasma density, whereas
for higher core plasma temperatures the interacting ring-plasma
interchange mode determines the upper density limit. In Fig. 1
we show numerical plots of the stability boundaries for EBT—P
parameters when the core plasma is heated to the maximum design
value. The parameters are B = 1 0 k g j A =1.5 cm, R = 26 cm,
a = 18 cm, Th = 1 MeV, 0 C = 2ncTc/B

2 with Tc = 10 keV, and
k = m/a . The stability plots are shown for m = 1,15,20,35
and 60 . In these plots, the lower stability boundary comes
from either the physical constraint n c ^ n^ or from one of the
hot electron interchange modes. The upper boundary is due to
the interacting ring-plasma interchange mode. The_compressional
Alfven wave instability does not arise because $ c is finite.
However, considerable deterioration of the stability band arises
at high m where q + 1 . In these plots we have chosen
kjA = 2 , a result found for the largest wavelength WKB-like
modes in one simplified analytic model.
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FIG.l. Marginal stability curves neglecting FLR effects for short wavelength WKB modes,
calculated using EBT-P parameters for indicated mode numbers m.



436 ABE et al.

NO NET POWER ~
PRODUCTION ~
(excessive radiotion
losses from ring)POSSIBLE

OPERATING
WINDOW

UPPER LIMIT
ON / 3 h o t » 5 O %

A/R c =5x1O" 2

B (at the r i n g ) - 2T

LOWER LIMIT
0 N ncold / nhot
HOT ELECTRON

INTERCHANGE (unstable)

C U R V A T U R E D R | F T -HOT / a ) c i = ( lo~ B

, I I , 1 , 1 I
KO.5 »5 10 50 100

Thot(MeV)

FIG.2. Boundaries of stable operating window in nc/nh versus q0 space for a reactor near the
interacting pressure mode limit. Lower limit on (3h determined from background pressure
interchange mode and upper limit on )3h determined by ring-power requirements.

There is also a long-wavelength (kjA << l) version of the
interacting core interchange mode. Its stability is again
limited by 3 C ^ 2A/R (we assume P|| ̂  < Pj.h) > although for some
parameters the core beta limit can be even less:

4mq0nc

27aLl - 2A/(RShJJnh
(7)

The latter limit may make the core beta limit somewhat more
restrictive than the simple scaling. Also, there exists a layer
version of the low-frequency hot electron interchange, with long
radial wavelength: krA = ( k A / 2 )

m < 1 . Stability for this
mode requires nh/ni < (kA/2)1'2(qg/4) , which is more
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restrictive than the density limitation for the corresponding
short-wavelength mode.

The modes most pertinent to the reactor regime in Table I
are the MHD hot electron interchange, background pressure inter-
change (with curvature averaged over full sector), and inter-
acting pressure modes. Boundaries for the stable operating
window as a function of nc/n^ and qg are shown in Fig. 2.
Within the constraints that reactor parameters lie within the
possible operating window for stability and that the core
pressure profile inside the ring satisfies the core interchange
stability criterion, a favorable reactor design has been for-
mulated t8J with regard to both recirculated power fraction
(« 5-10%) and total fusion power produced (~ lOOOMWe).

Numerical solution of the radial differential equation
[Eq. (5)] with realistic pressure and magnetic field profiles
generally tends to confirm the short-wavelength local results.
The eigenfunctions for the two high-frequency modes peak on the
outer half of the ring where 3Pih/3<|> < 0 . For EBT-S
parameters, the hot electron interchange growth rate is zero for
core densities greater than 5xlO n - 2x1012 cm"3 , although
modes with low mode numbers (in £ 4) appear to be unstable
independent of density. We have not yet been able to interpret
this instability band. It may be due to the self-
consistent kr being appreciably less than 2/A found in a
simply analytical model or due to a new mode not immediately
apparent from the local WKB analysis. The compressional
instability occurs at densities of at least 5x10*3 cra~^, which
are well above current experimental values.

Additional relativistic effects were also examined on the
basis of a slab model dispersion relation for the low-frequency
modes, with an anisotropic relativistic Maxwellian distribution
for the hot electrons 1 '. In one particular example for a
shallow diamagnetic well (8nR/4A = 1.5), when the ring is quite
relativistic (Y a 10), the maximum allowed core beta value for
interchange stability was found to increase by 50 per cent over
the nonrelativistic result. For deep wells, the relativistic
effects are less significant. Also, they seem to have little
effect on the low frequency hot electron interchange and cora-
pressional modes for any 3^ value.

IV. FINITE LARMOR RADIUS EFFECTS

The effect of finite ion and hot electron Larmor radii on
the stability of curvature-driven modes in general geometry was
studied with eigenmode equations derived in the eikonal limit
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from a gyro-kinetic equation valid for arbitrary frequency. A
set of three coupled equations—the perpendicular and parallel
Ampere's law and a quasi-neutrality condition—was derived,
containing Larmor radius, drift resonance, trapped particle,
Landau damping, and high frequency effects. Detailed analysis
has been made with the assumption that the parallel electric
field is zero. For simplicity, only results in the local
approximation are given here. The core interchange mode obeys
the dispersion relation

- (2A/R3C)(1 - Pjh/BB') -

(8)

rate, 6j =
P = 2P C +

where TMRD = (^lK^/Pm^)1^2 is the

j Pj/P' is the pressure
C + Pj_h + P|| h is the total pressure

and w ^ is the ion diamagnetic drift frequency.
that At>/R « ^ • T^e not electron Larmor radius p ^
by p | = -Me(3/3r)/d

3v(vi/8uj|e)Fh(BB')-
1 . From Eq

interchange mode is unstable in the interval

interchange growth
gradient fraction,

P" = 3P/3r ,
It is assumed
p^ is defined

(8), the

1 +
Jlhy

-is. < kfPn
2A

,R3u 1 + ^ ) < 9 )

which implies a deterioration of the core beta limit of the
interacting ring-plasma interchange mode due to modest Larraor
radius. Since satisfying the left-hand condition of Eq. (9)
stabilizes the magnetic corapressional mode, the condition

do)

is sufficient for hot electron gyro-radius stabilization of all
low frequency modes. In addition, finite ion gyro-radius
stabilization of interchange occurs if
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FIG.3. Plot of marginal stability boundaries for low-frequency finite Larmor radius stability:
m = 5 (dotted), m = 10 (solid), and m = 20 (dashed) lines.

- (kiph)
2OhR/2A)

4 WMHD/ - (2A/ecR)(i - - (kiPh)
2(eh/ec)]

(U)

which can be quite effective for finite kĵ  (except near the
transition where the compressional mode is just stabilized).
The line-averaged generalizations of Eqs (8)-(ll) yield similar
stability criteria, being heavily weighted by the hot electron
pressure.

The low frequency hot electron finite Larraor stabili-
6 ] is illustrated in Fig. 2. These plots were obtained

from a local dispersion relation derived for E|| = 0 , cold ions
(T^ = 0), high parallel phase velocity, lqng-thin approximation
( B'/B » R"1) , isotropic plasma electrons with density ne and
temperature Te , and bi-Maxwellian ring electrons (n^ , Tj^ ,
T||hJ. Typical EBT-S parameters (A/R = 0.05 , nh/ni = 0.1 ,
A = 2 cm, p^ = 0.3 cm, k^ = m/a) were used. Figure 3 shows
that anisotropy lowers the core beta limit below 3 C = 4A/R , but
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enhances corapresslonal mode stability. Also, a new stable
region due to finite Larmor radius appears for ra = 20, after
stability had deteriorated for intermediate m values—in
accordance with the predictions of Eqs (10) and ( 9 ) ,
respectively.

Examination of the high frequency modes (oo/u)c^ >> l) shows
that the hot electron interchange is stable if

(k i P h)
2R3 h ( k ± / k )

2

" 5 > ' T 1 J

whereas the compressional Alfven mode is stable if FR > 1 , as
before in Eq. (10). Furthermore, with hot electron finite
Larmor radius, the high-frequency coalescence of modes stated
earlier and its concomitant loss of stability can be avoided if
FR > 1 - (k1/k)

2[q0(l - 3c)]"
1 • T h u s. the condition in

Eq. (10) is sufficient to stabilize all curvature-driven modes
in EBT, high frequency compared to u)c^ as well as low
frequency.

V. CONCLUSIONS

A new energy principle for low frequency fluctuations
predicts that EBT is unstable provided the constraint
9F/3E|j < 0 . Experimentally it appears that such modes are not
having a strong effect on present-day EBT operation. However,
one can correlate the theory with experiment by observing that
there is a wide band of parameter space where instability is of
a residual wave-particle nature. Such modes may possibly have a
low fluctuation level. Alternatively, the nature of creating an
EBT ring is such that it is not clear that 3F/8E|j < 0 is truly
satisfied in experiment. In particular, lower energy-ring
particles may not be monotonically decreasing functions of
energy, and perhaps absolute stability windows for these modes
can yet be found.

Recently, the high-frequency hot electron interchange mode
seems to have been observed experimentally at Oak Ridge[9]. This
suggests that hot electron FLR effects are large enough to open
up a window of stability, but not so large as to stabilize the
mode completely. If we take krA = 2 (obtained from a simple
analytical model), use nominal EBT-S parameters (Tn = 0.5 MeV,
g h = 0.4 , a = 10 cm, R = 20 era, B = 5 kG) so that p n = 0.5 cm,
and consider maximal mode numbers in our theory, then this
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evidence would imply that the half-width, A , of the annulus
should be in the range 1.9 cm < A < 3.2 cm. Such values are
consistent with empirical measurements.

In general, one expects two different stability pictures,
depending on whether FR ̂  1 or FR « 1 . In the former case,
all WKB-like modes can be stabilized by FLR theory. Only the
longer wavelength layer mode is susceptible to instability.
Presumably, the FLR effects on this mode will be negligible,
although the detailed stability analysis is yet to be performed.
Hence, the stability limit should be that in Eq. (7), which is
no larger than the fundamental core beta limit of Eq. (2).
EBT-S experiments tend to be in the regime FR ̂  1 , but
experiments with increasing scale, such as EBT-P and reactor
size experiments, will have FR « 1 . Possibly, with hot ion
rings, one can design parameters in the large FR regime, where
all modes but the rigid layer modes are FLR stabilized. If we
assume that the core beta limit of Eq. (2) applies to the layer
mode, we see that one cannot use very thin rings to achieve
stable containment for a large $ c .

When FR << 1 , there are always modes that will tap the
interacting ring-plasma Interchange mode. The wavenumbers exist
in a band given by Eq. (9). At very low g c , the wavenumber
width of the unstable band, 6kĵ  , can be quite small,
Ski/kL

 a 3c/2gh , but as 3 C increases, the band width of
Instability will become substantial. As k_L can be quite
large, this mode may give rise to enhanced diffusion. Further
study is needed to quantify diffusion rates.
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Abstract

STABILITY OF FLUTE MODES IN THE ELMO BUMPY TORUS.
The two coupled differential equations required to describe the high frequency flute

modes in an Elmo Bumpy Torus plasma are derived in the slab limit assuming that a cold
background plasma and the corresponding stability conditions are obtained. Corrections
related to low poloidal mode numbers and finite background temperature are also discussed.

It was shown recently, using the local approximation, that three basic flute
modes can exist in an Elmo Bumpy Torus (EBT) plasma:

(1) Low frequency interchange mode, setting a lower limit on the total
plasma beta and an upper limit on the warm plasma beta [1,2];

(2) High frequency hot electron interchange mode, determining the maximum
ratio of the hot electron to ion densities [3];

(3) High frequency compressional Alfven mode, setting an upper limit on
the warm plasma beta which is lower than that determined by the low frequency
interchange mode [4, 5],

Since the hot electron annulus is much thinner than the minor radius of the
torus, it follows that the radial structure begins to be important in stability
calculations for moderate poloidal mode numbers (m < 15). It should also
be noticed that the slab model will not be a valid approximation as the modes
become less radially localized for low mode numbers (m < 6) [6].

We begin by deriving the dispersion relation for the high frequency modes
in the slab limit without invoking the local approximation. The background
plasma whose pressure gradient drives the low frequency modes will be assumed
cold. We assume the hot electrons possess a Boltzmann velocity distribution
function with temperature Tn = me Vh

2 where me is the electron mass. The
equilibrium magnetic field B*o will be assumed to point in the z direction with
density decreasing in the x direction. The characteristic density scale length,
Ln(x) = Nj/|9Nj/9x| is assumed to be the same for all three components. The
curvature of the magnetic field lines will be represented by an artificial gravity

* Present address: Oak Ridge National Laboratory, Oak Ridge, TN, USA.
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fh = Vh/Rc^x > where Rc is the radius of curvature of the magnetic field at the
ring location and Ln/Rc

= e <̂  1. The diamagnetic well can be obtained directly
from Ampere's law:

VB 0 /B 0 -B h /2L n? x (1)

where 0h is the ratio of the hot electron kinetic pressure to magnetic pressure.
All perturbed quantities are assumed to be of the flute type, i//oc i//(x)
X expf-icot + iky] with no variation along the magnetic field lines.

