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JET AVDE disruption simulations

• M3D asymmetric vertical displacement event (AVDE) disruption simulations were
carried out, initialized with EFIT equilibrium reconstruction of JET disruption shot
71985 at t = 67.3128s, B = 2T

– Several variables were compared in simulation and experiment including •
vertical displacement ξ, • halo fraction HF , • toroidal variation of toroidal
current, • asymmetric wall force and Noll relation ∆Fx = πB∆MIZ, •
toroidal rotation Nrot.

• JET simulations with τwall ∼ τCQ changed artificially

– wall force can be much less than τwall ≪ τCQ

– ITER relevant regime

• Runaway electrons

– JET RE data

– RE MHD equations

– preliminary simulations
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Time history of simulation of shot 71985 with VDE and CQ
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Time history plots for Swall = 1000. Time in
units of wall time τwall. The current was driven
using experimental time history data for shot
71985, in wall time units.

Iφ(t/τwall) ≈ Ip(t/τ
JET
wall ) (1)

Shown are simulation total current I and vertical displacement ξ, and the measure-
ments of Ip and zp. Note that ξ agrees well with zp during the growth and saturation
phases.

The normalized pressure P shows the TQ. Also shown is asymmetric wall force Fx,
in MN.

• Simulation parameters: S = τR/τA = 106, Swall = τwall/τA = 250,500,1000.

• Experimental parameters: S = 109 (pre TQ), S ≈ 105 (post TQ), SJETwall = 7×103,

τJETwall = 0.005s.
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Halo current evolution in shot 71985
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(a) Contour plot of poloidal magnetic flux ψ at time t = 4τwall in the (R,Z) plane with
φ = 0, Swall = 1000, when ξ displacement has saturated. (b) Perturbed toroidal
flux on the wall RδBφ, at the same time, where δBφ = Bφ(t)− Bφ(t = 0). Vertical
coordinate is toroidal angle φ/(2π), horizontal coordinate is a poloidal angle θ/2π.
(c) Time history of toroidally averaged halo current HF , and toroidally varying halo
current ∆HF , at θ = 2π/3.

HF = 2πRδBφ/I0.

∆HF = (R/I0)

[
∮

(δBφ − δBφ)
2dφ

]1/2
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Toroidal current and toroidal flux toroidal variation
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Toroidal n = 1 variation of toroidal current
was observed in JET [Gerasimov, 2014,2015].
Time history plot shows magnitude of toroidal
current variation ∆I, comparing JET and sim-
ulation. Also shown is the toroidally varying
toroidal magnetic flux ∆Φ/Φ, where Φ =
∫

BφdRdZ. The amplitude of ∆I/I decays
more rapidly in time than the experimental
data.

The toroidal variation of toroidal current follows from ∇·J = 0, which has the integral
form

∂I

∂φ
= −

∮

JnRdl = −Ĩhalo
∆I

I
≈ ∆HF. (2)

The toroidal variation of toroidal flux follows from ∇ ·B = 0, ∂Φ/∂φ = −
∮

RBndl.

Take Jn ≈ Bn/a, where a is the minor radius. Then ∆I ≈ ∆Φ/a. With Jφ ≈
Bφ/(qR), then

∆Φ

Φ
≈

a

qR

∆I

I
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Noll relation of Fx and MIZ in JET shot 71985
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(b)

The wall force is

Fwall = δwall

∮ ∮

dφdlRJwall ×Bwall (3)

where δwall is the wall thickness. The magni-
tude of the asymmetric horizontal force is de-
fined as

∆Fx = [(F̃ · x̂)2 + F̃ · ŷ2)]1/2.

The Noll relation is used in JET to estimate the
asymmetric wall force,

∆Fx = πBφ∆MIZ (4)

with

MIZ =

∫

ZJφd
2x.

The units are in MN. The scaled asymmetric force amplitude is ∆Fx = 1.1MN.
The experimental Noll formula predicts a force of 1.3MN,while the simulated formula
predicts 1.2MN. (b) shows simulations with different values of Swall. The agreement
is essentially independent of Swall.
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Correlation of toroidal current and vertical displacement asymmetry

(a)

(b)
(a) variation of ver-
tical displacement
(b) correlation of cur-
rent and displacement
[Gerasimov NF 2014]
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(c)
The toroidal variation of the current ∆I and the vertical
displacement ∆ξ are positively correlated, indicating
that the toroidal plasma current is higher at toroidal lo-
cations where the plasma position is closer to the wall
[Gerasimov 2014, Strauss 2015].
(c) experimental time histories of toroidal current dif-
ference (I5 − I1)/I vs. (Z5 − Z1), (I7 − I3)/I vs.
(Z7 − Z3). Also shown are simulation toroidal har-
monics Icos/I vs. ξcos, and Isin/I vs. ξsin.
The correlation does not require skin current flowing
from the plasma to the wall.
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Toroidal Rotation
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(a) wall force angle in wall time units. The ro-
tation angle calculated from the experimental
data is

αexp = tan−1

(

I5 − I1

I7 − I3

)

The simulated rotation angle of the current was
rather noisy, so the force angle was used, with
Swall = 103,

αsim = tan−1(
F̃ · ŷ

F̃ · x̂
)

(b) Rotation number during the time of large
halo current

2πNrot = α(t = 8τwall)− α(t = 3τwall)

as a function of Swall. Also shown is the experimental value of Nrot from (a). This
implies the rotation frequency is

frot = Nrot/τCQ ≈ (2Swall)
−1,

It suggests the rotation is involved with the resistive wall interaction.
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JET and ITER comparison of τwall

• JET is in the short τwall regime, τwall ≪ τCQ.

– JET resistive wall penetration time τJETwall = 5ms.

