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Abstract
Asymmetrical disruptions may occur during ITER operation and they may be accompanied 
by large sideways forces and rotation of the asymmetry. This is of particular concern because 
resonance of the rotating asymmetry with the natural frequencies of the vacuum vessel (and other 
in-vessel components) could lead to large dynamic amplification of the forces. A significant 
fraction of non-mitigated JET disruptions have toroidally asymmetric currents that flow partially 
inside the plasma and partially inside the surrounding vacuum vessel (‘wall’). The toroidal 
asymmetries (otherwise known as the appearance of 3D structures) are clearly visible in the 
plasma current (Ip) and the first plasma current moments. For the first time we present here the 
asymmetries in toroidal flux measured by the diamagnetic loops and also propose a physical 
interpretation. The presented data covers the period of JET operation with a C-wall (JET-C from 
2005 until late 2009) and with an ITER-like wall (JET-ILW from 2011 until late 2014), during 
which pick-up coil and saddle loop data at four toroidally orthogonal locations were routinely 
recorded. The observed rotations of the Ip asymmetries are in the range from  −5 turns to  +10 turns 
(a negative value is counted to the negative plasma current). Initial observations on COMPASS of 
asymmetric disruptions are presented, which are in line with JET data. The whole of the JET-ILW 
disruption database and the limited number of COMPASS disruptions examined confirm that the 
development of the toroidal asymmetry precedes the drop to unity of q95. It is shown that massive 
gas injection (MGI), which is routinely used to mitigate disruptions, significantly reduces the Ip 
asymmetries in JET. However, MGI produces fast plasma current quench and consequently high 
vessel eddy currents, which expose the machine to additional stresses. The effect of the large gas 
quantity used during the injection is of particular concern as well.
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1. Introduction 

Asymmetrical disruptions [1] may occur during ITER opera-
tions [2]. It is possible that they may be accompanied by large 
sideways forces and by toroidal rotation of the asymmetry. 
The toroidal rotation of the sideways force is of particular 
concern because resonance with the natural frequencies of 
the vacuum vessel (and other in-vessel components) could 
lead to large dynamic amplification of the forces [3, 4]. As 
a result of disruptions, the JET vacuum vessel can undergo 
a complex, damped oscillation with a peak displacement in 
the order of a few mm [5, 6]. The observation of 3D effects 
(or in other words toroidal and poloidal asymmetries) during 
the plasma current (Ip) quench has been described in many 
tokamaks using various diagnostics, e.g. JET [7–15], JT60-U 
[16], Alcator C-Mod [17], DIII-D [18], ASDEX-U [19] and 
NSTX [20, 21]. The theory, modelling and interpretation of 
the 3D effects during the Ip current quench (CQ) can be found 
in references including [1, 8, 14, 22–32].

JET is the only tokamak which has published data of 
plasma current moments at four orthogonal toroidal locations 
[1, 9–15]. COMPASS has the capability to measure Ip at three 
toroidal locations (two of which are opposite) [15].

A significant fraction of all JET non-mitigated disruptions 
have toroidally asymmetric currents that flow partially inside 
the plasma and partially inside the surrounding vacuum vessel 
(‘wall’). The toroidal asymmetries are clearly visible in the 
Ip, the first plasma current moments and in-vessel poloidal 
voltages, i.e. toroidal magnetic flux derivatives. The pre-
sented data covers the period of JET operation with a C-wall 
(JET-C from 2005 until late 2009) and with an ITER-like wall 
(JET-ILW [33–36] from 2011 until late 2014), during which 
pick-up coil and saddle loop data at four toroidally orthogonal 
locations were routinely recorded. The Ip asymmetries in JET 
usually rotate in either toroidal direction, showing substantial 
variation in magnitude and frequency. Initial observations on 
COMPASS of asymmetric disruptions are presented, which 
are in line with JET data.

The whole of the JET-ILW disruption database, and the 
limited number of COMPASS disruptions examined, indicate 
that axisymmetric and asymmetrical disruptions have dissim-
ilar time behaviour of the edge safety factor, namely the devel-
opment of the toroidal asymmetry precedes the drop of q95.

In addition to toroidal asymmetry of the plasma current, 
we report here the asymmetry in the poloidal voltage (diamag-
netic signal derivative) and its physical interpretation.

