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1 Shafranov stability criterion q > 1 (cont.) 5/22
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2 M. Kruskal and M. Schwarzschild, 1953 6/22
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3 Shafranov’s model of the tokamak plasma 7/22

1. M.A Leontovich, V.D. Shafranov (1952)
“The stability of a flexible conductor in a longitudinal magnetic field” Plasma Physics and the Con-
trolled Thermonuclear Reactions. Responsible Editor Academician M.A. Leontovich
Pergamon Press. Ozford, London, New York, Paris, V.2, 1960
(English Translation)

2. M. Kruskal and M. Schwarzschild (1953)
“Some instabilities of a completely ionized plasma”

Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences, Vol. 223,
No. 1154 (May 6, 1954), pp. 348-360
The Royal Society
http://www.jstor.org/stable/99560

Shafranov model of tokamak plasma:
Dynamically, tokamak plasma behaves as a flexible super-conductor
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3 Shafranov’s model of the tokamak plasma (cont.) 8/22

Why Shafranov’s model of flexible super-conductor describes the real plasma?

Oleg Pogutse expained this to me in the mid 1970s:

Huge parallel electron thermal conduction�k,e ' 1 suppresses the normal component of magnetic field
in plasma perturbations (Kadomtsev, Nedospasov, 1959)

Tokamak plasma exisits excliusively due to excitation
of virtual surface currents in plasma dynamics.

Its macroscopic dynamics is, in fact, fast equilibrium evolution
under frozeness conditions into magnetic field.

(plasma inertia plays no role)
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4 Shafranov’s stability diagram 9/22

Resonant free boundary kink mode initiates the disruption. Wall plays no

role.
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When q(a, t) is going down toward q = m, the kink mode excited with no effect of the shell.

The kink mode grows at a fast, MHD, time scale, leading to disruption.

The resonant Fourie harmonics of the kink mode does not produce perturbations of
e~B

B̃normal,m⇤/n⇤ = B · ⇠m⇤/n⇤ = 0. (4.1)

The resonant harmonic is almost “invisible” in tokamaks.

Its surface perturbation ⇠m⇤/n⇤ can touch the wall

Leonid E. Zakharov, Theory Seminar Discussion, January 09, 2025, PPPL, Princeton NJ, USA



5 Tokamak stability and equilibrium 10/22

Simple “straight” model of tokamak plasma equilibrium with helical symmetry

� ̄⇤ = �j( ̄⇤) � 2
nBs

mR
(5.1)

The corresponding perturbed Grad-Shafranov equation
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0(⇢) +  ̄ =  ̄⇤
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leads to the energy principle
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�
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which covers stability of both kink and tearing modes in the main tokamak approximation.

It reflects the tokamak physics much better than the Kruskal-Oberman energy principle for the ideal MHD.

The tokamak plasma can be stable not because of ideal electrical conductance. It is exists and can be
stable due to extremely high electron thermal conductace along the magnetic filed lines.

Tokamak plasma behaves like a flexible superconductor even without supeconductivity. It is guided by the
GSh-like equilibrium equation even in the case of disruptions.
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6 Entering disruptions 11/22

(a) qa < m
n

kink unstable
(b) qa < m

n
tearing stable

(c) qa < m
n

for all m’s. Stabilized by Li

Principle of successive current layers.

L.M. Bogomolov, L.E. Zakharov, P.M. Blekher
“Stability conditions for kink and tearing modes in
tokamaks”,1987 Nucl. Fusion v.27 p.241
http://iopscience.iop.org/0029-5515/27/2/005)

Plasma stability is very sensitive to the current density between
the major resonant surface and the SoL

In the unpredictable SoL pushes plasma edge current density toward the resonant surface,
e.g., q = 3, 4

• initially plasma could be even more stable

• after pushing jpl inside q = 3, 4,
the stable tearing mode is being converted into a fast kink mode and in a disruption

Leonid E. Zakharov, Theory Seminar Discussion, January 09, 2025, PPPL, Princeton NJ, USA



Leonid E. Zakharov, Theory Seminar Discussion, January 09, 2025, PPPL, Princeton NJ, USA



7 Wall Touching Kink Mode 13/22

WTKM was introduced in 2007 as a response to the alarming situation in
ITER with sideways forces scaled from JET.

• has given the scientific basis to Noll’s engineering group explanation
of sideways forces discovered on JET in 1996

• has introduced a new important MHD phenomena associated with kink
mode instability

• has justified the Noll’s formula for scaling of sideways forces and its
applicability to ITER

• has explained toroidal asymmetry in Ipl(�) measurements with 100 %
consistency in Ipl(�)-signal asymmetry and with conflict the wrong
sign of the effect from the halo current ideology

• has explained the negative voltage spike in tokamak disruptions

• has suggested itself as the external driver of the thermal quench of
the core electron temperature

Giulio Sannazzaro

• In '1994 told Piter Noll to
activate the second set of Mirnov
coils

• In '2007 alarmed ITER on side-
ways forces (now in ITER IO)

Here we present specific data on current spike asymmetry and on fast thermal quench
on JET.
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8 WTKM and disruptions 14/22

There is no tangible progress in understanding tokamak disruptions since 1962, when it was discovered
by Gorbunov and Razumova on TM-2 tokamak.

