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1. Introduction

Thereiscurrently great interest in “optimised magnetic shear” regimesin tokamaks as they may
allow sufficiently high pressure, and therefore bootstrap current, to make steady-state operation
possible with only a modest amount of non-inductive current drive, i.e. “advanced tokamak”
scenarios. In these regimes dq/dr is close to zero, or even negative, at or near the plasma
centre. It isimportant to determine whether these regimes show similar promise in tight aspect
ratio “spherical tokamaks’ (STs), which are receiving increasing interest following the very
promising results from START [1], as they may offer a compact, high 3 option for a fusion
device such as amaterialstest facility or a power plant. Experimental demonstration of regimes
with steady-state potential isan important objective of the STs presently being constructed (e.g.
MAST, NSTX).

In this paper we model how increasing the plasma pressure can lead to a ¢ profilewhichis
very flat, or even non-monotonic, in the core of the plasma. This arises because, if p(r) isflat
near r = 0 (r isthe flux surface half-width in the poloidal plane), dp/dv> gives alarge off-axis
contribution to the toroidal current density (cf. Grad-Shafranov Eq. (1) below). Results from
START are presented which are in qualitative agreement with the calculations. The equilibrium
evolution model isbased on the coupled solution of the Grad-Shafranov equation and the parall el
component of Ohm’slaw [2-4]. Use of thisevolution model, instead of afixed time equilibrium,
isimportant since it permits study of the access to and duration of the advanced regime.

2. Formulation of the problem

The evolution of free boundary toroidal plasma equilibria can be reduced to the solution of the
system of two coupled strongly non-linear equations|2-4] (for the purpose of thispaper, transport
equations[2] have been neglected from the system and replaced with prescribed time-dependent
density and temperature profiles)
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Here R and Z are major radius and vertical co-ordinates, B, = F/R and B, are thetoroidal
and poloidal magnetic fields (TF, PF), p(t, ¢) isplasma pressure, J;(t) are currentsin the vessel
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wall, solenoid and poloidal field coils, j,qq are non-Ohmic plasma currents (driven by plasma
pressure or non-inductive heating). Expressionsfor bootstrap, Pfirsch-Schluter and diamagnetic
currents and neo-classical conductivity o are taken from Refs. [5-7]. The unknown functions
are v, the poloidal flux, and x, defined in Eg. (3), which is related to the toroidal flux. The
system (1), (2) is completed by the following initial and boundary conditions
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where I',, is the free plasma boundary, defined as the closed flux surface of maximum width,
and ,,q4(t) isthe current down the central rod which givesthe TF.

Considering external parametersin Egs. (1)-(4) as controls, one can formulate different
control problems. In particular, one can adjust the coil currentsto keep the total plasma current
agiven function of time and/or maintain a specified plasma shape.

Equilibrium evolution has been considered in many papers, e.g. Refs. [2-4,8,9]. One of
the new features of the approach presented here is the use of the parallel Ohm’s law (Eg. (2))
incylindrica (R, Z) coordinates. Unlike other approaches, which use an analytically-averaged
1D Ohm's law equation, we first solve the 2D equation for Ohm’'slaw in (R, Z) numerically,
and then average the solution over flux surfaces. Use of (R, Z) coordinates for both Egs. (1)
and (2) results in a less complicated algorithm for the solution of the free boundary problem
than the inverse variables technique or mixed inverse variables/( R, Z) technique, but at some
expensein CPU time.

The code SCoPE has been developed to solve Egs. (1)-(4) and used to study equilibrium
evolution. Results for tight aspect ratio plasmas are presented here.

3. Reaults of calculations
A START-like plasma has been considered, Fig. 1. The 1.0 P

Z (metres)

time dependence of currentsin the PF coils was adjusted
to maintain the plasma position in the equatorial plane
to within 5 % accuracy during the smulation. The fol- 0.5 1| 4 =
lowing initia parameters were used: maor and minor
radii Ry0g azis = 0.34 mand ¢ = 0.23 m, elongation O
k= 1.6, Loa = 500 KA (B(Rmag azis) = 0.3T), den- 00 @
sity n. = n; = 0.4(0.5(1 — (r/a)") + 0.5)10** m=3, and ‘
temperature 7, = 7; = 0.3(0.7(1 — (r/a)™) + 0.3) keV, -
withn = 3, current density profile jo(1 — (r/a)?) with j,
adjusted to give 200 kA total current (r isthe flux surface —0.57
half-width in the poloidal plane).