Massive gas injection (MGI) is routinely used to mitigate 
disruptions in JET, if Ip  >  2 MA or the total plasma energy 
(poloidal magnetic  +  kinetic) is above 5 MJ [37–40]. It is 
shown here that MGI can significantly reduce the Ip asym-
metries during the plasma CQ and sideways forces. However, 
the MGI leads to a strong uncontrollable decrease of CQ 

duration, which in turn increases the induced vessel currents 
and axisymmetric forces. The effect of the large gas quantity 
used during the injection is of particular concern as well.

This paper extends the results presented in [14, 15]. 
Diagnostics used in JET and COMPASS are described in 
section 2. The composition of the plasma current asymmetry 
database is given in section 3. Sideways force impulses and 
JET vessel displacements, which were extracted over a 9 year 
period of JET operation, are outlined in section 4. JET and 
COMPASS Ip asymmetry data are presented in section  5. 
The rotation of the plasma current asymmetries is given in 
section 6. The edge safety factor at disruption is sketched in 
section  7. Asymmetry in the toroidal magnetic flux and its 
physical interpretation can be found in section 8. Experimental 
and computational results on axisymmetric eddy currents and 
MGI issues are discussed in section  9. Outstanding issues, 
which are the subject of future investigations, are described 
in section 10. The results of the disruption analyses in terms 
of various toroidal asymmetries are summarised in section 11.

2. JET and COMPASS magnetic diagnostics

JET magnetic diagnostic data from 18 tangential to vessel 
pick-up coils and 14 normal saddles [14] at four toroidally 
orthogonal locations has been routinely recorded from 2005 
onwards (see figures  1 and 2). Two poloidal in-vessel loop 
voltages at toroidally opposite locations (see figures 1 and 3) 
were used to evaluate toroidal (paramagnetic) flux asymmetry 
during the CQ.

The ex-vessel Rogowski coil, in-vessel pick-up coils and 
four in-vessel full toroidal flux loops were used to calculate 
the total axisymmetric toroidal eddy current in the conduc-
tive structures of the vessel, restraining ring, divertor support 
structure and poloidal field (PF) coil cases; see figure 4.

The JET Rogowski coil measures the plasma current (Ip), 
total divertor PF coil current (ID) and the eddy current induced 
in the conductive structures (Ipst): vessel (Ives), restraining ring 
(IRR), divertor support structure and PF coil cases (IMARK):

= + + = + +I I I I I I I I, where .rog p D pst pst ves RR MARK (1)

The plasma current is

= − − −I I I I I ,p pla
IDC

D RR MARK (2)

where Ipla
IDC is the uncorrected plasma current calculated using 

18 internal discrete coils [14]. Hence the total induced toroidal 
passive structure current is defined as

= − − = − + +I I I I I I I I .pst rog p D rog pla
IDC

RR MARK (3)

The restraining ring current, divertor support structure 
and PF case current are calculated from the relevant voltage 
measurements:

Nucl. Fusion 55 (2015) 113006
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( )= + =I R R mVLRRU VLRRL / , 1.4 Ohm,RR RR RR (4)

( )= +

=

I R

R m

VLD 2 VLD 3 / ,

0.739 Ohm,

MARK
1

2 MARK

MARK

 
(5)

where VLRRU, VLRRL, VLD2 and VLD3 are toroidal volt-
ages from the relevant full flux loops (see figure 4).

The horizontal (radial) JET vessel displacements are meas-
ured at vertical ports of each vessel octant with respect to the 
mechanical structure [41]; see figure 2. JET magnetic data are 
recorded at a 5 kHz sampling rate and vessel force and dis-
placement data are recorded at a 2.5 kHz sampling rate around 
a disruption, which is sufficient taking into account that the 
duration of CQ  ⩾  ~10 ms.

At present, COMPASS Ip in-vessel magnetic diagnostics 
are available at three toroidal locations, two of which are 
opposite and the third is shifted in respect to the other by 
45° [42, 43]; see figure 5. Therefore the relevant plasma cur-
rents are

 1. Ip1 measured by an internal Rogowski coil near toroidal 
field coil (TFC) #1;

 2. Ip9 calculated from 16 tangential pick-up (internal partial 
Rogowski) coils near TFC #9;

 3. Ip15 calculated from 24 tangential pick-up (Mirnov) coils 
near TFC #15.

Hence the difference in the Ip at opposite locations is 
defined as ΔIp91 = Ip9  −  Ip1. The COMPASS data is recorded 
at a 2 MHz sampling rate.

