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ABSTRACT :

We present equilibrium features of the
very small aspect ratio tokamak, TBR-2E,
with the aspect ratio of 1.6, which is
being designed in Brazil - a joint project
with the participation of the University
of são Paulo, the State University of
Campinas, and the National Institute for
Space Research.

The equilibria have been studied by using
the SELENE-J cede developed at JAERI,.
Japan, by Tokuda et aI. We have
concentrated our study on thedetermination
of the stability limit by using the
critical pressure criterium for ballooning
stability and Mercier criterium for other
MHD medes. The B-limit values were
calculated for the case of the non-
inductive current and found that its
maximullllies at elongation of 1.7.
Increasing the triangularity, the B-limit
values increase, but the maximum continues
to stay at the garoevalue of elongation.

We have algo studied the effect of the neo
classical transport properties by changing
the plasma temperature (ar B values). In
particular, we have studied the trapped
particles and bootstrap current. We have
found that at temperatures as low as 600 eV
the transport is already in banana regime
and that the bootstrap current may account
for a significant part of the total plasma
current.

1. INTRODUCTION

Triggered by Troyon scaling 111, there
have been many studies of very small
aspect ratio tokamaks 12, 31 which show
that, from the stability point of view, as
one lowers the aspect ratio the plasma
beta value increases. There are aIso
several proposals and projects for the
construction of a very small aspect ratio
tokamak 15, 4, 6, 71.

A joint project, TBR-2E, has been proposed
by three Institutions in Brazil: University
of são Paulo (USP), State University of
Campinas (UNICAMP), and National Institute
of Space Research (INPE), with the
cooperation of Oak Ridge National
Laboratory, USA 181.

The design values of TBR-2E is given in
Table I, the expected plasma parameters
are given in Table 11 and the main cotes
for the project is shown in figure 1.

Major radius
Mirrar radius

Maximum elongation

Toraidal field at Ro = 0.50
Plasma current

Qf lindrical safety factor

Plasma pulse duration

Ro = 0.39 m
a = 0.25 m

h/a = 1.7

B<j> = 0.63T
Ip = 260 kA
qc = 4.5
T = 100 ms
p

Table I: Main design values for TBR-2E

Maximum average density <ne>=1.0xlO20nr3
Averageelectran temperature Te = 700 eV

One-tUTI1 loop voltage (Z ff = 2) Vloop = 2 V
MaximumB (Troyon) e 8 = 10 %

Table lI: Expected plasma values for TBR-2E

In section 2 the physical model is briefly
described. In section 3 we report studies
of equilibrium stability limit (mercier
and ballooning) using the equilibrium cod~
SELENE-J, developed by S. Tokuda et aI 191.
In section 4 we present the study of the
bootstrap current generated in TBR-2E
tokamak as a function of plasma current.
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3. LIMITING BETA VALUES FOR TBR-2E

To solve the set of equations (2, 3,4 and
5), we start by giving a set of vertical
field and elongation coil positions and
the profiles of ne(~)' Te(~)' Ti(~),
Zeff(~), and <j.Ê> in a general forro:

f(~) = (fo - f ) (1 - ~)CL(~)+ f , (11)a a

(12)
a(~) = ao + (aE - ao)~m .

Besides that, we have taken other
parameters of TBR-2E and have chosen the
triangularity, O, to be 0.3. By varying
its elongation, K, from 1.0 to 2.2 we have
checked the 8-limit, i.e., the maximum
plasma 8 value before plasma becomes
either ballooning ar Mercier unstable. We
have increased the plasma temperature to
insure the increase of 8.

"

Figures 2 through 9 show a typical ruo for
this study. In particular, we have taken a
non-inductive current profile which brings
a safety factor profile with qo being near
unity and moderate magnetic shear.

Figure 2 plots the <J.B> profile; figure 3
shows the pressure and the q profiles;
figure 4 showsthe pressure derivative and
the critical ballooning pressure
derivative. As the temperature is increased
the critical ballooning pressure
derivative (dashed liDe) are raised. When
this curve goes above the pressure
derivative at some points, the ballooning
instability sets in. In particular, figure
4 is the limiting case when plasma tas
just become unstable. Figure 5 is the
Mercier creterion (thick solid liDe) and
the three different terms which the
Mercier criterion is composed of: shear
term (dotted line), well term (thin solid
line), and the destabilizing term (dashed
line). Figures 6 and 7 show the pressure,
q, De' and Te profiles in R-space. Figure
8 shows the current density term: non-
inductive current (thin solid line),
pfirsch-Schlüter current (dashed), and the
total current profile (thick solid).Figure
9 shows the contour plot of ~(R, Z)-
function.