The perturbation of the background plasma may be described by using
the cold two-fluid equations:

at
L + 7(N jV l j) = 0 (2)

(3)

where njj and Vjj are the perturbations in the density and fluid velocity of species j ;
mj and ej are the particle mass and charge; Ei = Extx + Eye^ is the perturbation
electric field. The x derivatives of the perturbations must be kept since we are
interested in a non-local analysis. The linearized Vlasov equation is then used
to obtain the perturbation in the hot electron distribution function. The perturba-
tions in the hot electron density and current density in the x direction, nih and
j ih respectively, are then obtained through velocity space integration. The
dispersion relation is finally obtained by using the quasineutrality and Maxwell's
equations:

?nljej = 0 (4)

V X % = -B , (5)

x (6)

where Biz is the compressional magnetic perturbation in the z direction. The
resulting two coupled first-order differential equations are:

AEx=iJB + C^E^) (7)

and
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(8)

where

1/"

&h 1 - 2e^/q
4e v/q + b

g(l+]3 h /2) /2e

i>/q + b

G =
y/q + b 1 -1 /v 2

The indices i, e and h denote the ion, cold electron and hot electron
populations; a(x) = Nh/N;; V=GO/£2CJ; J2CJ is the ion cyclotron frequency; the
Alfven speed VA = (Bo//i0Nimi)1/2; 5(x) = l/(kLn); b = j3h/4e - 1; and
q = 2kTh/(eB0Rcf2ci). We have also made the approximation:

xs-l
s= 1,2,3

We may then combine Eqs (7) and (8) in the limit v2 > 1 to obtain

Ey' = k2{l - 8v + [co2b/(k2V£) + aSv]/(l - y/q)}Ey (9)

The three following limits can be recognized:

(a) The convection wave

If we let a = co2/(k2V^) = 0 and assume 5 = 50( 1 - x2/L2
 0) we obtain Weber

function solutions with the eigenvalues a> = 12c;kLn0 (kj_/k2) where k\ = k2 + kx,
kx = (2n + 1)/Lno, and n is the radial mode number. We have thus detected a new
stable high frequency localized near the inflection point of the density profile
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which rotates in the direction of the electron diamagnetic current. The wave
is created by the electron E X B radial convection balancing the ion polarization
poloidal convection. In the local limit, it follows that coco^ k2pl ^d/2 , where
Pi is the thermal ion Larmor radius and a;*! is the ion diamagnetic drift frequency.
The above analysis adequately describes the high frequency wave for background
ion densities intermediate between the thresholds for the excitation of the high
frequency interchange wave and the compressional Alfven instability.

(b) The high frequency interchange instability

For a< 1 and w2/(k2V£) < 1 we have

Ey (10)

where we may note the coupling to the convection wave, the localization furnished
by 6(x) and the disappearance of b, which represents the lowest order effect of the
diamagnetic well. The stability condition is

(ID

The local limit of Eq.(l 1) agrees with the results of Ref. [3] in the limit 6q > 1
and the experimental observations related to the T-M transition [3, 7].

(c) The compressional Alfven instability

In the limit a ^ l we obtain the dispersion relation:

k2V?

Equation (12) sets an upper limit on the cold plasma density for stability:

NcLn < 1.3 X 101 4[k/k i-k i/(k6q)]2cm~1 (13)

which shows an obvious deterioration in the maximum allowable density near
ki/k * (q5)1/2.

We may also note that the above stability conditions were confirmed by
solving Eqs (7) and (8) numerically for realistic ring and background plasma
profiles [8].

When the background temperature is taken into account, the instability
condition for the compressional Alfven instability becomes
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FIG.l. A typical stability diagram for the lowest-order radial eigenmode in the EBT.

4e/(l +jSh) (14)

instead of Eq.(13), while the threshold for the excitation of the high frequency
interchange mode(Eq.(l 1)) remains unaffected [9]. The stability condition for
the low frequency interchange mode is

4e
(15)

which agrees with the local condition [1, 2]. The stability diagram in the
j3i-j3f, plane is shown in Fig. 1.

It is interesting to note that when a shooting code was used to solve
Eqs (7) and (8) numerically, requiring the solutions to be localized near the ring,
it was found that stability can completely vanish in the Nj-j3h plane for some
particular poloidal mode number (m =» 5) [10]. It was recognized that the
reason is related to the use of the slab model not being a valid approximation for
modes with low poloidal mode numbers since they tend to extend outside the
ring region. Numerical solutions, based on a cylindrical model, have shown
that the lowest order radial mode possesses a stability window in the j3H3h
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plane for all poloidal mode numbers [6]. Stability can still deteriorate for higher

order radial modes. The reason for the experimental stability may be related to

the non-linear effects.
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INTRODUCTION

During the past decade of IAEA Conferences on controlled fusion research,
the topic of principal interest has shifted from the feasibility of fusion power
to the optimization of economically favourable reactor characteristics: efficient
plasma heating systems, high beta values, quasi-steady-state operating capabilities,
simple coil structures, etc. At the present Conference, the experimental tokamak
papers (about half the total number of papers in the category of magnetic-confine-
ment experiments) offer a striking illustration of this trend. The other approaches
- tandem mirrors, EBTs, stellarators, reversed-field pinches, and compact tori
(represented in roughly equal numbers) - are still confronting questions of
basic feasibility, but their research programmes are also becoming oriented towards
particular features of reactor attractiveness.

The present summary covers the tokamak work in some detail, and presents
highlights of progress in the other areas.

1. TOKAMAKS

The achievement of a beta value of at least 5% has long been regarded as the
most critical of the tokamak reactor-optimization goals. According to ideal-MHD
theory, a standard tokamak of circular minor cross-section is expected to encounter
serious instability problems when seeking to approach this goal; for tokamaks of
appropriately shaped cross-section, however, stable beta values in the range 5-10%
are predicted to be accessible.

The present experimental status is indicated in Table I. The ASDEX regime
(A-3) is representative of standard tokamaks with fairly strong toroidal field
(Bt > 20 kG), good confinement (rE ~ 50 ms) and high plasma pressure (0.1-0.2
atm). In such regimes, the auxiliary heating power (typically S 3 MW of neutral
beams) is still insufficient to test the MHD theory at appreciable beta values.
For beta limitation studies, present-day tokamaks are, therefore, operated at

This summary talk was also published in Nucl. Fusion 23 1 (1983) 97.
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TABLE I. TOKAMAK BETA VALUES

PAPER

A-3

A-5

A-l

A-4

A-6

A-2

1-5

M-5-1

M-5-2

MACHINE

ASDEX

on-2
PDX

ISX

T-ll

D-Ill

TOSCA

TORUS II

HECTOR

K

1.0

1.0

1.0

1.1

1.0

1.4

1.0

2.0

9.0

«)

0.5

2.8

3.C

2.2

2.8

4.6

0.5

13.0

31.0

(Z)

0.45

2.0

2.5

1.8

2.2

3.5

0,45

—

—

2.7

• 1.9

1.0

1.0

2.2

0.8

4.0

4.0

7.0

5.5

2.3

1,6

2.3

2.5

1.4

6.0

1.0

3.6

(kG)

22.0

11.0

9.0

9.0

8.0

6.0

5.0

3.5

1.6

REACTOR NEEDS: 25 .0 50.0

reduced Bt (£ 10 kG). To maintain good beam trapping and energy confinement,
however, the poloidal field strength Bp must be maintained; hence the safety
factor qL

 = RB t/aBp ( at the limiter) must be made as small as possible, consistent
with kink stability. The substantial progress that has been made during the past
several years in divising stable low-qL operating strategies has been the principal
key to the achievement of ~ 3 % beta values in circular plasmas. Under these
conditions, PDX (A-l) finds MHD-stability patterns reminiscent of the theoreti-
cally predicted beta-limiting phenomena, together with directly observable losses
of energetic ions that are sufficiently large to account for the saturation of beta.
Similar beta limitations apply to circular plasmas in Doublet III (A-2), but the
addition of non-circular shaping (K. > 1) has led to betas as high as 4.6%, main-
tained for times in the 100-ms range. The ability to reach even higher betas
in more strongly elongated plasmas - as demonstrated for times in the 10-100-MS
range on Torus II (M-5-1) and Hector (M-5-2) - seems encouraging, but the
detailed relevance of these short-pulse regimes to the MHD behaviour of normal
tokamaks remains to be understood. A fully reactor-relevant beta demonstration
for tokamaks will call for auxiliary heating systems considerably more powerful
than those currently available, so as to maintain <)3> > 5% at B t ~ 50 kG for
many seconds.

The issue of tokamak reactor pulse length has received a good deal of attention
in recent years — partly because of thermal and mechanical fatigue
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TABLE II. LH CURRENT DRIVE

453

PAPER

C-1-1

C-1-3

C-3

C-4

C-4

C-5

J-3

K-l

MACHINE

WEGA

WT=2

JIPPT-2

ALCATOR

VERSATOR

PLT

JFT-2

T-7

AI
(kA)

40

10

40

200

30

400

50

200

n
(1013crrT3)

1.0 - 1.5

C.8 - 1.4

0.5 - 0.7

4.0 - 6.0

0.4 - 0.6

0.6 - 1.2

0.3 - 0.7

0.2 - 1.0

Trf
tons)

20

20

40

300

20

3500

50

50

A! nR/Prf
(kA-lO^cm-kW"1)

0.7

0.3

0.5

1.2

0.4

0.8

0.1

0.2

STEADY-STATE REACTOR:

REACTOR CURRENT RAMP-UP: -0 .1

considerations, and partly because the principal alternatives to the
tokamak reactor (tandem mirrors, EBTs, stellarators) appear to offer true
steady-state operation. The two pre-conditions for such operation are: non-
inductive tokamak current drive and steady-state impurity control.

Two years ago, experimental demonstrations of non-inductive tokamak
current drive were still at the threshold of detectability. As illustrated in Table II,
currents of hundreds of kiloamperes are now being driven by microwaves in the
lower-hybrid frequency range for times up to several seconds (PLT, C-5), limited
only by the available RF-power supplies. At first, the acceleration of energetic
current-carrying electrons in such experiments was interpreted as a runaway effect
peculiar to low-density tokamak plasmas. The Alcator C experiment (C-4) has
now produced RF-driven currents in tokamak plasmas of 'normal' density
(n" 5 6 X 1013cm"3), but the extrapolability of RF-current drive to reactor conditions
is not yet clearly established.

True steady-state tokamak reactor operation at moderate re-circulating power
(~ 10W -A"1) calls for an efficiency factor (AI)fTR/PRF of about 8 kA X 1015cm"2 X
kW"1. The ten-times-smaller efficiency factors typically observed in present
experiments (Table II) could be enhanced by using more fully relativistic electron
current carriers, but the requirements for satisfactory wave accessibility, power
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TABLE HI. ICRF HEATING

PAPER

1-1

1-2

J-3

C-3

MACHINE

PLT

TFR

JFT-2

JIPP T-II

METHOD

D-3He MIN

D-H MIN

H 2ND HARM

i-i HYBRID

ION HEATING

MODE CONV.

D-H MIN

D-3He MIN

(eV)

2000

1100

2500

1200

300

(110)

300

200

ATe
(eV)

(1000)

(1000)

(700)

(250)

300

(300)

(1C0)

AT nR/Prf
(eV'lO^crrf^W-1)

6

4.5

3

6

3

3

2.5

NEUTRAL EEAMS:

REACTOR NEEDS:

5

re-circulation and current-profile shaping tend to conflict. Initial low-density
current ramp-up by lower-hybrid drive would clearly be feasible in a reactor. As
an adjunct to low-voltage inductive current drive, this technique would appear to
satisfy the basic demands of reactor engineering: simple mechanical structures
could be used, and adequately long pulses (> 104s) could be driven so as to reduce
fatique problems to the same levels as are expected for 'true' steady-state reactors.

[The esthetically pleasing goal of true steady-state tokamak operation may
be achievable in the longer term through the development of lower-frequency
current-drive mechanisms and/or hollow current profiles (W-8). The maintenance
of hollow J(r) profiles, incidentally, should be assisted by the neoclassical boots-
trap current, which is now reported to be observed experimentally in multipoles
(J-6). In the conventional tokamak, a J(r) profile of substantial hollowness would
entail a double-valued q(r) profile (which is always de-stabilizing) - but for non-
circular shapes, q(r) need not become double-valued. Thus one may speculate that
Mercier's bean-shaped configuration (Plasma Physics and Controlled Nuclear Fusion
Research, Proc. 7th Int. Conf. Innsbruck, 1978, Vol. 1, IAEA, Vienna (1979)
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701) might turn out to be the ideal tokamak - suited not only for high-beta
stability (<: 10 %) but also for efficient steady-state current drive.]

