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Toroidal variation of toroidal current in JET

Phase Diagram
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Toroidal current variation AI, = [ J,dRdZ vs. the vertical moment AM;, =
[ ZJsdRdZ of the current variations. [Gerasimov et al. N.F. 2014]

This was interpreted by the Hiro current model [Zakharov et al. 2012]. It was shown
analytically [Strauss et al. 2010] that the slope is proportional to VDE displacement.
This is verified by M3D simulations [Strauss, Phys. Plasmas 21, 102509 (2014)].
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Theory of current asymmetry and vertical current moment

The relationship of the toroidal current variations I, to the toroidally varying part of

the vertical moment of the current M is essentially a kinematic effect of displacing
a current perturbation by a VDE.

The toroidally varying poloidal magnetic field is approximately
B =V x ¢, (1)
and the perturbed toroidal current density in polar coordinates is

10 80 1627
Jo=—-2,¥_22%¥ 2
¢ = r@rrﬁr r2 902 (2)

with ) = ¢ — § 1pd¢/(27). The toroidal current is

Iy = ?{/ Jyrdrdd = —j{g—wadG (3)

in a circular cross section where the boundary is r = a. The vertical current moment
IS

sz_j{/ J¢r Sin 0drdf = — j{—a sin 6d6 (4)

where it was assumed that the wall is a good conductor, so that ) ~ 0 at r = a.
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The poloidal flux change §+) produced by an axisymmetric displacement potential ®
satisfies

) =VP x Vo (5)

The VDE displacement potential has the form ® = &y pg(r) cosé. lterating in &y pg,
_ 1 o ~

Y41 = " (5(/1)15% cos 0 + &y peyy, Sin 9) (6)

where the prime denotes a radial derivative and ¢ = 1 + > + 13 + ... where
VY1 o &8 . The boundary conditions are ;. (a) = &ypr(a) = 0. This yields, at
the wall,

7! 4 0 T/ T
Vg1 = Svop (1)), c0s0) + 2. sin 6 (7)
a 00
Summing (7) over k and integrating over 6 gives
K ¢ K
> fﬁgﬂde = 2=VDE Y- f&;sin 046 (8)
k=1 ¢ =

Using (3),(4), and (8) gives

/
Iy = 25‘;12?E M;iy. (9)

The ratio I,/ M; is proportional to the VDE displacement. For an upward VDE,
&, pp(a) > 0.



M3D simulations of current asymmetry and vertical current moment

ITER FEAT15MA equilibrium was modified by setting toroidal current and pressure
to zero outside the ¢ = 2 surface, keeping the total toroidal current constant ( MGl
model) [Izzo et al. 2008]. Plasma was evolved in 2D to an initial VDE displacement,
then evolved in 3D.

An additional set of states was made by setting current and pressure equal to zero
outside the ¢ = 1.5 surface. These states were unstable to downward VDEs.

The perturbed current and vertical displacement were measured as

1 de _ 21/2
A, = — < Jy > 10
¢ V(]{QW ¢ ) (10)
AM;, = — < ZJ, > 11
. V(ja{% , ) (11)
(12)
where
vV = /deZ
<Jp> = / dRdZ J,



magnetic flux and toroidal current
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Upward VDE: (a) ¥ (b) J, with £ = 0.72a, time t = 14674, toroidal angle ¢ = 0.
Downward VDE: (c) ¢ (d) J, with § = —0.71a, time t = 5374, and ¢ = 0.

Plasma is turbulent, not an equilibrium with surface current.



Time history of perturbed current and vertical current moment

M3D simulations were done with S = 10°, wall penetration time 7,,; = 10%r4.
Velocity boundary condition v, = 0.
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Time history of AI,, AM;z. (a) upward VDE with £ = 0.72a. (b) downward VDE
with ¢ = —0.71a.



Time averaged AI;/AM;, and time histories AI;, AM;
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(a) Time averages of Als, AM;z. Showing Aly/AM;,; « &, for |€] ~ 1, when
plasma current channel reaches the wall. (b) Time histories of AI4, AM; for the
cases in (a). This is similar to JET data. It does not depend on Hiro current
model.



