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Abstract. The plasma current profile driven by coaxial direct current helicity injection in a low-aspect-ratio
toroidal configuration is investigated by applying the principle of minimum energy dissipation rate. It is shown
that current profile modes are mainly decided by Lagrange multiplier 3. Some critical values of B, are found.
Different current profiles are obtained in different (3 ranges. Three typical current profiles are presented. The key
features agree well with experiment as the first case of 3<7. Large driven plasma current and a typical current
profile in a normal tokamak can be obtained in the region of 3=7 to 9.65. There exist reversions of both j, and B,
in the central part when B becomes higher than (3,=9.65. For a selected geometry the values of 3, weakly depend
on other parameters. The different 3 values and corresponding profiles could be achieved by adjusting some
parameters. There exist critical values of plasma temperature and bias voltage to induce the transformation of
current profile mode. The profile of A=|j,/B¢ is non-uniform in the plasma and a larger deviation from force

free states appears when [3 becomes higher.
1. Introduction

The idea of helicity injection current drive is based on plasma relaxation processes. To
avoid dealing with those complex time-dependent nonlinear relaxation processes, variation
principles are employed to predict the features of plasma relaxation. Basically, three different
variation principles have been used in plasma physics. The first one is the minimum magnetic
energy principle developed by J. B. Taylor [1]. The principle leads to the force-free plasma
equilibrium, which has successfully represented reversed-field-pinch (RFP) equilibria.
Hameiri and Bhattacharjee [2] proposed the minimum entropy production principle. The
principle of minimum rate of energy dissipation was employed by Montgomery and Phillips
[3], Wang and Phillips [4], Bevir, Caloutsis and Gimblett[5], and Farengo and Sobehart [6]. To
maintain a steady state, helicity must be injected continuously to balance the helicity
dissipation. Direct current (dc) helicity injection current drive is one of the attractive methods
due to its possibility of high efficiency [7][8]. Experiments on small tokamaks with dc helicity
injection have been conducted [8-11]. The toroidal current obtained on the Helicity Injected
Tokamak (HIT) [8][11] reached up to 200 kA. The EFIT reconstructed equilibria [12] [13]
show a considerable closed flux on HIT. On the theoretical side, Farengo and Sobehart [6]
gave a prediction of driven current and magnetic field profile by employing the minimum
dissipation principle in an infinite-length straight plasma. An analysis of the relaxed state for
coaxial helicity injection current drive in toroidal plasmas and a good agreement with the
experiments are given by Zhang et al. [14]. In this paper, different plasma current profiles
driven by coaxial direct current helicity injection in a low-aspect-ratio toroidal configuration



are investigated by applying analytical and numerical methods. The analyses indicate that
current profile modes are mainly decided by Lagrange multiplier 3. Three different typical
current profiles are obtained in different ranges of 3. Each profile can be realized by adjusting
some controllable parameters.

2. Physical Model

A low-aspect-ratio tokamak with R=0.3m, a=0.2m as shown in Fig. 1 is used. The
boundary shape is assumed to be a square and the vertical height of the vessel is h=0.68m.
This is a simplified version of the HIT device. A, B, C and D form the container, A and C are
electrodes, B and D are insulators, C consists of C1, C2 and C3. A bias voltage is applied
between A and C, helicity is injected continuously to balance the helicity dissipation

Vi ®s :J;n} [Bdt , where @, is the poloidal flux through boundary A, n is resistivity, V, . is the
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bias voltage. With the Gauss theorem and helicity balance as two constraints, the variation
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Where B = (1/ r)(D W X ey )+ B, ey, W is poloidal magnetic flux, B is Lagrange multiplier.

Electric potential is supposed to satisfy the Laplace equation. The normal current density is
Ja= E./Nes Neq 18 the effective resistivity in the boundary layer, j,=0 on isolator layers B and D.
On boundaries A, C2: 0B,/dz = -j,, on boundaries B, D,
C1,C3: 0(rB,)/0r = 1j,. A natural boundary condition

Jo» =BBy,/2 from variation is given. = Iy
h B I—
3. Analytical and Numerical Results “
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Taking j,into two parts, we have the j, solution of "R 1y
Euler-Lagrange equations as the sum of two convergent Tex

infinite series

j¢ =Y (r, Z) + W, (r, Z) 3). Fig. 1.Configuration of a low-aspect-ratio tokamak
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R()=J, (k];r) is the first kind Bessel function of order 1, k, =x. /7, and x), is the m™ zero
point of the Bessel function.

Let v, =n7/h with n a positive integer number. For v, < 3<v,,,, the solution is

m+12

W, (r,z): Z [c,,Jl (k,,r)+ d,Y, (k,,r)]sin (v,,z)+ Z [c,,ll (k,,r)+ d,K, (k,,r)]sin (vnz) (5)
n= n=m+1
P., Q.. ¢, and d, are obtained by applying the boundary conditions.