Tokamak reactor plasma heating is no longer considered to be a fundamental
issue, since the typical heating efficiency (AT)nR/PRF ~ 5 eV X lO^cm^-kW"1,
demonstrated in neutral-beam experiments, is adequate for reactor needs. Sub-
stantial gains in the cost effectiveness of reactor heating are, however, expected
to be realizable through the replacement of neutral-beam injectors by various
RF-heating systems. The most successful approach to date makes use of RF-waves
in the ion cyclotron range of frequencies (ICRF). As illustrated in Table III, a
variety of different ICRF heating schemes is available: ion-temperature rises in the
multi-keV range have been produced with satisfactory efficiencies by means of
3He-minority in PLT(I-1) and ion-ion hybrid resonance heating in TFR(I-2). The
achievement of second-harmonic hydrogen heating in PLT(I-1) is particularly
encouraging since this high-frequency mode facilitates the waveguide approach to
RF-power input. Alfven-wave heating is also being studied (J-l, V-8) and appears
promising.

The observed ion heating has been accompanied by fairly substantial rises
in the electron temperature (Table III). Direct electron-cyclotron heating (J-4,
1-5) is an even more promising tool for the control of Te(r). Substantial electron
temperature rises and efficiencies have been reported for the T-l 0(1-6) at previous
meetings. This type of heating is particularly suitable for MHD stability control
since it improves the plasma conductivity and can be used to alter the plasma
profile as well.

The most convenient approach from the point of view of reactor engineering
and microwave technology would be lower-hybrid heating (LHH). The experi-
mental results shown in Table IV illustrate that, while the conventional LHH
objective of efficient bulk ion heating has not yet been realized to a significant
extent, encouraging results have been achieved recently in the area of electron
heating. Substantial heating of both electrons and ions has also been demonstrated
as a by-product of lower-hybrid current drive. Since the effective resistivity does
not diminish with rising Te, the prospects for achieving high temperatures in a
driven-current high-field tokamak may be somewhat greater than in the case of
Ohmic heating.

Long-pulse reactor operation must surmount a second technical obstacle
that may turn out to be far more restrictive than steady-state maintenance of the
confining field: namely, steady-state removal of helium ash and other impurities.
Present-day experiments are encouraging in that they do not show impurity accu-
mulation; effective Z-values around unity have become typical even for tokamaks
using ordinary limiters. For long-pulse reactor operations, a magnetic or mecha-
nical divertor (pumped limiter) will clearly be needed to provide a sufficient rate
of helium outflow from the reaction chamber.

The initial operation of tokamak divertor experiments (PDX, A-l; Doublet III,
R-l; ASDEX, R-2; DITE, R-3; TO-2, R-4) has demonstrated effective channelling
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TABLE IV. LH HEATING (DIRECT OR VIA CURRENT DRIVE)

METHOD

ION

HEATING

ELECTRON

HEATING

CURRENT

DRIVE

PAPER

C-l-1

C-3

C-4

—

C-l-1

c-4

1-4

C-1-3

C-4

C-5

MACHINE

WEGA

JIPP T-2

VERSATOR

JFT-2

WEGA

ALCATOR

FT

WT-2

VERSATOR

PLT

ATe
(eV)

300

270

400

30

150

900

ATj
(eV)

70

150

50

250

( 10)

(110)

(400)

AT nR/Prf

1

1

1

3

3

6

9

1

1

3

NEUTRAL BEAMS:

REACTOR NEEDS:

of both particle and heat outflow to the divertor. Particularly encouraging results
have been obtained in regimes where the plasma density in the 'scrape-off layer
is raised and the edge plasma temperature falls to the 10-eV level, thus protecting
the chamber walls and divertor collector plates from hot-ion sputtering (R-l, R-2).
Other interesting contributions to impurity control include the selective extraction
of impurity by ICRF waves in TFR (R-5) and the successful use of an all-graphite
tokamak chamber in TM-GCR-6). The observation that electrostatic potentials
may be a controlling factor in impurity accumulation (S-3) seems to favour the
tokamak geometry relative to non-axisymmetric systems with ion loss cones, which
may tend to trap multiply charged ions preferentially.

In the background of these various tokamak-reactor-optimization activities,
there is an important basic assumption: the belief that tokamak reactor
confinement will prove to be adequate. The 'short-and-fat' geometry
of the tokamak imposes relatively modest requirements on the plasma
thermal conductivity across magnetic field: x £ lO^m^s" 1 . Since present
tokamak experiments are already in the range x = 3 X lCCcm2^"1, the main
issue is the question of scaling to reactor parameters.
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Ion thermal conductivity — the theoretically predicted principal loss
mechanism of tokamaks - is found to conform fairly well with neoclassical
theory and is easily compatible with reactor requirements. Particle diffusion in
tokamaks is found to be somewhat anomalous, but is relatively slow (D < %).
Electron thermal conductivity is highly anaomalous and is typically strong
enough to dominate energy transport (xe~ Xi)- The central problem for tokamak
confinement is that the physics for xe is not well documented and the empirical
scaling remains controversial.

The grossly similar behaviour of tokamak devices with a wide range of geo-
metric and plasma-physical parameters argues in favour of some universal fluid-
like xe with favourable dependences on local quantitites such as n, Bp , and the
ion mass Mj- Tokamak confinement, however, is found to be sensitive to global
profile effects: for example, Ohmic-heating experiments in T-10(I-6) show
strong radial dependences of xe that can be altered dramatically as a result of
minor modifications in q(r). The sensitivity of xe to the global profile is also
apparent in ASDEX(A-3), where improvements by factors of 2 in the total energy
confinement time r E can be realized for gross fluid parameters that are ostensibly
very similar.

During the initial period of tokamak research, when only Ohmic heating was
available, there was an expectation that the introduction of dominant auxiliary
heating would help clarify the true parameter dependences of Xe- To some extent,
this has been happening: for example, the strongly unfavourable Te-scaling that
might be inferred from Ohmic-heating data (R-3) is made improbable by the direct
observation of the Te-dependence of Xe in ECR-heating experiments. On the whole,
however, the new phenomena introduced by auxiliary heating have tended to
complicate, rather than clarify the behaviour of xe-

In the low-Bt, high-/3 tokamak studies (A-l, A-2, A-4), the application of
intense heating produces a marked reduction in confinement (by a factor of 2-3) ,
along with a transition from Alcator scaling (rg ~ a2n) to a scaling that depends
explicitely on Bp and even on B t. In tokamaks with fairly strong Bt and moderate
/?, there seems to be no marked deterioration in xe (PLT, see Plasma Physics and
Controlled Nuclear Fusion Research, Proc. 7th Int. Conf. Innsbruck, 1978, Vol. 1,
IAEA, Vienna (1979) 167; ASDEX, A-3). In a sense, these results are not sur-
prising, since the empirical relationship xe

 a n~1 found for Ohmic heating contains
an implicit dependence on magnetic field strength that si bound to assert itself for
sufficiently intense auxiliary heating and weak field. However, there is clearly no
simple fluid-like description of xe that can simultaneously fit the Ohmic-heating
data, the high-j3 data, and the moderate-^ auxiliary-heating data.

The profile-dependent aspect of xe is fairly well understood, at least for
low-/? regimes, in terms of the theory of tearing modes: when ordinary resistive
diffusion causes the current distribution J(r) to depart from its most stable profile,
resistive kink modes appear and act non-linearly to restore the stable profile by
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Tor-2

FRX-C
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PDX
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FIG.l. Lawson diagram showing present-day tokamak experiments advancing on a broad
front; a new generation of larger tokamaks, currently under construction, is expected to
reach the reactor plasma regime. A non-tokamak device (the stellarator W VIIA) is close
behind, and some others (the compact tori Tor-2 and FRX-C) are about to enter the diagram.

magnetic reconnection. This 'dynamo' process must clearly enhance the transport
of heat — especially xe — but in tokamaks the radial localization of the magnetic
disturbances tends to limit the damage that is done to the overall confinement
time rg. For the high-/3 regime, where tearing-mode theory is complicated by
finite-pressure effects, the dependences of xe

 o n t n e global profile are not yet
well explored. In either regime, however, there is a substantially encouraging
consideration: since the resistive diffusion rate of J(r) scales as T? °C TjT3/2, and
since tokamak reactors will have roughly ten times higher (Te> than present
experiments, the contribution of magnetic-field relaxation processes to energy
transport should diminish markedly, and a true fluid-like xe — hopefully, of
simple and benign parameter dependences - may be able to emerge.

The current state of experimental progress in terms of the Tj-nrg diagram
is shown in Fig. 1. The front line of experimentally active tokamaks has advanced
only slightly during the past two years, but a new generation of much more power-
ful tokamak devices, now nearing completion, is expected to carry tokamak research
well into the reactor parameter range. Figure 1 shows that recently several
stellarator devices have also pushed forward into the 'tokamak section' of the
Ti-nrE diagram, and that compact tori are now poised at the boundary.

2. TANDEM MIRROR MACHINES

The tandem mirror concept is designed to overcome the inconveniently
low classical nT£-limitations of the conventional mirror machine, and to offer
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Original tandem mode

Or.

Sloshing-ion mode

Thermal-barrier mode

FIG.2. The simple tandem mirror machine, with one extra mirror trapping section at each
end (a) and an ion-trapping electrostatic potential (b) was demonstrated in 1980. The sloshing
ion mode (c) has now been tested; the thermal barrier mode (d) is the next objective.

a steady-state reactor with a central section of relatively simple mechanical
structure. The critical issues are: (1) the maintainability of effective potential
barriers against end-loss by means of moderate re-circulating power; (2) the
existence of sufficiently low thermal conductivity across magnetic field
(X£ l O W - s " 1 ) -

The successful implementation of a simple tandem-mirror confinement
potential (Fig. 2) was achieved several years ago (Plasma Physics and Controlled
Nuclear Fusion Research, Proc. 8th Int. Conf. Brussels, 1980, Vol. 1, IAEA,
Vienna (1981) 97, 119). An important new step has now been taken on TMX-U
(G-l) and Gamma 6 (G-3): the use of non-perpendicularly injected neutral
beams to create energetic ion populations that 'slosh' between the two mirrors
of each end plug. The theoretical advantages of the sloshing-ion distribution are
to reduce microinstabilities and to provide a convenient basis for implementation
of the thermal-barrier concept (Fig. 2). In TMX-U, where the beams are injected
at 47° to the axis, the amplitude of RF-fluctuations is indeed found to be reduced
by a factor of 5 or more relative to the earlier TMX experiment, which used injec-
tion at 90°. As predicted, the fluctuation frequency is found to have shifted



4 6 0 CONFERENCE SUMMARIES

from £ cocj to ~ 2(JO^, where cocj is the ion cyclotron frequency at the midplane
of the plug and 2a}^ is characteristic of the gyro-frequency at the turning points
of the sloshing ions. Under these circumstances, the overall energy confinement
time of the tandem mirror system has gone up from ~ 1.5 ms in TMX to ~ 5 ms
in TMX-U, and is now limited by classical processes: collisions and charge ex-
change. Similarly good results are reported from Gamma 6, for injection at 62°.

Thus far, the maximum particle nr-values obtained in tandem mirrors have
been limited to about 10ncm"3-s (with nrE several times lower). The next step
will be to use local ECH in the end plugs to create a local energetic-electron
population and an associated potential distribution (Fig. 2) that traps both ions
and electrons within the central cell. If this technique proves successful, it will
lead to the realization of increasingly high nrE-values in TMX-U, Gamma-10, and
ultimately in MFTF-B. Under these conditions of improved axial confinement,
the magnitude and scaling of the cross-field heat conductivity x should become
apparent. Present tandem-mirror theory predicts nrE will scale up as T3a and
cross-field transport will continue to play a minor role, so that satisfactory per-
formance should be achievable.

One of the attractive reactor features of the tandem mirror is that relatively
high beta values can be achieved in the central cell. Experiments on Phaedrus
(G-4-1) investigate the beta limit (up to 30%) and demonstrate the ICRF power
can be substituted for neutral-beam injection in the creation of a tandem-mirror
potential. The use of cusps with RF-plugging as tandem-mirror end plugs
(RFC-XX, G-4-2) appears to be another promising innovation.

3. ELMO BUMPY TORI

The EBT employs a structurally simple steady-state toroidal vacuum field
(the bumpy torus) and adds local rings of energetic electrons to create finite-/?
stability against the interchange mode. A reactor of this type would have particularly
convenient mechanical features. The critical issues are: (1) the maintainability of
sufficiently high bulk-plasma beta values (<j3> k 5%) by means of moderate re-
circulating power; (2) the existence of sufficiently low thermal conductivity across
the magnetic field (x £ lO^m^s"1) .