As we increase the temperature the stable
equilibrium configuration becomes either
ballooning ar Mercier unstable. We have
plotted the 8-limit versus the elongation,
K, in figure 10, for two values of the
triangularity, 0= 0.1 and o = 0.3. We see
that the maximum 8-limit lies about
elongation of K = 1.7, and the 8-limit is
larger for larger triangularity. For K =
= 1.7 and ó = 0.3 we have 8 = 0.075. This

calculations is the most stringent 8 limit
calculation. If we choose the critical
ballooning pressure derivatives at every
flux s~rface, this 8 limit might be largeL

4. BOOTSTRAP CURRENT AND NEOCLASSICAL
COLLISIONALITY FOR TBR-2E

We have ruo equilibrium cases for TBR-2E
taking a close look at the neoclassical
collisionality parameter and the bootstrap
current.

The ratio between the average fraction of
trapped particles to that of circulating
particles is given by

ft
9 =-
t fc

(13)

where

i

1
3 < B2> ÀdÀ

4(B )2 </l-ÀB/B >
max o max

(14)fc

(15)f = 1 - ft c

Now the average transit frequency of the
species a is defined by

1 - vea
w = v (-) - -
ta Ta I~B Roq

where v'g= I (V1jJX ve) .vel-\ vTa = 12Ta/ma' RO

is the position of the magnetic axis, and
q is the safety factor. The collisionality
parameter v*is given by 1121

v* = ~ (~) <B2>

2.92 ~B «B.VB/B)2>

(16)

(17)

The three collisionality regimes for each
species can be written.

Pfirsch-Schlüter regime: 1« !
WtaTaa

Plateau regime: 1--< <
1

<<1 ,

Banana Regime:

v* W T
ta aa

1 1«- .
W T
ta aa

v

Now, when there are no trapped particles,
neoclassical conductivity aNC reduces to
the classical Spitzer conductivity as '

t
.

p1 zer

Figure 11 shows the partition between
trapped and circulating particles forthe
case of Te = 600 eV. The trapped particles
occupy between 60% to 80% of the total
particles, which is very high.

ln figure 12 we see the ratio between the
neo-classical and Spitzer conductivy (1),
which reaches about the value 0.4, and the
collisionality curve (2), which means that
when it is above 1 it is in banana regime.
As one can see, the major part of electrons
is in banana regime.
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Figure 13 shows lhe dependence of lhe
ratio IBS/Ip with IESJ,where IBS is lhe
bootstrap current, Ip is lhe total plasma
current, E = a/Ro is lhe inverse aspect
ratio, and lhe current-beta given by

SJ = 1

J

PdV.
Ro\.loIZ P

(20)

The empty square points are values
calculated for lhe total plasma current of

Ip = 400 kA, and lhe dots are for Ip = 260
kA. These two curves are almost
superimposed. Further verification shows
that these curves depend very little with
lhe profiles. As a result we can say that
for very small aspect ratio tokamak lhe
bootstrap current can occupy a large
portion of lhe total plasma current.

5. CONCLUSION

jl

1n lhe present work we computed equilibria
for lhe parameters of lhe very small
aspect ratio tokamak, TBR-2E, which is
being designed in Brasil. We have paid
close attention, first, to lhe S-limit by
varying lhe elongation with fixed
triangularity. We have found that lhe
maximum bela is obtained for values of
bela near lhe natural elongation of lhe
machine, particularly for lhe aspect ratio
of 1.6 lhe maximum lies around K = 1.7.
Two values of triangularity we examined,
0= 0.1 and 0.3. For larger o we have
larger bela maximum.

The second point which we have
concentrated our study is lhe examination
of lhe neo-classical properties of TBR-2E.
We have found that for a temperature as
low as 600 eV, this tokamak operates at
banana regime. We have a1so obtained a
very general curve, lhe dependence of
1BS/112 wi th IE: SJ. This curve does not
depena much on profiles Dor on total
plasma current.
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