Dependence of toroidal velocity on vertical displacement

In [Strauss et al. 2014] the toroidal rotation caused by disruptions was calculated.
The previous set of states was used to calculate Vy, the maximum in time of the
volume average of the toroidal velocity.
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V, as a function of vertical dis-
placement. The plasma was
evolved in a 2D VDE to height
¢, then evolved in 3D. Also
shown is the magnetic pertur-
bation 6 B, which is calculated
from A M. Simulational points
and Vy fit to (13) are shown.
The fit has A1 = 12, A> = 8
in the function
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Estimating 6 B from A M

In a circular cross section with large aspect ratio, let
By = Bi11sin(0 + ¢) 4+ Bz1cos(20 + ¢).

Displacing
Bo1(r — £sin @) =~ Ba1 — By£sind
by a VDE, then
AM;z = (1/2)B11 + (£/4)B5;.

Note that AM;; ~ 0O for & = 0, which implies B1; ~ 0, because it is an internal
mode. In the plot

0B = (r/§)AMz =~ (1/2)|B21].

For nonzero &, B11 can be nonzero. The data available at present does not distinguish
between (1,1) and (2, 1) magnetic perturbations.

Future work will use a better measure of 6 B.

11



Scaling of toroidal velocity with £ and Sy

Two sets of cases were compared to get the scaling with SBy.
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These cases compare equilibria with 3y = 2.7 and By = 0.27. In the low Sy case,
Az =~ 0. The fit is very good for £/r < 0.6. There is only low 3y data for ¢ > 0. The
By = 2.7 and § B data is the same as on the previous slide, for & > 0.
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Theory: Conservation of toroidal angular momentum

% Ly, = ?{ (RByBn — pRvgvn) Rdldé (14)

where the total toroidal angular momentum is
Ly = / pR?v4dRdZd¢ (15)

and the integral in (14) is over the boundary. Using the M3D magnetic field represen-
tation,

B=V¢XV¢+%VLF—|—GV¢ (16)
in (14) yields
0 — f
anﬁ = j{G Y dldg (17)

where 0F/0n = O at the boundary. We have assumed that v4 = 0 at the boundary,
but not v, = 0 at the boundary, although we have done so in simulations with M3D.

If G = G(¢), then toroidal angular momentum Ly is conserved. This is the case
in an equilibrium satisfying the Grad - Shafranov equation. If the plasma is not in
equilibrium, such as during a disruption or ELM, then net flow can be generated.
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Analytic model of rotation source - 1

To express L in terms of magnetic perturbations, the magnetic fluxes 1 and G can
be split into equilibrium and toroidally varying parts, ¢ = v¥o+v1, G = Go+G1+Go.
For simplicity we assume circular equilibrium cross sections, dl = rdf. To obtain a
tractable equation for G, assume radial force balance,

~ 4+ B?+4+2p~0 (18)

and assume large aspect ratio so that R ~ Ry = constant. Then L, can be split into
two parts, Ly = Lyp + Ly, where

L,n = — B7,dOd 19

B 2By ]{ 90 91 @ (19)
: R 0o

L, = — dod 20

op Byo ]{ 90 P @ (20)

The plasma is displaced by a VDE with (m,n) = (1,0), Yo = ¥o(r — £10SinH).
Hence

0o
—— = cosOB 21
20 €10 00 (21)

where By = —9v/0r. Then Ly = £rR/(2q) ¢ Bz, cos 0dfdg.
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Analytic model of rotation source - 2

There must be at least two modes (m,n), (m + 1,n) contributing to By, which beat
together to give a cos 6 term. Expanding By1 = )~ Bgmn COS(mb — ne) gives

: m2érR
L¢p = Z BomnBo(m+1)n (22)

2q
To compare with the scaling (13), let vy = vy, in (14). Then (22) yields
B 1

4vTaq

and taking v74 = 0.01 gives agreement with A; = 12 in (13). The calculation of
(20), is given in [Strauss et al. 2014].

dL¢ w2 3 R 0 [m(m_l_ 1)Bt9mnB9(m—|-l)n

- /
dt 2 rquglOB3 — or [ (m—ng)(m+1—ngq)

Ay

(23)

(24)

Setting the denominators in (24) equal to unity gives the ratio L,/ Lep = A2(€/1)2,
with

Ay = ‘21[1 + m(m + 1)]8%(In 6 B)'r? (25)
Takingm = 1, ¢ = 2, (InéB)'r = 1, By = Byr = 2.7, gives A> = 8 in
agreement with (13).
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Conclusions

e Relationof Alto AM .
- Al «x EAM where € is VDE displacement
— Simulations include upward and downward VDEs

— Does not require Hiro current model

e Scaling of V,, with £, 0B, Bn.
— used same data set as above
— estimated 6 B from A M

— new term independent of By.
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