The EBT-S device (L-l) has demonstrated successful steady-state operation
and has provided an indication of the scaling of xe- By increasing the average
toroidal magnetic field from 7 kG (Plasma Physics and Controlled Nuclear
Fusion Research, Proc. 8th Int. Conf. Brussels, 1980, Vol.1, IAEA, Vienna (1981)
831) to 10 kG and, correspondingly, raising the ECH frequency from 18 GHz
(60 kW) to 28 GHz (200 kW), the EBT-S was able to raise n from K^cnT 3

to 2 X 1012cm"3, and Te from 0.5 keV to 1 keV. The experimentally observed
energy confinement times r E (~5 ms in both cases) are roughly consistent with
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(a) 8 = 2 CONTINUOUS COIL
TORSATRONS

(/>) J? = 2 MODULAR COIL
TORSATRONS

(c) 8 = 2 MODULAR
STELLARATORS

FIG. 3. The confining field of the £ = 2 torsatron (a) can be simulated by modular torsatron
coils (bj. The modular stellarator (c) presents another architectural option.

the neoclassical electron thermal conductivity predicted for the (non-axisymmetric)
EBT geometry. The expected scaling nrE oc T ^ would provide satisfactorily
good confinement for EBT reactor purposes.

ICRF heating has been used in EBT-S at the second harmonic, to produce
ion temperature rises of several hundred electron-volts. The efficiencies of
RF-power transfer to both bulk electrons and ions compare with the lower end
of the tokamak range shown in Tables III and IV.

Experimental results generally consistent with those of the EBT-S have been
produced in the NBT (L-2); variations in the basic magnetic-field configuration
are proposed to improve the confinement of particle orbits. The behaviour of a
single EBT ring section in open-ended geometry is also under study (SM-1, L-l);
inclusion of such a section may turn out to be of interest for open-ended as well
as closed toroidal confinement systems.
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4. STELLARATORS (TORSATRONS, HELIOTRONS, ETC.)

The magnetic-field configuration of the stellarator has the advantage of
providing steady-state plasma confinement without the need to maintain non-
Maxwellian features in the plasma particle distribution. Accordingly, a stella-
rator reactor could simultaneously achieve steady-state operation and very high
power multiplication Q. In the limit of large aspect ratio, where the stellarator
acquires nearly perfect helical symmetry, particle orbit confinement becomes
as good as in the tokamak, and the MHD beta limit can be much higher (Q-4,
V-5). The critical issue is the identification of a stellarator design with a high-
beta limit and good orbital confinement, which is able simultaneously to satisfy
reactor engineering demands for a moderate aspect ratio and a simple mechanical
structure.

Present trends in stellarator architecture are still quite divergent (Fig. 3).
The most practical system using helical coils is clearly the torsatron (L-4, Q-2)
or heliotron (L-3), since access to the plasma is maximized. To avoid the need
for permanently trapped helical coils, the torsatron can be modularized (Q-3)
without losing its favourable properties. The classical stellarator design, using
multiple coils (L-5, Q-l) lends itself particularly well to experimental research,
but would be structurally inconvenient as a reactor. The design of modular
stellarator coil systems has, therefore, become a topic of active investigation
(Q-2, Q-4, Q-5).

From the point of view of confinement, stellarators appear to be comparable
to tokamaks. The observed x-values are at least as good, especially in the current-
free stellarator regimes that have now been extended into 30-100 ms range.
The efficiencies for neutral-beam heating in Wendelstein VII A (L-5) and for
electron cyclotron heating in Heliotron E (L-3) are several times higher than
for their tokamak counterparts. Profile-related enhancements of xe

 a r e clearly
less dangerous than in the tokamak since the MHD stability of the stellarator
is considerably greater. The larger orbital excursions that are introduced by the
symmetry-spoiling effect of low stellarator aspect ratio appear to be readily
surmountable in the presence of an ion-trapping electrostatic potential, but the
implications for the preferential accumulation of high-Z impurities (L-5) are
potentially worrisome.

On the whole, the stellarator ranks as the next-best-documented magnetic-
confinement approach, after the tokamak - as is reflected in the Tj-nrE-diagram
of Fig. 1. The convergence of present architectural trends on a single optimized
high-beta design of simple coil structure could make the stellarator a formidable
candidate.

An even bolder step in the direction of ecumenical magnetic-confinement
design is envisaged in paper Q-6: the DRACON is a kind of 'tandem stellarator'
with two current-free central cells linked by appropriately shaped stellarator end
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sections and with an option for EBT rings. From the point of view of re-circulating
power, the DRACON should be superior to the EBT or tandem mirror, but the
minimum reactor size is large.

5. REVERSE-FIELD PINCHES

The potential reactor characteristics of the reverse-z-field pinch (RFP) are
quite different from the characteristics of the reactor approaches discussed in
the preceding four sections. The MHD-stable beta value of the RFP is expected
to be substantial (S 5%); more important, the ratio B0/Bj of magnetic field
strength at the plasma relative to field strength at the coils is greater than unity
for the RFP, rather than substantially smaller, as in the case of mirror machines,
tokamaks, etc. As a result, the plasma pressure and fusion power density can
actually be much larger in the case of the RFP than in the other approaches.
Copper coils could be used without excessive power re-circulation; if energy
confinement proves to be adequate for ignition, Ohmic heating should be sufficient
to reach the ignition temperature. On the negative side, the RFP tends naturally
to be a short-pulse reactor - though there is evidence for 'dynamo' processes
acting to preserve the MHD-stable field configuration (H-2-2), and these may even lend
themselves to quasi-steady-state operation.

The critical issue for the RFP is energy confinement. In the experiments to
date, rE is found to be of order 0.1 -0 .2 ms - which compares quite unfavourably
with the 10-ms values obtained in tokamaks using similar plasma currents. The
compensating factor is the relatively low coil magnetic field strength Bc in the
RFPs - typically of order 1-2 kG, rather than 10-30 kG.

The experimental trends in present RFPs are fairly encouraging. As a result
of machine improvements in regard to impurities and field errors, the ZT-40M
(H-2-1), has been able to extend its pulse duration to 20 ms (compared with < 1 ms
as reported at the IAEA Brussels Conference, 1980). Most of the present experi-
mental evidence is consistent with both temperature and density rising linearly
as a function of Bp , with j3p remaining constant at about 0.1 (see TPE-1RM, H-l;
ZT-40, H-2-1; ETA-BETA II, H-4). Several times higher 0p-values «0> ~ 15%)
have been reached in the OHTE, whose auxiliary stellarator windings appear
to be helpful in the achievement of clean high-density plasmas (£ 1014cm~3).

If/3p continues to remain constant during Ohmic heating at higher plasma
currents, then energy confinement in the RFP will become adequate for reactor
purposes around 20 MA. The implicit scaling with temperature is Tg oc T^,
— coincidentally the same as for tandem mirrors and EBTs, starting from similar
present-day levels of temperature and nrg. The favourable scaling with RFP
current is not borne out by all the present-day experiments (see, e.g. HBTX 1 A,
H-5) and appears optimistic, but has a plausible relationship to the tokamak
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TABLE V. COMPACT TORI: REVERSED-FIELD 0-PINCHES

0 < 1007.

SAPER

K-2-1

f!-3

K-6

KACHINE

FRX-C

PIACE-II

NUCTE-II

STP-L

TOR-2

TUFE
(us)

140

50

50

15

100

Te
(eV)

175

100

100

100

200

Ti

(eV)

800

300

300

300

1500

n

(10"crn3)

40

30

40

50

30

experience: while the RFP has profile-dependent dynamo mechanisms that are
pervasive, rather then localized, and the enhancement of xe is, correspondingly,
greater in the RFP, at sufficiently high Te the diffusion of the magnetic field
and the resultant reconnection phenomena should cease to dominate energy
confinement in both tokamak and RFP configurations.

An alternate approach to pinch stabilization, using external multipole fields
rather than an internal z-field is discussed in paper J-5.

6. COMPACT TORI

The special feature of the compact torus is that the plasma is not linked by
toroidal-field coils and is therefore free to move. A reactor based on a population
of compact plasma tori, moving sequentially from a single forming unit through
a common reaction chamber, would have unusual aspects of engineering convenience
and flexibility. The plasma pressure of the compact torus, like that of the RFP, can
be relatively high; the problems of first-wall technology created by the resultant
high levels of fusion power density should be readily manageable in compact torus
reactor geometry. The critical issues for the compact torus approach are
fundamental: the existence of gross long-term stability and high-quality energy
confinement.

In the case of the reversed-£>-field pinch (compact torus with null Bt),
strongly prolate configurations are found experimentally to be remarkably
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TABLE VI. COMPACT TORI: SPHEROMAKS

465

PAPER

K-l

'..'-10

MACHINE

PROTO-S-1A

PROTO-S-1C

LASL CTX

PS-1

OSAKA CTX

ROTOMAK-I

TLIFE
(/IS)

25

200

1000

50

1000

50

(Z)

50

15

15

50

10

100

(eV)

15

50

50

15

20

15

Ti
(ev)

—

—

40

—

—

(ic"cnf3)

<20

< 2

< 2

20

< 2

<1G

stable (M-2-1, M-3, M-6), even though these |3= 100% configurations are in mild
violation of MHD stability theory. Typical parameters are shown in Table V.
The life-time is usually limited by the onset of a rotationally driven instability,
but quadrupole fields may be able to suppress this mode (M-3). The energy
confinement time is of the same order as the configuration life-time. (Entry into
the Tj-nrg diagram of Fig. 1 appears to be imminent.) The compatibility
of the plasma parameters required for reactor confinement, i.e. a > pj, with
continued MHD stability remains to be explored.

The speromak configuration (compact torus with finite Bt) is being generated
successfully by a number of formation techniques (M-l, M-4, W-10). Typical
parameters are shown in Table VI. Theoretical predictions concerning the tilt
instability and its stabilization have proved to be fairly accurate. Oblate sphero-
maks have now reached life-times of up to 1 ms. In the case of the CTX(M-1),
there is direct evidence of a dynamo mechanism at work, which prolongs the
configuration life-time by maintaining the optimal balance of toroidal and
poloidal fluxes. Little is known as yet concerning Tg and its scaling, but there
is likely to be some family resemblance to the physics of the RFP (Section 5).

CONCLUSIONS

During the past 30 years of fusion research, both the experimental achieve-
ments and the perceived requirements for an economical fusion reactor have been
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evolving continuously. As the engineering designs of reactors have received more
detailed and realistic attention, particularly during the past five years, the perceived
requirements for the 'plasma driver' have tended to rise. Fortunately, the tendency
of reactor requirements to rise continually can be balanced to some extent by
technological advances - for example, the development of high-field super-
conductors during the 1960s. (It is reassuring to consider that the standard fusion
reactor concept around the year 1950 called for the formidable feat of producing
net electric power by burning D-D in a copper-coil system! )

Relative to the perceived reactor requirements, expectations as to what is
likely to be achievable seem to have executed a damped oscillation: Expectations
were positive at the outset, dropped into the negative range during the 1960s, became
positive again during the early tokamak era of the 1970s, and dropped to slightly
negative values during the rise in perceived reactor requirements that has taken
place in the last few years. At the present Conference, expectations for an
economical tokamak reactor have clearly swung back over into the range of positive
values, and the outlook for a number of other approaches has brightened impressively.

Meanwhile, the curve of experimental achievement in magnetic fusion research
has continued its formidable rise. Extrapolating these trends, I foresee that per-
ceived reactor requirements will persist on an upslope during the next decade
and that there will be a triple convergence of requirements, expectations and
achievements around the year 2000.



SUMMARY ON MAGNETIC CONFINEMENT THEORY*

B.B. KADOMTSEV
I.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

At this Conference, almost all papers on confinement theory dealt with
magnetic confinement and, in particular, with closed magnetic systems, the
spectrum of topics ranging from numerical or semi-empirical simulations of
plasmas in existing devices to more sophisticated theoretical analyses of compli-
cated non-linear phenomena.

1. LINEAR PLASMA INSTABILITIES IN TOKAMAKS

Linear instabilities of toroidal plasmas continue to be a subject of theoretical
interest so that ideal and non-ideal instabilities were considered in many papers.

As is well known, the theory of ideal MHD modes predicts the existence
of a critical |3, )3C. This problem was once more analysed by FOM (paper P-l-1),
Lausanne (P-l-2), JAERI (P-l-3), and Culham (T-4). Theory predicts rather
low values of £c, even for optimized profiles. For example, paper P-l-2 main-
tains that j3c in INTOR does not exceed a value of about 3% for non-optimized
profiles. The experimental situation of 0C is still not clear, a value of the order
of 3% having been exceeded in some devices and a record value of 4.6% reached
in Doublet-Ill quite recently.