Inthefirst group of runs(a) thetemperaturewas kept 10
constant and the density increased by afactor ~6 during ST T
10 ms, for various pressure profiles and initial current 0.0 0.5 1.0
profiles. It was found that the flatter the pressure profile Major Radius (metres)
at the magnetic axis, the deeper isthe shear reversal inthe  Fig. 1. EFIT reconstruction of mag-
final g-profile. Here data for cubic (n = 3) density and  netic flux surfaces in START for shot
temperature profilesis presented. Several runs showed 36544.
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that n = 3 isapproximately the lowest order
for access to advanced regime during the 10
ms for the parameters used. A run with cur- [
rent density jo(1 — (r/a)?) gave behaviour 2.5%10° |
smilar to a parabolic profile. Other calcu- ’
lations were done for the same conditions,
but with the pressure increased by (b) raising
the temperature by a factor of 6 in a10 ms
period, and (c) a+/6 risein both temperature
and density over 10 ms, whichiscloseto the
experimental conditionson START [10].

3.0x10° |

Current [A]

Fig. 2 presents time dependence of to- 0.0 7.5 15.0

tal plasma current I, total bootstrap current Time [ms]
I,s and, for illustration, the current in one of Fig. 2. Time dependence of total plasma current
the PF coils, I., obtained with SCoPE. The I,,, total bootstrap current I,; and PF coil current
oscillations in currents are caused by con- I.., obtained with SCoPE.
trolling plasma position with only 5% accu- 4.0 [T e
racy. Since the total current was not con-
trolled it eventually grew, until the pressure 351 t=0 1
rise stopped at 10 ms. 1 — (a), 10 ms
_ _ 3.0} — ~ (b), 10 ms

Fig. 3(a) presents ¢(R) in the equato- i
ria plane at different times. One can see o 25F | ,
the evolution of the plasmato an “advanced” Y /
regimewith avery flat ¢ profile. Shear rever- =0F \ /*:
sal in case (b) is somewhat more pronounced [ \ R
(Fig. 3, (b)). Thisisdueto a significant rise Loy e )
inthe bootstrap current (Fig. 2, (b)) - in cases 10 ‘\‘/g‘v‘
(a) and (c) the bootstrap currentissmall. The 0.10 0.20 0.30 0.40 0.50
simulations continued after the pressure rise R [m]
phase, and shear reversal was sustained until Fig. 3. Safety factor profile ¢(R) at different mo-
approximate steady-state was reached. ments of time, obtained with SCoPE. Case (c)

gives a curve very close to (a).
4. START experiments

The first experiments to access the “advanced” tokamak regime at low aspect ratio have been
performed on the START tokamak [10]. Although there are no direct measurements of ¢(r) on
START, there are some indications of a possible negative central shear (NCS) regime formation
achieved by use of early neutral beam heating and delayed fast current ramp-up. The EFIT
reconstruction, Fig. 4, showsanincreasein ¢(0) value, and inverse sawteeth at the magnetic axis
were also observed during this phase. ASTRA [11] transport ssimulations using experimental
T.(t,r) and T;(t, r) profilesalso show hollow ¢(r). Vauesof 5 ~ 40%, whichisanew record
for tokamaks, with 3y ~ 6 have been obtained on START in these regimes. The preliminary
ideal ballooning stability analysis shows that a monotonic ¢(r) plasma is unstable for these
high Gy vaues, however NCS profiles are stable in the second stability zone. Note that in

2032



1998 ICPP & 25th EPS CCFPP ----- Accessto "Advanced" Regimesin Tight Aspect Ratio Plasmas

the experiments, as in most of the smu- 4.0 [T
lations, the plasma is collisona and the

bootstrap current low - in high temperature 5 I

plasmas, e.g. on MAST, the off-axis boot- 1.0 ?

strap current should make accessing these :

q(r) profileseasier. Indeed calculations have o 25l

shown that stable spherical tokamak equilib- :

riawith very high bootstrap fractionsmay be 2.0F

possible[e.g. 12]. i
1.5]

5. Conclusion 1.0 b e e
. . _ 0.10 0.20 0.30 0.40 0.50

Calculations show that at high pressures in R [m]

tight aspect ratio plasmas, an optimised shear

) ) ] ] Fig. 4. EFIT reconstruction of g-profile for shot
regime can be achieved and sustained. This 36544, B7=39%, By —4.7.

is in qualitative agreement with equilibrium

reconstruction of high  plasmas on START. For START this does not rely on the bootstrap
current, which should increase this effect in hotter, collisionless spherical tokamaks, such as
MAST, with the potential for steady-state operation of an ST fusion device.
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