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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 Sao Paulo, the State University of
Campinas, and the National Institute for
Space Research.

The equilibria have been studied by using
the SELENE-J code developed at JAERI,
Japan, by Tokuda et al. We have
concentrated our study on tmedetermlnatlon
of the stability limit by using the
critical pressure criterium for ballooning
stability and Mercier criterium for other
MHD modes. The g-limit values were
calculated for the case of the non-
inductive current and found that its
maximua lies at elongation of 1.7.
Increasing the triangularity, the g-limit
values increase, but the maximum continues
to stay at the same value of elongation.

We have also studied the effect of the neo
classical transport properties by changing
the plasma temperature (or 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 |1|, there
have been many studies of very small
aspect ratio tokamaks |2, 3| which show
that, from the stability point of view, as
one lowers the aspect ratio the plasma
beta value increases. There are also
several proposals and projects for the
construction of a very small aspect ratio
tokamak |5, 4, 6, 7]|.
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A joint project, TBR-2E, has been proposed
by three Institutions in Brazil: University
of Sao Paulo (USP), State University of
Campinas (UNICAMP), and National Institute
of Space Research (INPE), with the
cooperation of Oak Ridge National
Laboratory, USA |8].

The design values of TBR-2E is given in

Table I, the expected plasma parameters

are given in Table II and the main cotes
for the project is shown in figure 1.

Major radius Ry = 0.39 m
Mirror radius a =0.25m
Maximum elongation b/a = 1.7

Toroidal field at Ry = 0.50 B, =0.63 7T
Plasma current Iﬁ = 260 kA
Cylindrical safety factor = 4.5

Plasma pulse duration 1_ = 100 ms

e~

Table | : Main design values for TBR-2E

Maximum average density <ng>=1.0x10% nr 3
Average electron temperature Te = 700 eV
One-turn loop voltage tZ £ = 2) Vioop. = 2557
Maximum g (Troyon) B ="10%
Table ]| : Expected plasma values for TBR-ZE

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 code,
SELENE-J, developed by S. Tokuda et al |9].
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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where ¢ is the poloidal flux function and
the operator
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with p = p(y) being the equilibrium pres—
sure profile. Equation (3) 'is for the -

region .inside the plasma and equatlon (4}
in: vacuum., .

of the flux rface. averaged parallel
current density, <J.B> -
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The surface averaged parailei.oﬁrreﬁr,
<J.B>, in '‘equation (5) obeys the
generalized Ohm's law |10, 11}. . .,

+ <3.§>B . <3 B>

> > e g
<J.B> —.‘3,§>OHM _ NOHM,_”

OH is the ohmic current,
the ﬂbootstrap current: and ;
the non-ohmic current drluen by.

where <J B>
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The ohmic and the bootstrap currents are
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The quantity g can be ekpressed in terhs =

(6)

externa? sources,‘such as,. NBI and RF-wave.
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and.T a is the Braginskil Coulomb colL1510n
time geflned in_ |10]. The coefficients Ay,
- Li ,and Li,  in, eguations {7) and’
(gf are com uted by %he method glven in
references |10, 11]. This method is valid
for finite aspect ratlo, arbitrary cross-
section, all collisionality regime, and
multiple ion-species plasma. . :
In this work the following assumptlons are.
used: In svEd bns BCSHT 6 5 i
-.plasma is in a, statlonary state.'<§ §>'a
—<B,v¢>VL/2x¢ with UL being the ‘one-turn.
voltage. e s

- only one impurity ion (Carbon} 1s raridis
considered. i F Sl wes

+ thermodynamic forces of the impﬁrity”are
neglected. Impurity effects enters in,

_ the. neoclass:.cal ooefflc:.ents of eLectr_ons
.and main ions, only through Coulomb A
colliaions RS =

Equation 6 demonstrates that the
equilibrium is determined by specifying the
density. and,temperature proflles Ofakhe o
electron and ions with the appropriate
boundary and constrzlnt conditions. In . ..
this work the total toroidal current, Apr 7,
is employed as the constraint conﬁltlon._-

i 5 Q5T 5 > s 1o
I IPS“+*IQHM + IBS glven, w10 {l_)
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Here IP ;s the dlamagnetlc current and-

the Pfirsch Schluter return current which -
flows to maintain charge neutrality. ;-
conditions on each flux surface, IOHM is
the Ohmic current, and IBS'lS thei ;
bootstrap current.g_;,” A