According to the theory of ideal ballooning modes, an instability develops
in some interval for /3 > /3C, so that a second region of stability is predicted.
Outside this region, the resistive ballooning mode may be unstable, irrespective
of the value of 0. This instability was analysed in detail by Princeton (P-2-1),
Kurchatov (P-3), Culham (T-4), and Garching (V-3). In these papers, stabilizing
effects of compressibility and viscosity are taken into account. The mode is
likely to remain unstable and is, therefore, a good candidate for the explanation
of the soft |3-limit in ISX-B. Tearing modes for plasmas with p = 0, generated by
the release of poloidal-magnetic-field energy, were studied in great detail by
Princeton (P-2-1), Garching (P-2-2) and Maryland (P-2-3). An interesting result
was obtained by Kerner and Tasso (P-2-2): it was shown that D-shaped plasmas
could be completely stabilized for well-chosen current distributions.

* This summary talk was also published in Nucl. Fusion 23 1 (1983) 97.
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2. NON-LINEAR PHENOMENA

It is well-known that the behaviour of a real plasma is non-linear and some-
times bears no resemblance to the linear predictions; hence, the theory of
non-linear phenomena is very important for an interpretation of experimental
results.

Diamond et al. (D-l-2) developed a theory of anomalous transport based
on low-frequency turbulence in tokamaks. The authors assume that the resistive
ballooning instability leads to electrostatic turbulence which, in turn, destroys
the magnetic surfaces so that electron thermoconductivity due to magnetic-line
braiding is generated. The estimate of the electron energy confinement time
is in reasonable agreement with the experiments on ISX-B.

A similar consideration of non-linear plasma activity due to resistive balloo-
ning modes (though without an estimate of the electron confinement time)
was given in a paper by Kadomtsev et al. (P-3).

Short-wave turbulence continues to be attractive for the development of
advanced theoretical approaches, a topic treated by MIT(D-l-l), Austin (D-l-2),
and Princeton (D-l-3). Sophisticated methods of studying chaotic non-linear
plasma activity are developed by the relationship of these theories to experiment
is not yet clear. The destruction of magnetic surfaces due to such an activity may
lead to an enhancement of plasma transport, primarily of electron thermoconduc-
tivity. This effect was analysed by White et al. (T-3), who also considered the
effect of small field rippling on a-particle confinement.

3. PHENOMENOLOGICAL CONSIDERATIONS

Some experimentally observed phenomena are so complicated that a
phenomenological approach seems to be preferable. Thus, Equipe TFR (T-2)
dealt with the numerical simulation of the sawtooth activity, on the basis of the
reconnection and the turbulent models. The authors give preference to the
turbulent model, although the difference between the two is not great. Cotsaftis
(V-l) discussed the possibility of magnetic-island control. The Pisa-MIT group
(W-2) presented, among other things, a discussion of the scaling law and the
importance of the temperature profile for energy transport. The possible existence
of final-scale filamentary structures in magnetically confined plasmas was speculated
upon by Haines and Marsh (V-4), and some scanty observations in favour of this
phenomenon were given. Of course, this question should primarily be addressed
to experimentalists. We remark that a structure of this type was observed in
some experiments in inertial confinement conducted by Willi and Motz (B-5).
Paper D-4 (Capes and Mercier) described the phenomenological transport model
for anomalous heat and particle fluxes.
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4. EDGE PLASMA

A few papers were devoted to specific problems of the edge plasma. The
tokamak edge plasmas are known to exhibit large fluctuations in density
(fi/n ~ 0.1 -0.4) and electrostatic potential, which has very broad frequency
spectra. In a paper by Callen et al. (D-2-2), the 'rippling' resistive MHD instability
was proposed as a possible cause of high-level turbulence and transport coefficient
enhancement in the tokamak edge plasma. The results agree qualitatively with
the experimental data, but the diffusion coefficient is smaller than the experi-
mental value. In papers from Princeton (D-3-2), JET (D-2-1), and Garching (D-3-1),
advanced codes were developed by taking into account the 2-D effects and the
plasma multi-zone structure. Calculations (D-3-1) showed the difference between
the coronal-model results for impurity radiation and the non-coronal approach
for low-Z materials. The effect of the ion temperature gradient instability on the
cool plasma mantle was studied in paper D-2-1. It was shown that too strong
an increase in heat transport might lead to radiative plasma core collapse, so that
it would be impossible to provide sufficient input power to make up for the
mantle radiation losses.

5. RF HEATING AND CURRENT DRIVE

Most of the papers on RF heating in a tokamak included an investigation
of RF current-drive possibilities. Steady-state tokamak operation can, in principle,
be achieved by means of RF-driven current. Most theoretical papers were
devoted to the problem of RF current-drive efficiency in a homogeneous plasma.
Papers by Canobbio and Croci (V-2), Okano et al. (V-6), and Dawson et al. (V-9)
dealt with computer simulations of the electron distribution function in the
presence of an RF electric field.

Dnestrovskij et al. (C-l-2) studied LH current generation in an inhomoge-
neous tokamak plasma by numerically evaluating a self-consistent system of
equations. In some cases, LH waves can produce a hollow current profile, whose
stability was analysed by Kolesnichenko et al. (W-8).

Two articles were concerned with ICRF in a tokamak. In a paper from
Brussels (J-2), a new numerical method of calculating the ion cyclotron energy
distribution in a large tokamak was proposed, whereas a group Kharkov (V-8)
discussed the possibility of anomalous Alfven wave dissipation due to the
excitation of various instabilities.

6. STELLARATORS

Stellarator physics optimization studies were performed by ORNL (Q-3)
and by a Kurchatov-Keldysh group (V-5): The latter paper uses a 2-D equilibrium
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equation for toroidal systems in inverted 'Lagrange' variables. This approach is
not only suitable for solving stability problems, but also permits the use of numerical
codes developed for tokamaks, both 2-D and 1-D (moment method). The equa-
tion may serve as a basis for the optimization of stellarator systems. In the ORNL
paper Q-3, a wide range of stellarator/torsatron configurations was evaluated and
compared with the help of several criteria, including: 1) vacuum-field flux sur-
face topology and profiles; 2) guiding-centre orbit containment; 3) existence of
stable 3-D finite-beta MHD equilibria; and 4) stability against ideal- and resistive-
MHD interchange and ballooning modes. These criteria are applied in an inter-
active and iterative manner in order to optimize each configuration. The relative
merits of various stellarator-like configurations were compared by Weitzner et al.
(V-10), Princeton (Q-4), and Kurchatov (Q-6). The MHD equilibrium of Heliac
(a high-beta stellarator) and Tokatron ( a tokamak-torsatron hybrid) was studied
in paper Q-4. It was shown that <(3> > 10% may be achieved in Heliac and a value
of <j8> up to 10% in Tokatron. Different methods of plasma flute-MHD-stabilization
in a closed magnetic trap with rectilinear sections (Dracon, the Russian acronym
for "long equilibrium configuration") were discussed by Kurchatov (Q-6). It was
shown that the special type of curvilinear equilibrium elements in DRACON may
be used to avoid magnetic-surface displacement in the linear part of the device,
owing to the plasma pressure.

7. BUMPY TORUS

Recently, bumpy torus physics has been elucidated to a great extent. A
relationship between hot-electron density and background plasma density,
which is favourable for plasma stability, has been found. At this Conference,
many subtle problems concerning transport processes, stability and plasma
heating in Elmo Bumpy Torus were considered by Van Dam et al. (T-6-1),
El-Nadi (T-6-2), and Hedrick et al. (V-l 1).

In papers T-6-1 and T-6-2, which are devoted to EBT stability, the differential
equations for low-frequency (a? « cogj) and high-frequency (CJ » cogj)
oscillations in the presence of a hot-electron ring are derived, and expression for
stability criteria, maximum growth rates and frequency of oscillations obtained.
The numerical solution of the equations confirms the analytical predictions. A
new variational principle was used to study low-frequency oscillations. The electron
transport processes affecting plasma losses (and, hence, T) and the ion transport
processes influencing the ambipolar potential were considered in greater detail
in paper V-l 1. The study of losses from a hot-electron ring confirms that, in the
large devices EBT-P and EBT-R, the losses will be affected by collisions and
cyclotron radiation but not by micro-instabilities or breakdown of adiabatic
properties of the particle motion. An investigation of the background plasma
and hot-ring ECH showed that a discrepancy (by about a factor of five) exists
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between theoretical predictions and experimental data. The crudeness of the
theoretical model used and some experimental uncertainties may account for
this lack of agreement.

8. HIGH-0 SYSTEMS

High-)3 systems such as RFPs or compact tori are attracting the attention
of many physicists. The pertinent theoretical problems are similar to those of
other closed systems: plasma formation, equilibrium, linear instabilities, and
current drive. These problems were considered by Caramana et al. (H-2-2),
Harned et al. (M-2-2), FOM (P-l-1), Shiina et al. (W-7), and Kurchatov (M-6, W-3).
Papers H-2-2, M-2-2, and T-5 (by Robinson and Hender) study ideal and resistive
instabilities in RFPs. In particular, non-linear reconnection was demonstrated
numerically in H-2-2. A numerical simulation of non-linear g-modes exhibited
ballooning-like features of perturbations; g-modes were shown to lead to magnetic-
line ergodicity. The estimated confinement times and the scaling,
r E ~ I a(0.5 < a< 1), are consistent with the present experimenta) values. In
addition to numerical simulations, analytical methods were used for plasma
optimization and increase of the limiting /3 (W-7, M-2-2).

9. MIRRORS

The theoretical activity in the field of mirrors is directed towards an opti-
mization of the tandem mirror geometry, from the point of view of both MHD
stability and particle leakage.

A Livermore paper (G-l) considered the problems of hot-electron generation
for thermal-barrier formation. These problems, which are treated by analytical
techniques combined with numerical calculations, include microwave access to
the resonance zones, conditions for stochastic heating, fuelling of hot-electron
population, and the effect of hot electrons on plasma stability.

Bulmer et al. (G-2) dealt with the equilibrium and stability of tandem
mirror plasmas. It was shown that an optimized device can ensure MHD-stable
confinement of the plasma with a considerable value of/?. The trapped-particle
mode in the case of low density in the transition region between central cell and
anchor was considered by Berk et al. (K-3).

10. NEW IDEAS

An interesting idea was proposed by Kulsrud et al. in paper K-2: polarization
of the nuclei was shown to lead to an increase in the rate of D-T reactions by a
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factor of 1.5. The initial polarization is destroyed rather slowly so that, being
polarized, the plasma, with its extremely low nuclear spin temperature, reacts
before spin thermalization. It is not yet clear whether this new approach will
be of practical use in the confinement effort, but in any case the idea itself is
quite interesting from a purely physical point of view.

In conclusion, this Conference has demonstrated that theory, which - as
the word goes - is expected both to explain well-known physical phenomena
and to predict new ones, has to a great extent been successful in both spheres.
Of course, some pressing problems remain unresolved, as, e.g. the anomalous
electron thermal conductivity in toroidal plasmas, which is waiting for a more
adequate theoretical explanation.

In the past two years, theoretical work has been increasingly drawing on
experimental results, and, in the future, theory and experiment will become still
more interdependent.



SUMMARY
ON INERTIAL CONFINEMENT FUSION*

C. YAMANAKA
Institute of Laser Engineering,
Osaka University, Osaka,
Japan

Since the Eighth IAEA Conference on Plasma Physics and Controlled
Nuclear Fusion Research (Brussels, 1980), considerable progress has been made
in ICF research.

In this Summary, we shall discuss achievements made in the last four years
in ICF research, focusing our interest on the following areas: laser and particle
beam drivers; beam-plasma coupling; target concepts and implosion mechanisms.
Within this broader time frame, special mention will, of course, be made of the
progress as reflected in the papers given at the Conference.

Figure 1 shows the number of papers on ICF presented at the last four IAEA
Conferences both by (a) topic and (b) country.

LASER AND PARTICLE BEAM DRIVERS

The present state of technology in the field of laser and particle-beam drivers
is summarized in Table I and Fig. 2.

Laser drivers

Nd glass lasers (Novette [F-3], Omega [F-4], Gekko M II [F-l ]| using
phosphate glass, have reached a high level of perfection, the converted 1.06-/nm
light opens a very promising prospect and the construction of 100-kJ glass laser
drivers is proceeding [F-3]. Blue- and green-light higher-harmonics (conversion
efficiency ~ 70%) are widely used in large laser devices. Different kinds of
fundamental ICF experiments (B-2-1, B-3, B-5, F-2, F-5) have become possible
through modest-scale glass lasers produced by several laboratories. A few 10-kJ
CO2 lasers (Helios, Antares, Lekko VIII) are being operated or built (F-6, F-7)
and, in connection with the generation of ion beams by CO2 laser irradiation of
a target associated with the spontaneous magnetic field, a new ion beam scheme
was presented (F-6). Efforts to develop an iodine laser are also being continued

This summary talk was also published in Nucl. Fusion 23 1 (1983) 97.
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TABLE I. PRESENT STATUS OF ICF DRIVERS

1. Nd:

Country

USA

USSR

Japan

UK

China

France

Italy

Poland

GLASS LASER

Lab. name

LLHL

Argus

Shiva

Hovette

Nova-I

LLB

Rochester

GOL
Omega-X

MIL

Pharos-II

JCHS

Charoma-I

Kurchatov

Hishen

Lebedev

Delfin

Aurora

UMI-35

ILE Osaka
Gekko-II

Gekko-IV

Gekko M-II
Gekko XII

IPP Nagoya

Halna

ETL

Rutherford

Vulcan

AHRL

Shanghai

Limeil

P102

Octal

Ecole
Polytechn.