– JET with carbon wall, τCQ ≈ 25ms. with ILW, 125ms.

• JET simulations were done to artificially increase τwall keeping τCQ fixed. In the
long τwall regime, the asymmetric wall force is an order smaller.

• ITER is in the long τwall regime, τwall
>
∼ τCQ.

– ITER walls [Gribov 2002] have thickness δ = 6cm, resistivity η = 0.825µΩm,
and radius aw = 2.7m.

– ITER wall time τ ITERwall = µ0awδ/η = 0.26s.

– ITER CQ time 0.05s ≤ τ ITERCQ ≤ 0.3s [Lehnen, TSDW 2016], [Kiramov,

EPS 2016] [Hollman, 2015].
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JET long τwall simulations
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(a) Time history including ∆Fx(MN), of JET simulation with Swall = 250, with
current scaled to a longer wall times. Subscipts denote values of τCQ/τwall = (a)
1.67, (b) 1.25, (c) 0.83. In case (a) ξ saturates in a steady state, while in (b) , (c) ξ
does not saturate.

(b) Peak ∆Fx as a function of τCQ/τwall. In the ITER regime τCQ/τwall
<
∼ 1.5, the

VDE does not saturate, and the asymmetric wall force is small. In the JET regime

τCQ/τwall
>
∼ 4, the VDE saturates, and the asymmetric wall force is large. There is

also an intermediate regime in which the VDE saturates. Blue dots: Swall = 103.

In ITER the force might be comparable to JET: 25× 0.04 = 1.
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previous ITER simulations have wide range of Fx
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From [Strauss et al. , NF 2013]

(a) ”hot” ITER simulations, peak with γτwall = O(1), γ is growth rate of predomi-
nantly (2,1) mode.

(b) Time history including ∆Fx(MN), of ITER MGI model simulation with Swall =

104, τCQ ≈ 250. Peak Fx
<
∼ 10% the peak value in (a).

In these simulations, τCQ was not controlled. Further simulations similar to JET
needed to verify relation of Fx to τwall/τCQ in ITER.
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Runaway Electrons

RE measurements in JET shot 87940 [Reux et al. 2015].

(a) total current Ip as a function of time. It drops by half in time 0.01s after the TQ,
in a VDE time: τvde = 3τwall = 0.015s. The current persists for τre = 20τwall. (b)
neutron count, a measure of high energy REs. Spikes near t = 0.11s before current
terminates might indicate MHD activity which terminates the current.
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Fluid model of REs

Runaway fluid equations are [Helander 2007],[Cai and Fu 2015]

1

c

∂ψ

∂t
= ∇‖Φ− η(J‖ − Jr‖) (5)

and Jr‖ is the RE current.

The RE continuity equation can be expressed in terms of the RE current assuming
the REs have speed c

∂Jr‖

∂t
≈ −cB · ∇

(

Jr‖

B

)

+ Sr (6)

where Sr is a source term.

The perpendicular momentum equation is

∇ · (mini
dvi

dt
) = 2κ×∇ptot ·

B

B2
−B · ∇

J‖

B
(7)

where κ = b · b and the effective total pressure ptot is

ptot = p+
1

2
Ernr, Er = mec

2γr (8)
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The RE energy increases with time

∂Er

∂t
= SE (9)

In the presence of REs, the total pressure ptot survives the TQ the current survives
the CQ. It is possible to have a second disruption caused by REs.

If the current is carried by REs, then enr = B/(4πq) and

nrEr

neT
=
vA

c

δi

qR

Er

T
(10)

where δi is the ion skin depth and vA is the Alfvén velocity, which implies that the
RE fraction must be small, nr/ne ≈ 4 × 10−4. If Er ≥ 12 MeV , and T = 5 KeV ,
Ernr/p ≥ 1.

Possible MHD instabilities include tearing modes, RWMs, ELMs.



RE evolution in JET

Simulations were continued of JET shot 71985, replacing current with RE current.
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(a) Contours of magnetic flux ψ(R,Z,0) at t = 8.8τwall.

(b) Contours of toroidal current I at the same time

(c) Contours of RE current IRE at the same time.

(d) time history of I and IRE (d) time history of current I , RE current IRE, and
runaway pressure PRE.
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RE evolution in JET with PRE

Simulations were continued of JET shot 71985, adding RE pressure.

(a) (b) (c) (d)
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(d)

(a) Contours of ψ(R,Z,0) at t = 9.2τwall,
(b) Contours of ψ̃(R,Z,0) at the same time.
(c)current I at the same time,
(d) RE current IRE.
(e) time history of current I , RE current IRE,
and runaway pressure PRE. RE pressure ap-
pears to cause instability.
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RE evolution in JET with I/2

Simulations were continued of JET shot 71985, replacing current with RE current.
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(d)

Contour plots of poloidal magnetic flux ψ at times (a)t = 5.5τwall (e) 8.5τwall in the
(R,Z) plane with φ = 0.

(f) (g) (c)

(b),(f) Contours of toroidal cur-
rent at the same times (c), (g)
Contours of RE current at the
same times. (d) time history of
current I , RE current IRE, and
runaway pressure PRE.
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Summary

• Several measured quantities are in reasonable agreement between simulation
and experiment

– VDE displacement, • halo current, • toroidal variation of toroidal current, •
Noll relation, • correlation of current and vertical displacement variation, •
Toroidal rotation

• JET simulation has fast and slow τwall regimes.

– fast τwall regime: asymmetric wall force Fx is large; JET experiment.

– slow τwall regime, Fx is much smaller; regime relevant to ITER.

• Runaway electrons

– Fluid equations

– similar to MHD behavior without REs

– REs could produce secondary disruption to terminate discharge
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