Sko1ng equatzon {2} togathqr wlth Gad 4ol
equations (5) . and (6} iteratively, Vi, - (one
turn Holtage) is -updated at each-iteration
such that. equatlon 61O 8, satlsfled It
Vi, :can_be . regarded as the. nonllnear -
elge‘nvalue txsinpns b3 A

The operator A% is numerically. &nverted by
u51ng=the double yelic. reductlon method -
in. the Cartes;an coordlna;e R4 R
the semi-fixed boundary method.|9, 12].
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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(w), Telw), Ti(y),
Zeff(y), and <J.B> in a general form:

aly)

1]

PR IS S B E S ST 3 Abiaisl

a(y) = ag + (ag = ag)ym . (12)

Besides that, we have taken other
parameters of TBR-2E and have chosen the
triangularity, &, to be 0.3. By varying
its elongation, ¥« , from 1.0 to 2.2 we have
checked the g-limit, i.e., the maximum
plasma B8 value before plasma becomes
either ballooning or Mercier unstable. We
have increased the plasma temperature to
insure the increase of B.

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

Figure 2 plots the <J.B> profiles Ffiqure3
shows the pressure and the g profiles;
figure 4 shows the pressure derivative and
the critical ballooning pressure
derivative. As the temperature is increased
the critical ballooning pressure
derivative (dashed line) 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 has
just become unstable. Figure 5 is the
Mercier creterion (thick solid line) 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,
g, ng, and T, profiles in R-space. Figure
8 shows the current density term: non-
inductive current (thin solid line),
Pfirsch-Schlliter current (dashed), and the
total current profile (thick solid). Figure
9 shows the contour plot of Yy (R, 2Z)-
function.

As we increase the temperature the stable
equilibrium configuration becomes either
ballooning or Mercier unstable. We have
plotted the g-limit versus the elongation,
¥k, in figure 10, for two values of the
triangularity, 8 = 0.1 and § = 0.3. We see
that the maximum g-limit lies about
elongation of «k = 1.7, and the g-limit is
larger for larger triangularity. For gk =

= 1.7 and 6§ = 0.3 we have B = 0.075. This
calculations is the most stringent g limit
calculation. If we choose the critical
ballooning pressure derivatives at every
flux sairface, this g limit might be larger.

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

We have run equilibrium cases for TBR-2ZE
taking a close lock 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

£
g - (13)
kB oo
c
where :
S 3 <B2> ada (14)
AeEEe T N </1=-AB/B___>
max 0 max
ft =1 - fc v t15)

Now the average transit frequency of the
species a is defined by
SN
b A8 ERR : (16)
\/gB Rpg :

r
is the position of the magnetic axis, and
g is the safety factor. The collisionality
parameter v* is given by [12]

yk = gt (_.1_] iL—
2.92 YgB <(B.VB/B)?2>

where /§=](V¢ xVB}-V91_1 Vpa = fZTa/ma, Ry

(17)

The three collisionality regimes for each
species can be written.

Pfirsch-Schlliter regime: l<<——l;a—’
“tataa
Plateau regime: % o ol 5ab
* W
¥ ta aa
Banana Regime: 1 o
“ta"aa =

Now, when there are no trapped particles,
neoclassical conductivity oyc reduces to
the classical Spitzer conductivity GSpﬁzef

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

In 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 1: Main cotes (in millimeters) for
the design of TBR-2E

Figure 2: <J.B> versus Vi
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Figure 13 shows the_ dependence of the
ratio Igg/I, with /EBJ,where Igg is the
bootstrap current, Ip is the total plasma

current, ¢ = a/Rp is the inverse aspect
ratio, and the current-beta given by
=Yg e ~—JL—E pdv. (20)
RgupI
oMoty

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

5. CONCLUSION

In the present work we computed equilibria
for the parameters of the very small
aspect ratio tokamak, TBR-2E, which is
being designed in Brasil. We have paid
close attention, first, to the g-limit by
varying the elongation with fixed
triangularity. We have found that the
maximum beta is obtained for values of
beta near the natural elongation of the
machine, particularly for the aspect ratio

of 1.6 the maximum lies around ¢« = 1.7.
Two values of triangularity we examined,
§ = 0.1 and 0.3. For larger & we have

larger beta maximum.

The second point which we have
concentrated our study is the examination
of the 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 also obtained a
very general curve, the dependence of
Ips/I, with Vegy. This curve does not
depend much on profiles nor on total
plasma current.
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