E.P. Gorbunov and K.A. Razumova (1962)
‘EFFECT OF A STRONG MAGNETIC FIELD ON THE MAGNETOHYDRODYNAMIC STABILITY OF A PLASMA AND TH7E CONFINE-
MENT OF CHARGED PARTICLES IN THE TOKAMAK MACHINE”
Plasma Physics (Journal of Nuclear Energy Part C) 1964. Vol. 6. pp. 515-525.
Perpamon Press Lid. Printed in N. Ireland

77
Negative voltage spikes discovered Together with discovery of disruptions, a nonsense was introduced

• The effect is obviously inductive but puzzling in its sign. Shafranov’s model was ignored.

• The surface currents are “dipole” in nature, like cos(n✓ � n�)

• 7 At the leading edge their direction is opposit to the bulk plasma current (LZ, 1978).

• The surface currents are big independent of q value (even in the case of q = m/n).

• Wiht q ' m/n, then the main Fourier harmonic m/n is invisible in Mirnov loops

• Plasma is free to touch the wall by a resonant perturbation

Leonid E. Zakharov, Theory Seminar Discussion, January 09, 2025, PPPL, Princeton NJ, USA



9 Electric circuit of Hiro currents expalains both voltage and

current spikes 15/22

WTKM touches the wall locally in � and shares its negative sur-
face current with a part of the wall (through Be-ribs on JET).

I called these shared current “Hiro” currents. (My friend Hiro
Takahashi bothered me for long time with his SoL currents in
DIII-D).

Disruption is the inductive effect. It generates a large nega-
tive Voltage spike in order to drive the necessary Hiro currents
across the contact resistance.

• Due to large contact resistance, Hiro currents decay faster than their positive counterpart at the free
plasma surface. This explains the temporary current spike on Rogowski coil.

• The current spike signals consist of a toroidally symmetric part, and the additional asymmetric excess
in the zones where Hiro currents flow in the vessel.

• JET with its 4 sets of Mirnov loops has beautiful data on plasma current spike asymmetry in disrup-
tions.

• The asymmetric excess in the current spike signals cannot be bigger than 1/m (as representing a
contribution of a single turn in the Hiro current circuit).
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11 Ultrafast collapse of Te in the plasma core 19/22

JPN 95146 (2019)) 2005 V. Riccardo Nucl. Fusion 45 (2005) 1427, fig.7

Both examples with ' 100’s µs TQ indicate a strong external drive of the confinement loss. It cannot be
associated with fantasies of “internal reconnections”
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12 Thermal quench on JET is driven by the WTKM 20/22

JET data are consistent with the properties of WTKM

• It is the free boundary kink MHD mode, the fastest macroscopic instability in tokamaks

• Its wall touching spot is always 3-dimensional (especially in the real in-vessel geometry).

As such it produces the full 3-D spectrum of MHD perturbations with no delay in propagation to the
entire core and drives the fastest possible destruction of magnetic confinement

• WTKM always drives currents in the wall opposite in direction to the plasma current, thus automati-
cally generating the negative Voltage spike as an inductive MHD effect

The following decay of these Hiro currents is indicated by temporary enhancement of Ipl measure-
ments.

• The resonant harmonics of plasma displacement ⇠m⇤n⇤ in WTKM is not noticeable on MHD signals
due to

B̃? = ( ~B · r)⇠m⇤n⇤ / O(⇠2) ' 0 and can be easily enough for touching wall

The m/n=1/1 WTKM drives huge Noll’s forces on tokamak vessel in AVDE.

All (m>1)’s are weaker but certainly sufficient for generating the Te collapse in the core and generate very
visible inductive effects like negative voltage spikes.
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13 Summary 21/22

• Introduced in 2007, WTKM is perfectly consistent with the Voltage and Current spikes in tokamak
disruptions which remained the embarrassing puzzles to the fusion community for 62 (!) years.

• The excitation of Hiro currents, opposite to the plasma current, overlooked by the community (while
known to me since 1978), explains the “mysterious” signs of the voltage and current spikes. The
present community cares more about ‘the ‘electricity to the grid” rather than on measuring the disrup-
tion MHD signals like JET did.

• The WTKM nature of tokamak disruptions indicates the high sensitivity of plasma stability to the near
boundary layer (between low-m resonant surfaces and SoL), which is unpredictable due to the unpre-
dictable PSI.

• On JET, WTKM is the primary driver of the Thermal Quench (the collapse of electron temperature in
the deep plasma core)

This understanding makes the disruptions
unavoidable in the current high recycling regime

unless plasma performance is significantly reduced
(as it was wisely utilized in JET DTE2, DTE3 experimental campaigns of 2021, 2023)

In contrast, the low (50% and upto 10% feasible) recycling regimes
with suppressed plasma edge cooling, core fueling by NBI, and elimination of PSI

make plasma predictable and give a chance for disruption avoidance.
But this is a totally different story.
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13 Summary (cont.) 22/22

Record Q (1997)

(1997)

15 MW x 5 s (target, 2018)

Leonid E. Zakharov, Theory Seminar Discussion, January 09, 2025, PPPL, Princeton NJ, USA