Greco

Frascati

Kalisky Inst.

Australia
LIT-IV

Number of

beams

2

20

2

10

1

24

2

2

4

216

20

2

4

2

12

1

1

6

2

6

2

8

1

2

4

4

Output

power (TW)

5

30

10

100

0.7

15

0.7

2

-

33
-

0.4

2

7

40

0.1

0.1

3.6

1

0.6

2

0.25

-

-

1.2

Output

energy

2

10

10

100

-

4

1

1

1

10

50

10

0
2

2

20

-

-

1

1

0

-

1

0

0

0

0

.3

.2

.2

.4

.25

.25

.1

.12

Pulse

0.03

0.1

0.1

0.1

0.1

0.03

0.1

0.1

1.0

0.2

0.03

0.1
0.1

0.1

0.1

0.1
0.1

0.1

0.05

2

o.oe
0.1

0.1

2.0

3.0

length

s)

- 1.0

- 1.0

- 3.0

- 3.0

- 1.0

- 1.0

- 3.0

- 1.0

- 1.0
- 1.0

- 1.0

- 1.0

- 1.0

- 1.0

- 1.0

- 2.5

0.005-0.001

Remarks

9
10 neutrons

3xl010neutrqns

and 50g«cm~

(1983)

(1985)green

10
10 neutrons

and 6g*cm

blue
10 neutrons

and 5g* cm"3 green

(1963) green

0.27vim

4
10 neutrons

green, blue
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TABLE I. (cont.)

2. COj LASER AND IODINE LASER

Country

USA

Japan

Canada

Italy

Poland

FRG

Lab. name

LANL
Helios
Antares I

ILE Osaka
Lekko II
Lekko VIII

NRC
Coco II
Frascati
Chimera
Kalisky
Institute

Garching
Asterix III

Number
of beams

S
2XU2)

2

e

1

2

8

1

Output

10
40

1
10

0.2

0.2

6

1.1

Output
power (TW) energy (XJ)

10
40

1

10

0.2

0.2

6

0.4

Pulse length
(us)

1
1

2

1

1

0.35

10 ̂ neutrons
2Og-cm"3

(1983)

10 neutrons

Iodine laser

3. PARTICLE BEAM

Country

USA

USSR

France

FRG

Japan

Lab. Name

SANDIA
Proto II
PBFA I
PBFA II
NRL
Gamble II
Cornel
LION

Kurchatov
Ural
Triton
Mirage
Kalmar
Angara V-M
valduc
Sidnix

Karlsruhe
Kalif
ILE Osaka
Reiden III
Reiden IV

Number
of beams

1
36
36

1

1

i-i

1

1

1

1

1
1

Output Output Pulse length
power (TW) energy (kJ) <ns)

10
30

100

1

1

0.01

0.2

1

1

1

0.05
1

100
1000
3500

70

40

1

15

100

50

55

4
100

24
24 Light ion

60 (1986)

70 Light ion

40 Light ion

100

90

80 (1983)

80

45

80
50 Light ion

(B-4). The CO2 laser has such high efficiency, large energy output and high
repetition rate that much is to be expected from it in the future.

Particle beam drivers

There was no paper on heavy-ion beam drivers given at the Conference, but
quite a few on light-ion and electron beam drivers (PBFA II, Angara V, Reiden IV,
etc.).

Pulsed-power technology has developed in two approaches: the beam diode
scheme for pellet irradiation and the liner compression scheme. Several types of
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TABLE II. PROPERTIES OF LIGHT-ION-BEAM
DIODES

Type of diode

Pinch reflex diode

Ampfion diode

Applied-magnetic-
field diode

Ignition diode

Brightne
TW-cm":

10

1

10

100

j Q-2 Divergence

3°

r
i°

0.5°

Aiming
error

±4°

<1°

<1°

0.5°

Neutralization

~100%

~100%

~90%

~100%

diodes were reported, such as the pinch reflex diode (N-l, N-2, N-4), the applied-
magnetic-field diode (N-3) and the ampfion diode (N-l). Their properties are
listed in Table II, along with those of the possible ignition diode. To keep the
diode impedance constant, plasma injection or pre-pulse application methods are
employed (N-5). The equatorial pinch reflex diode can have a large ion current
with a high diode impedance (N-2).

An increase in beam brightness is essential for the beam diode scheme; this
is achieved by ensuring uniformity of the diode plasma, an increase in beam
voltage and ion mass, as well as beam bunching (N-3, N-4). Beam transport and
focusing are very important, especially to eliminate the beam instability (N-2, N-3,
N-4, N-5). These studies have also been performed by the laser discharge guide
(N-4) and the Z-discharge path (N-2). The transport efficiency over a few metres
is about 80%. Now the ion beam facilities reach an energy level of 100 kJ in a
unit module (N-l, N-2, N-4, N-5). Multi-module assembly can supply an energy of
1000 kJ (N-l).

For the liner compression scheme, a smaller pulse power could maintain good
energy concentration if a low-inductance collector and a symmetrical current
distribution were used (N-l, N-5).

Two papers on plasma focus were presented (N-6-1, N-6-2). The plasma
dynamics of the focus shows a different behaviour when the focusing current
becomes larger than 1 MA, where two phases of neutron burst are observed.

BEAM-PLASMA COUPLING

Particle-beam-plasma interaction studies are only being started (N-4, W-6),
but a good deal of information was presented on laser-plasma coupling. Laser
absorption and scattering are now equally well understood in many laboratories.
In particular, absorption has been studied thoroughly since the last IAEA
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FIG.3. Thermal-flux transport factor as a function of intensity.

Conference, and we know now that the shorter the wavelength, the stronger the
absorption, e.g. nearly 95% at a wavelength of 0.27 jum (B-2-1). Scattering due to
stimulated Raman and Brillouin processes has been investigated in the corona
region of laser-irradiated targets. Absolute and convective processes were reported
(B-l-2, B-l-3). The interaction region of the laser with the plasma for stimulated
Brillouin scattering is estimated to be much smaller than the density scale-length
(B-l-1). Microwave simulation experiments for the interaction are also being
continued (B-l-2).

There are plenty of data on the thermal flux transport factor f. Fig. 3 shows
this factor as a function of intensity: at a lower laser intensity as well as for a
spherical target, which has a small lateral heat loss, the factor f is about 0.1, where
the density scale-length is comparatively large (B-2-2, B-4, F-5); f becomes smaller,
e.g. 0.03 for a planar target, or at a higher laser intensity, where a sharp increase in
the density gradient occurs and ion turbulence sets in (F-3, F-4). At the target
surface, plasma filamentation is observed, which may be caused by a thermal
instability and other instabilities due to magnetic fields (B-3, B-4, B-5, F-l).
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TARGETS CONCEPTS, IMPLOSION MECHANISMS

Some of the novel target concepts are the double-shell, the foam, the
cryogenic and the cannon-ball targets. These were discussed in the context of
ablative, explosive, and non-ablative approaches.

Implosion experiments have been started at several laboratories. Direct
implosion is associated with smaller drivers; it provides basic information on
compression, whereas indirect implosion belongs to large-scale drivers capable of
radiation conversion to X-rays with more uniform compression but lower
efficiency.

The implosion experiments reported at the Conference mostly belong to the
direct-implosion scheme, the ablation pressure reaching more than 40 Mbar. For
the direct implosion, uniformity of beam irradiation is very important. The
24 beams of the Omega X glass laser seem to provide a fairly uniform irradiation
(F-4), and the foam and the double-shell target can moderate the non-uniformity
of the Gekko IV glass laser (F-l). The Octal dissymmetry experiment was
discussed (F-2). The cryogenic target shows a low isentropic compression and
twice as many neutrons as yielded by a usual target (F-5).

Two CO2 laser experiments were presented (F-6, F-7). The generated
magnetic field seems to control the motion of the hot electrons, which may be
useful for a new target design (F-6). The hot-electron-driven ablation was
estimated in the Lekko CO2 laser experiment (F-7).

The ablation pressure scaling, according to various implosion experiments, is
shown in Fig. 4. The laser intensity I scales as follows:

Plasma-driven I 0 6

Hot-electron-driven I0-9

X-ray-driven I 0 8

LIB-driven I 0 7

Pre-heat effects of implosion which affect the compression appreciably are
simulated by code calculations (F-3, F-7). The former papers report pellet
implosion of up to 50 g-cm"3.

Indirect implosion has been carried out for a 'hohlraum' target and a cannon-
ball target. The cannon-ball target experiments demonstrate excellent uniformity
of compression and good hydrodynamic efficiency, which depends on the aspect
ratio of the pusher-tamper dimensions (F-l, F-7). A 2D-simulation demonstrates
the sequential behaviour of the cannon-ball target, which agrees well with the
experimental data. Non-ablative implosion of the cannon-ball target can increase
the neutron yield as well as the compressed density, while the ablative scheme
can only increase the density. An X-ray-driven implosion was demonstrated in
F-l.N-5.
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TABLE III. ICF DIAGNOSTICS REQUIREMENTS

• Wide range of physical parameters
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• Data obtained on single-shot basis

• Compatible with computer-aided data acquisition.
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TABLE IV. CODES IN ICF

Code name
(developed by)

Properties

One-dimensional MEDUSA (Culham, UK) Two-temperature
hydrodynamic
code

LILAC (LLE,
U. Rochester)

PHD-IV (U.Wisconsin)

MINIHY (MPQ, FRG)

Updated MEDUSA
(KFK, FRG)

HIMICO (ILE, Osaka)

1-D code
(Frascati, Italy)

1-D code
(TIT, Tokyo)

NORCLA (Spain)

LASNEX(1D)(LLNL)

Multi-group radiation

One temp., No flux
limit

Single-group
radiation diffusion

Multi-group
hot-electron
Multi-group
radiation

Two-temperature
Diffusion of a

Diffusion of a,
radiation and neutron

P3-S6 multi-group
time-dependent
transport

code

Two-dimensional LASNEX (LLNL)

hydrodynamic O R C H I D ( L L E >

U. Rochester)

HISHO (ILE, Osaka)

IZANAMI (ILE, Osaka)

Lagrange re-zoning
2-D ray trace,
Multi-group
hot-electron

fluid particle code
2-D ray trace,
moving grid,
multi-group radiation
and hot-electron

Particle code 2-D code (ILE, Osaka)

ZOHAR (LLNL)

Relativistic and
electromagnetic field
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FIG. 5. Laser fusion progress. Three approaches towards breakeven are given; the upper
arrow is the ablative, the central one the cannon-ball adiabatic compression and the lower one
denotes the explosive scheme.

OTHER ASPECTS

A variety of sophisticated diagnostic techniques have been developed to meet
the severe experimental conditions in the ICF field (Table III). High-resolution
diagnostics in time and space is absolutely essential for implosion research. Several
new methods such as a tracer experiment with X-ray diagnostics, activation
methods, etc., were presented (B-3, B-4, F-4, F-7).

Simulation work, which is extremely important for progress in pellet design,
was also discussed (W-5, W-9). The number of codes available in ICF is remarkably
increasing, and some have acquired world-wide popularity (W-5). In Table IV,
several codes and their properties are shown.