From the boundary conditions j,,=(3/2)By;, and the solving process, we find that for a
selected geometry the solution of j, can be easily expressed as (3/2)F(B, V;,/Nes» By, 1, 2). Then
the toroidal magnetic flux density can be written as the sum of two parts: B,= F(B, V,;/N.q> By,
1, )/24F(0, V,,/Nes> By, 1, 2)/2, where the first term satisfies Eq. (2b) and a boundary value
Byy/2, while the latter part satisfies the corresponding homogeneous equation and a boundary
value By,/2.

3.2 Lagrange Multiplier 3 and Three Typical Current Profiles

The scan of parameters for the solution shows that current profile modes are mainly
decided by Lagrange multiplier 3. Some critical values of 3, are found, which weakly depend
on V,./N, and B,. The same mode of plasma current profile is obtained in one  range and
quite different current profiles are obtained in different (3 ranges. Our results show that three
typical current profiles exist in different ranges of 3 values. The equatorial plane current
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Fig. 2. Typical mid-plane j, Fig. 3. Typical mid-plane j,, Fig. 4 The mid-plane profiles of j, (solid

profile for low beta values. profile for 3=7.1- 9.65 line) and B, (dashed line) for f=10.5.



profiles for a set of parameters V,,=700 V, n=2.1x10> Qm and B,=0.5 T are illustrated in
Figs 2-4. The first kind distribution for 3<7.1 as shown in Fig. 2 is a typical state in the
present experiments on HIT. Numerical simulation indicates that the key features such as total
toroidal driven current, current in closed field, current density profile, and magnetic
configuration agree well with experiments on HIT and in this case 3=2.91. The second kind
for 7.1 <3 <9.65 in Fig. 3 shows a typical form for general tokamaks. Much larger driven
currents than the first case are expected. Total driven currents are 998.4kA and 1513.1kA for
3=7.3 and [3=8.0 respectively. The first kind transfers continuously to the second kind when [3
increases up to a value around 7.1, but the distribution changes violently, like a phase
transition, when the 3 value changes from below a critical 3~9.65 to above it. Both j, and B,
in the central part are reversed when [ is higher than [3,=9.65. Their reversion points are quite
close to each other when [3 is near [3.. We have not considered those 3 values larger than 16.0.

3.3 Dependence of 3 value on experimental parameters

For a selected geometry, the values of [3, are weakly dependent on experimental
parameters. However different 3 and the corresponding profiles, as well as driven current
values, can be achieved by adjusting parameters like V,;, N, N, By, and currents of bias coils.
Two examples from numerical simulation are presented. The first has been shown in Figs 2-4,
in which the same parameters are taken except for N=3.8x10°Qm in Fig. 2, 9.0x10”7Qm,
4.5x107Qm in Fig. 3 and 2.25x107'Qm in Fig. 4. Corresponding electron temperature values
are 55.22eV, 144.27eV, 229.01eV and 363.54eV for Z=2. It is shown in Fig. 5 that plasma
temperature is higher in a higher 3 state, especially a reversed-field state. The second example
is, as the result of adjusting V,,; with other parameters kept the same (N=2.18x10"°Qm and
N..=1.0x102Qm) shown in Fig. 6.The relaxed state with high 3 will be obtained by applying
a high V, . From Fig. 5 and Fig. 6 we can see that there exist critical temperature and V,,
values to induce the transformation of current profile mode.

3.4 Deviation away from force free states

The profile of A=l j,/B, is non-uniform in the plasma and a larger deviation from force
free states appears when [3 becomes higher. In different 3 ranges the plasma relaxes to different

16 4
14 4 "Em g g n n
12 H

10 H

o
N
~
=3

8 10 12
Temperature (0.1keV)

Fig. 5. Dependence of [3 on Te, showing transfer to Fig. 6. Dependence of [3 on Vinj, showing transfer to
reversed-field state at critical Te. reversed-field state at critical Vinj



states. The second term F(0, V,,/N. By, 1, 2)/2 of B, is always a decreasing function of radius
r, similar to that shown in Fig. 2, while the first term is in proportion to j,. So for low (3 values,
the plasma drifts away from the force free state weakly, but deviates quite a lot from it when
the [ value increases.

4. Summary

An analysis from the minimum energy dissipation principle for a plasma relaxed state
driven by helicity injection is presented. Different current profile modes are mainly decided
by Lagrange multiplier 3. Some critical values of 3, are found. Three typical plasma current
profiles are presented. Both j, and B, in the central part are reversed when 3 is higher than
B.=9.65. For a selected geometry the values of 3, are weakly dependent on experimental
parameters. The different [3 values and corresponding profiles could be achieved by adjusting
some parameters. The profile of A=|j,/B¢ is non-uniform in the plasma and a larger
deviation from force free states appears when 3 becomes higher.
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