No papers on novel reactor concepts were presented, but different aspects of
conceptual reactor studies were touched upon in many contributions, e.g. first-
wall protection in pulsed ICF reactor operation and problems of commercial r

reactor concepts (F-l, F-3). The features of ICF reactors are structural simplicity,
long life, a high tritium-breeding ratio, and an extremely low induced radioactivity.
In the 1980s, we might expect to reach breakeven and, in the 1990s, to build a
single-shot test reactor, possibly followed by a fusion engineering reactor. Around
the year 2000, a commercial power plant should be feasible. In Fig. 5, an attempt
is made to illustrate schematically the progress of the laser fusion approach from
the present conditions to those of the reactor. The upper arrow indicates the
ablative approach, the central one refers to the adiabatic-compression approach
in the cannon-ball target, and the lower arrow denotes the explosive scheme.
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TABLE V. BASIC PARAMETERS FOR IGNITION
CONDITION SCALING, co - 1 jum, 2 w - 0.5 jum,
Ec = core energy, Ef: Fermi-degenerate energy,
Ro: pellet radius, R^: deformation

483

Requirements3

Coupling
efficiency

T J > 3 - 4 %

Cold fuel
isentrope

E c /Ef<3

Implosion
symmetry

R h /R 0 <4%

Ablation
pressure

P a~5-40Mbar

a S. Bodner
b 5X1013W/cm

Achievements

Absorption 90%(2co)>'
Hydrodynamics 20% (co)b

Target preheat 15 eV (w)c

Acceleration uniformity
3.5% (w)c

Pa > 30Mbar(2«)d

c 1X10'4

2 d 3X1014

Remarks

Shorter wavelength
Cannon-ball target

Moderate intensity
drive
Better X-ray
pre-heat shield

Incoherent laser
irradiation
Soft X-ray
irradiation

Shorter wavelength

W/cm2

W/cm2

FUTURE PROSPECTS

To quote from paper B-3, there are five problems to be solved in ICF research:
efficiency of driver-plasma coupling, cold-fuel isentrope, implosion symmetry,
ablation pressure and ignition mechanisms. I dare say that the first four problems
have almost been solved (see Table V). High coupling efficiency, which depends
on the absorption and hydrodynamics, is attainable by shorter-wavelength lasers
as well as by a suitable target design. By measuring the fuel pre-heat, the cold-fuel
isentrope has been found to be less than a multiple of the Fermi degenerate level
(F-l, F-4, B-3). Suitable irradiation and an appropriate pellet design can ensure
sufficient implosion symmetry (F-l, F-4). The ablation pressure already exceeds
40 Mbar (F-l, F-3, F-4). The last problem, the ignition mechanism, is now the
essential field of research. Ignition depends on the potential of the drivers and
on the pellet design. Figure 6 illustrates certain predicted ignition conditions as a



484 CONFERENCE SUMMARIES

500

0.1 0.5 1.0 5.0
Laser Wavelength (,um )

10
Fuel Temperature ( keV )

1 0 0

FIG. 6. Predicted ignition conditions. Left: input laser energy for ignition; right: Lawson
criterion for three lasers.

function of input energy and laser wavelength (driver), pR-value and fuel
temperature (pellet) (F-l, F-3, F-4, W-9). From these predictions, one can expect
ignition of the pellet with a laser intensity of 50-300 kJ at a wavelength of 0.5 jum.

To conclude, we have reached a stage when international collaboration is
needed more than ever in the past. In this common effort, the developing countries
are highly welcome to participate.



SUMMARY
ON REACTOR SYSTEMS*

W.M. LOMER
Culham Laboratory,
Abingdon, Oxon, United Kingdom

The papers, at this Conference, on reactors and reactor systems fall naturally
into three groups: tokamak reactors (E-l-1, E-4, E-5), alternative systems (E-2,
E-3, 0-1, 0-2-1, 0-2-2) and sub-systems (E-l-2, 0-3, 0-4, 0-5).

1. TOKAMAK REACTORS

In summarizing and commenting on tokamak reactors, it is worth setting
them in a wider context than this Conference provides, and I have, therefore,
drawn on the IAEA Fusion Reactor Design and Technology, Technical Committee
Meeting and Workshop [1, 2]. It is natural to take the three groups mentioned
in just that sequence, and so to examine the first three proposals which treat
DEMO, FED and FER in the context of other current studies of D-T tokamaks.
There are as many ways of looking at design studies as there are sub-systems in
each, but at least one simple table of parameters (Table I) sets them more or less
in context in terms of a logical evolutionary sequence. This starts from the practi-
calities of construction of real machines of the JET/TFTR/JT60/T15 generation
and ranges through the INTOR study to e.g. the STARFIRE reactor study. This
sequence covers a range of powers - of fusion power at peak of the cycle - from
a few tens of MW to 3-4000 MW and a range of burn times from, say, one second
to 100 s or even continuous burn. Despite their great diversity in detail -
enormously important if the designs are ever to be realized - the principal para-
maters do fall into a smooth progression.

The smooth progression is dominated by three design assumptions:

The first-wall power loading is limited by present-day ideas on materials and
designs to (1-2) MW'm"2, and expectations limit it to, say, 4 MW-m"2 in
most conceptual reactor designs if structural-element life-times of about
10 years are to be achieved;
B^ is limited now to, say, 5 T and growing to, say, 10 T, which implies a limit
on 1$ to maintain tokamak stability;
j3 is assumed to be raised to 5% for the next generation and 7—8% later.

This summary talk was also published in Nucl. Fusion 23 1 (1983) 97.

485
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Of these assumptions, one can say that

that concerning B^ is probably well justified by present technology;
that concerning )3 may be optimistic and is not yet firmly based on experi-
mental or theoretical studies though the latest reported @ of 4.5% in
Doublet HI is most encouraging (paper A-2);
that concerning first-wall power loading is realistic, and design and material
advances may offer hope of progress, in terms of first-wall survival, provided
appropriate materials test and qualification work can be undertaken.

Behind this smooth progression lies a range of other technical design decisions
and some of the main ones are listed here.

The Japanese FER study (E-4) has taken two main conceptual steps away
from more conventional designs: a swimming-pool design utilizing water as a
flexible shielding medium, and, alternatively, using minimal blanket shielding
to protect the magnet-coil structure, placing biological shielding further away.
Both changes can make the reactor core more compact.

The FED study of plasma operating parameters (E-5) has taken a first analysis
of procedures for plasma start-up by RF assistance, subsequent ion cyclotron
heating and then neutral injection and plasma burn control. The study shows the
crucial role of limiter performance in maintaining plasma purity and also that the
plasma current must be held at a high value to achieve the desired values of/3.
Further studies of the engineering acceptability of the proposed rates of power
variation must be envisaged.

The DEMO study E-l-1 again shows the importance of wall protection and
limiters and assumes effective current drive systems for continuous operation.
Difficulty was experienced in neutral-beam injection optimization, and in RF
current drive, in ensuring adequate power efficiency in the system. Pulsed injection
seems more efficient but destroys the main advantages of continuous current drive.

Thus we may conclude that

current drive to extend the burn phase or to maintain it indefinitely has not
yet been demonstrated, nor has it been shown that 'continuous' burn would
be steady enough to relieve thermal-cycling fatigue problems.
Divertor and pump limiter techniques to minimize plasma contamination
are not yet demonstrated at the power densities required.
Divertor, limiter, or wall tiling techniques to prevent first-wall erosion are
not yet available at the power densities required.
Radiation life-time of first wall and structural elements is not yet assessable.
Blanket design for heat removal and tritium breeding requires major hydraulics
and compatibility study for validation.

Nevertheless, the number of basic assumptions is small, and the conceptual
design of a long-pulse or continuous burn D-T reactor is rather well defined, with
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the major basic technological physics worries being j3, plasma-wall interaction,
radiation damage and current drive. Since the major structure is fairly well defined,
the overall cost and economics are also well defined; they still show room for
improvement.

2. ALTERNATIVE LINES

Papers have described the promise of D-D reactors of tokamak type, and
outlined stellarator, reversed-field-pinch, tandem mirror, and moving-ring-reactor
concepts. These much less developed systems show promise of progress in terms
of some of the major cost-determining features of conceptual reactors:

E-l-1 D-D Wild-Cat Tokamak - avoid tritium system
E-3 Stellarators MSRII - zero plasma current

UWTOR-M -highj3
no cycling

O-1 Tandem Mirror TASKA- high )3
engineering accessibility
no cycling

0-2-1 Moving-ring reactor - high effective j3
0-2-2 low cycling stresses

separate engineering problems of plasma
formation and first-wall burn region

E-2 Compact reversed-field - high f
pinch small, disposable torus and toroidal-field

coils

It is perhaps useful to indicate where some of the key parameters of these
systems take us in relation to the D-T tokamaks (Table II). In most of the papers,
a range of parameter values is treated and this tabulation is necessarily oversimpli-
fied and not suitable for quotation. More detail is in the individual papers and
in Ref. [2].

Looking at the compact reversed-field-pinch system (CRFP) and the
stellarator together, one sees immediately that the CRFP appears to offer a very-
high-power-density system, but thereby demanding a first-wall heat flux and a
very high plasma current, while the stellarator MSRIIB option offers a range of
gross constructional parameters that seem to be within grasp and to avoid the
problems of maintaining a large plasma current, but at a cost of a very large major
radius. From these two studies it would seem that toroidal systems can be
developed away from the tokamak line towards systems probably operable at
higher 0-values, and that this may yield substantial engineering and economic
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FIG.l. Layout of moving-ring reactor system KARIN-I.

advantages, though the large size of the stellarator, on the one hand, and the
short confinement time and high wall loading of the pinch, on the other hand,
present challenges in terms of capital cost and of physics performance.

It is tempting next to set the tandem mirror study TASKA beside the
moving-ring reactor KARIN-1 (Fig. 1) and the similar study carried out in the
USA, since in general engineering layout they are both long linear systems. The
moving-ring reactor operates by generating free toroidal discharges which are
compressed to reaction temperature and passed slowly along a straight burn-phase
chamber before being discharged at the other end of the machine. Both systems
avoid the main thermal cycling problems of inductively pulsed toroidal machines,
and both have better blanket access than have the toroidal systems. It is clear,
though, that in practice one would not design for routine access along the axis
in either case, since the end structures are particularly massive so the advantage
is to approach the reaction chambers from both sides. The basic stable j3-limits
for the mirror are high, but end-loss control still remains to be realistically
demonstrated. The moving-ring system claims high effective 0, but considerably
more work on the stability of the travelling vortex rings of burning plasma is
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clearly necessary. The engineering promise of each seems considerable, but
physics problems remain.

Finally, the D-D tokamak studies imply a need for (3-values and temperatures
that currently look unattainable; nor will all tritium production be avoided.

3. SUB-SYSTEMS AND SPECIAL TECHNIQUES

The papers on special techniques are each somewhat specific; reminders
only of how much detail remains when global decisions have been taken.

E-l-2 shows how the radioactive waste hazard of fusion power could be
reduced to negligible proportions if constructional alloys of suitable properties
could be found amongst a short list of elements which show little or no neutron
activation; a survey of the various properties - mechanical and electrical — and
of the temperature ranges for their application should be made for such alloys.
This would apply to fusion reactors of any type. However, few such alloys are,
at present, available industrially, with all the techniques of shaping and joining
that would be necessary.

0-3 on pellet injection shows how this method of refuelling may become
more important as density and current profiling control become more demanding;
experiments on density and temperature profile changes during pellet injection
are now beginning to be informative.

0-4 reports experimental neutronic studies on the 14-MeV source at Tokai-
Mura which has a yield of 5 X 1012 n-s"1. Experiments on tritium yield from
Li2O, and on duct streaming effects in shields are reported, which are in good
general agreement with calculation, and provide some highly necessary calibration
points for such calculations. In some regions, the 7-ray dose in labyrinth channels
is underestimated, partly because of inadequate nuclear data.

0-5 shows how, in a toroidal discharge, sensitive control of temperature near
the ignition region can be obtained by contracting and expanding the discharge
using the vertical magnetic field. The effects are pseudo-static, not dynamic-
compressional in nature, and may become an important control technique in any
ignited toroidal system. Control is best when direct measurement of the gross
fusion power (neutron flux) is used as the control parameter.

4. DISCUSSION

Overall, it is possible now to assert that a reasonably well-defined family of
tokamak reactor concepts has been developed and could be taken to construction
on a modest time scale. Their technical performance depends above all on the
achievement of stable discharges at jS values of more than 5%, but assuming
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continued progress in this parameter a clear path to DEMO is mapped out. The
long-term economic process remains dependent on achieving higher power
densities and non-pulsed operation, and on determining in a convincing way the
life-time of first wall and structural components under the necessary neutron and
heat fluxes.

Other concepts which offer higher j3 have been pushed towards conceptual
reactor designs, and in several ways show improvement over the tokamak reference
family. None yet has a comparable basis of experimental data to support it, but
the general span of technical parameters is far greater than that of the conventional
tokamaks, making it unlikely that the tokamak will be the most effective long-term
path to economic fusion power. For the technologist, the principal challenge must
be seen as the identification of materials and design for a first-wall limiter and
divertor structure, that will survive the high damage fluxes and will not overly
pollute the plasma, so that higher power densities may be utilized to cheapen the
whole plant, along the lines indicated for CRFP.

To close, perhaps I may reflect the opening remarks of Professor Husimi [3].
We must pursue tokamaks to get enough hot plasma to study. We cannot learn
in detail from fission experience, and we should not look only at the good points
of alternative systems. Maybe we need to consider some criteria for progress:

Power density

I f T s 10keVanda~ 1 m

if j8 = 5% -» Wall loading Iw ~ 2 MW-nT2

if j3 = 20% -• Wall loading Iw ~ 20 MW'nT2

So P = 20% implies designing for frequent first-wall change because of wall damage
accumulation.

We also need a criterion for wall and limiter material contamination of
plasma.

Thermal fatigue

Control magnitude and number of stress cycles, including

bum cycle

burn phase fluctuations
coolant turbulence
start-up and shut-down dT/dt

The so-called 'steady burn phase' will not eliminate fatigue problems.
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FIG.2. Radiation resistance from fast-breeder studies.

Radiation resistance

Current experiments for fast breeder reactors show that the microstructure
of alloys is highly modified after about 20-50 dpa, and that n-p and n-a reactions
are important. No confidence in structural properties of materials for blankets
can be derived without some intense fusion neutron irradiation experiments,
at least for confirmation of prediction (Fig. 2).

5. SUMMARY

Fusion reactor studies have now reached a point where such intercomparisons
based on these considerations can be made more quantitative, and the fusion
community should have courage now to accept more specific quantitative design
criteria against which we can measure our progress.
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The following conversion table is provided for the convenience of readers

FACTORS FOR CONVERTING SOME OF THE MORE COMMON UNITS
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS

NOTES:
(1) SI base units are the metre (ml, kilogram (kg), second (s), ampere (A), kelvin (K), candela (cd) and mole imol).
(2) • indicates SI derived units and those accepted for use with SI;

t> indicates additional units accepted for use with SI for a limited time.
[For further information see the current edition of The International System of Units (SO, published in English by HMSO,
London, and National Bureau of Standards, Washington, DC, and International Standards ISO-WOO and the
several parts of ISO-31, published by ISO, Geneva.]

(3) The correct symbol for the unit in column 1 is given in column 2.
<4) -X1 indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures:

= indicates a definition of an SI derived unit: [ ] in columns 3+4 enclose factors given for the sake of completeness.

Column 1

Multiply data given in:

Radiation units
^ becquerel

disintegrations per second (= dis/s)
> curie
> roentgen
• gray
> rad
• sievert (radiation protection only)
> rem (radiation protection only)

Mass

• unified atomic mass unit (T^ of the mass of I2C)
*• tonne (= metric ton)

pound mass (avoirdupois)
ounce mass (avoirdupois)
ton (long) |= 2240 Ibm)
ton (short) (= 2000 Ibm)

Length

statute mile
> nautical mile (international)

yard
foot
inch
mil (= 10~3 in)

Area
> hectare
> barn (effective cross-section, nuclear physics)

square mile, (statute mile)2

acre
square yard
square foot
square inch

Volume

• litre
cubic yard
cubic foot
cubic inch
gallon (imperial)
gallon (US liquid)

Column 2

1 Bq
1s"1 =
1 Ci
1R [ =
1Gy [ =
1 rad
1 Sv [ *

1 rem

1u l =
It [ =
1 Ibm
1 ozm
1 ton
1 short ton =

1 mile
1 n mile =
1yd
1 ft
1 in =
1 mil

1 ha [ =
1b [=
1 mile2

1 acre
1 yd2

1f t 2

1 in2

1 1 or 1 L [ =
1 yd3

1ft3

1 in3

1 gal (UK) =
1 gal (US) =

Column 3

by:

Colum 1 4

to obtain data in

(has dimensions of s"')
1.00 X 10°
3.70 X 1010

2.58 X 10"4

1.00 X 10°
1.00 X 10"2

1.00 X 10°
1.00 X 10~2

Bq

Bq

C/kg]
J/kgJ
Gy
J/kg]
Sv

•X-

* •

*

*

*

*

•se-

1.660 57 X 10"27 kg.approx. ]
1.00 X 103

4.536 X 10"'
2.835 X 10'
1.016 X 103

9.072 X 102

1.609 X 10°
1.852 X 10°

9.144 X 10"'
3.048 X 10"'
2.54 X 10'
2.54 X 10"2

1.00 X 10"
1.00 X 10"28

2.590 X 10°
4.047 X 103

8.361 X 10"'
9.290 X 10"2

6.452 X 102

1.00 X 10"3

7.646 X 10"'
2.832 X 10"2

1.639 X 10"
4.546 X 10"3

3.785 X 10"3

kg]
kg

g
kg

kg

km

km

m
m

mm
mm

m2l
m2]
km2

m2

m2

m2

mm2

m3]
m3

m3

mm 3

m3

m3

tt

•*

*

*

*

*

*

This
bee

is table has been prepared by E.R.A. Seek for use by the Division oi Publications of the IAEA. While every effort has
in made to ensure accuracy. The Agency cannot be held responsible for errors arising from the use of this table.



Column 1
Multiply data given in: by:

Column 4
to obtain data in:

Velocity, acceleration

foot per second (= fpsl
foot per minute

mile per hour (= mph)

[> knot (international)
free fall, standard, g
foot per second squared

1 ft/s
1 ft/min

1 mile/h

1 knot

1 ft/s2

= 3.048 X 10"'
= 5.08 X 10"3

[4.470 X 10"'
[1.609 X 10°

= 1.852 X 10°
= 9.807 X 10°
= 3.048 X 10"'

m/s *
m/s *
m/s
km/h
km/h *
m/s2

m/s2 *

Density, volumetric rate

pound mass per cubic inch
pound mass per cubic foot
cubic feet per second
cubic feet per minute

1 Ibm/in3

1 Ibm/ft3

1 ft3/s
1 ft3/min

2.768 X 10"
1.602 X 10'
2.832 X 10"2

4.719 X 10-"

kg/m3

kg/m3

m3/s
m3/s

Force

newton
dyne
kilogram force (= kilopond (kp))
poundal
pound force (avoirdupois)
ounce force (avoirdupoisl

1 N
1 dyn
1 kgf
1 pdl
1 !bf
1 ozf

: 1.00 X 10°
1.00 X 10"s

9.807 X 10°
1.383 X 10"'
4.448 X 10°
2.780 X TO"'

n rkg-s" 2 ] *
N *
N
N
N

JM

Pressure, stress

• pascal9

atmosphere , standard
> bar

centimetres of mercury (0°C)
dyne per square centimetre
feet of water (4°C)
inches of mercury (0°C)
inches of water (4°CI
kilogram force per square centimetre
pound force per square foot
pound force per square inch (= psi)c

torr (0°C) (= mmHg)

1
1

1
1
1
1
1
1
1
1
1

1

Pa

atm

bar

cmHg
dyn/cm2

ftH2O
inHg
inH20
kgf/cm2

Ibf/ft2

Ibf/in2

torr

[= 1.00 X 10°
= 1.013 25 X 10s

= 1.00 X 105

= 1.333 X 103

= 1.00 X 10"'
= 2.989 X 103

= 3.386 X 103

= 2.491 X 102

= 9.807 X 10"
= 4.788 X 10'
= 6.895 X 103

= 1.333 X 102

N/m2]
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa

*
*
*

*

Energy, work, quantity of heat

• joule <=W-s)
• electronvolt

British thermal unit (International Table)
calorie (thermochemical)
calorie (International Table)
erg
foot-pound force
kilowatt-hour
kiloton explosive yield (PNE) (= 1012 g-cal)

1 J
1 eV
1 Btu
1 cal

1 cal IT
1 erg
1 fflbf
1 kWh
1 kt yield

[= 1.00 X 10° N-m] *
[ = 1.602 19 X 10 " " J.approx.]
= 1.055 X 103

= 4.184 X 10°
= 4.187 X 10°
= 1.00 X 10"1

= 1.356 X 10°
= 3.60 X 106

- 4.2 X 10 n

*

3 Pa (g): pascals gauge
Pa abs: pascals absolute

atm (g) (= atii): atmospheres gauge
atm abs (= ata): atmospheres absolute

c Ibf/in2 (g) (= psig): gauge pressure
Ibf/in2 abs (= psia): absolute pressure



Column 1

Multiply data given in:
Column 3

by:
Column A

to obtain data in:

Power, radiant flux

• watt
British thermal unit (International Table) per second
calorie (International Table) per second
foot-pound force/second
horsepower (electric)
horsepower (metricl (= ps)
horsepower (550 ft-lbf/s)

1

1

1
1

1

1

1

w [
Btu/s
cal|T/s
ft-lbf/s
hp

ps

hp

= 1.00 X
= 1.055 X
= 4.187 X
= 1.356 X
= 7.46 X
= 7.355 X
= 7.457 X

10°
103

10°
10°
102

102

102

J/s]

w
w
w
w
w
w

Temperature

• kelvin
• degrees Celsius, t

where T is the thermodynamic temperature in kelvin
and To is defined as 273.15 K

degree Fahrenheit
degree Rankine
temperature difference

K
t = T

top —

AToR

" T o

32

(=AtoF)
x ( - ) gives

W

Thermal conductivity

1 Btu-in/(ft2-s-°FI
1 Btu/lft-s-°F)
1 caL/ lcms- 'C)

I International Table Btu)
(International Table Btu)

t (in degrees Celsius) *
T (in kelvin) *
AT (= At) *

= 5.192 X 102

= 6.231 X 103

= 4.187 X 102

WTTT 1 K~

W-m"'-K"
W m " ' K "

Miscellaneous quantities

litre per mole per centimetre {1M/cm =̂} 1 L-mof^cm"
(molar extinction coefficient or molar absorption coefficient)

G-value, traditionally quoted per 100 eV
of energy absorbed

(radiation yield of a chemical substance)
mass per unit area
(absorber thickness and mean mass range)

= 1.00 X 10"' mVmol #

1 X 10~2 eV"' = 6.24 X 1016 J"1

1 g/cm2 [= 1.00 X 10' kg/m2 ] #

A temperature interval or a Celsius temperature difference can be expressed in degrees Celsius as well as in kelvins.



HOW TO ORDER IAEA PUBLICATIONS

An exclusive sales agent for IAEA publications, to whom all orders
and inquiries should be addressed, has been appointed
in the following country:

UNITED STATES OF AMERICA UNIPUB, P.O. Box 433, Murray Hill Station, New York, NY 10016

In the following countries IAEA publications may be purchased from the
sales agents or booksellers listed or through your
major local booksellers. Payment can be made in local
currency or with UNESCO coupons.

ARGENTINA

AUSTRALIA
BELGIUM

CZECHOSLOVAKIA

FRANCE

HUNGARY

INDIA

ISRAEL

ITALY

JAPAN
NETHERLANDS

PAKISTAN
POLAND

ROMANIA
SOUTH AFRICA

SPAIN

SWEDEN

UNITED KINGDOM

U.S.S.R.
YUGOSLAVIA

Comision Nacional de Energi'a Atomica, Avenida'del Libertador 8250,
RA-1429 Buenos Aires
Hunter Publications, 58 A Gipps Street, Collingwood, Victoria 3066
Service Courrier UNESCO, 202, Avenue du Roi, B-1060 Brussels
S.N.T.L., Spalena 51, CS-113 02 Prague 1
Alfa, Publishers, Hurbanovo namestie 6, CS-893 31 Bratislava
Office International de Documentation et Librairie, 48, rue Gay-Lussac,
F-75240 Paris Cedex 05
Kultura, Hungarian Foreign Trading Company
P.O. Box 149, H-1389 Budapest 62
Oxford Book and Stationery Co., 17, Park Street, Calcutta-700 016
Oxford Book and Stationery Co., Scindia House, New Delhi-110 001
Heiliger and Co., Ltd., Scientific and Medical Books, 3, Nathan Strauss
Street, Jerusalem 94227
LibreriaScientifica, Dott. Lucio de Biasio "aeiou",
Via Meravigli 16, 1-20123 Milan
Maruzen Company, Ltd., P.O. Box 5050, 100-31 Tokyo International
Martinus Nijhoff B.V., Booksellers, Lange Voorhout 9-11, P.O. Box 269,
NL-2501 The Hague
Mirza Book Agency, 65, Shahrah Quaid-e-Azam, P.O. Box 729, Lahore 3
Ars Polona-Ruch, Centrala Handlu Zagranicznego,
Krakowskie Przedmiescie 7, PL-00-068 Warsaw
llexim, P.O. Box 136-137, Bucarest
Van Schaik's Bookstore (Pty) Ltd., Libri Building, Church Street,
P.O. Box 724, Pretoria 0001
Diaz de Santos, Lagasca 95, Madrid-6
Diaz de Santos, Balmes 417, Barcelona-6
AB C.E. Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P.O. Box 16356,
S-103 27 Stockholm
Her Majesty's Stationery Office, Agency Section, Room 008, Publications
Centre, 51 Nine Elms Lane, London SW8 5DR
Mezhdunarodnaya Kniga, Smolenskaya-Sennaya 32-34, Moscow G-200
Jugoslovenska Knjiga, Terazije 27, P.O. Box 36, YU-11001 Belgrade

Orders from countries where sales agents have not yet been appointed and
requests for information should be addressed directly to:

Division of Publications
International Atomic Energy Agency
Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria



8





INTERNATIONAL SUBJECT GROUP: III
ATOMIC ENERGY AGENCY Physics/Plasma Physics, Fusion
VIENNA, 1983 PRICE: Austrian Schillings 1060,-