3. JET and COMPASS database

The presented JET four-octant data (with pre-disruptive 

plasma current Ip
dis  ⩾  1 MA [14]) covers 1990 disruptions from 

3/11/2005 (#64326) up to 9/10/2014 (#87944) including both 
JET-C (950 disruptions) and JET-ILW (1040 disruptions).

Figure 1. Plan view of JET magnetic diagnostics.

Figure 2. JET pick-up coils, saddle loops and vessel radial 
displacement transducers.

Figure 3. Two JET opposite vessel octants equipped with in-vessel 
(diamagnetic) poloidal loops.

Nucl. Fusion 55 (2015) 113006
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The section below describes the mathematical background, 
which was used in calculating the key parameters of the Ip 
toroidal asymmetries, or in other words, 3D structures. For 
modelling the toroidal angle dependency of the plasma cur-
rent, a Fourier series was used.

The toroidal variation of the measured plasma current is 
approximated by a finite Fourier sum, which is also called a 
trigonometric polynomial of degree n:

( ) [ ( ) ( )]∑ϕ ϕ ϕ= + +
=

I X X k Y kcos sin ,n

k

n

k ko
1

p (6)

where ϕ is the toroidal angle, k is the toroidal harmonic 
number, and Xo (representing the toroidally averaged plasma 
current), Xk and Yk are Fourier coefficients. In general, if the 
number of measurements, m, is sufficient ( ⩾ +m n2 1), these 
Fourier coefficients can be found using the least squares 
method by solving the minimisation problem:

[ ( )] ⩽ ⩽∑ δ ϕI j mmin , 1 ,
j

m

j
2

 (7)

where a residual is defined as ( ) ( ) ( )δ ϕ ϕ ϕ= −I I Ij
n

j jP p , ( )ϕI jp  is 
measured plasma current and ( )ϕIn

jp
 is the value predicted by 

the model at toroidal angle ϕj.
Taking into account that the number of measurements for 

JET m = 4 and for COMPASS m = 3, we approximate the 3D 
plasma current by a trigonometric polynomial n = 1 for both 
machines:

( ) ( ) ( )ϕ ϕ ϕ= + +I X X Ycos sin .p o 1 1 (8)

Hence the minimisation problem (7) with condition 
(8) unambiguously gives three equations  for three Fourier 
coefficients:

( )

( ) ( )

( ) ( )

∑

∑

∑

δ ϕ

δ ϕ ϕ

δ ϕ ϕ

=

⋅ =

⋅ =

=

=

=

I

I

I

0

cos 0

sin 0.

j

m

j

j

m

j j

j

m

j j

1

1

1

 (9)

For JET with m = 4 measurements, the residual in (7) 
becomes:

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

δ ϕ ϕ ϕ ϕ
δ ϕ ϕ ϕ ϕ
δ ϕ ϕ ϕ ϕ
δ ϕ ϕ ϕ ϕ

= − + + = ≡
= − + + = ≡
= − + − = ≡
= − + − = ≡

I I X X I I

I I X Y π I I

I I X X π I I

I I X Y π I I

, 0,

, /2,

, ,

, 3 /2 ,

1 p 1 o 1 1 p 1 p1

2 p 2 o 1 2 p 2 p3

3 p 3 o 1 3 p 3 p5

4 p 4 o 1 4 p 4 p7

 (10)

where Ip1 = octant #1 plasma current measurement, etc.
Then the solution of (9) is:

= + + +
= −
= −

X I I I I

X I I

Y I I

/4

/2

/2.

o p1 p3 p5 p7

1 p1 p5

1 p3 p7

( )
( )
( )

 (11)

Figure 5. Plan view of COMPASS Ip diagnostics.

Figure 4. JET diagnostics (ex-vessel Rogowski coil, in-vessel pick-
up coils and four in-vessel full toroidal flux loops) used to calculate 
the total toroidal eddy current in a conductive structure: vessel, 
restraining rings, divertor support structure and PF coil cases.
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The absolute = + ≡I X Y2p
asym

1
2

1
2  − + −I I I Ip7 p3

2
p5 p1

2( ) ( )   

and normalised =A I I/p
asym

p
asym

p
dis  quantities are used to char-

acterise the magnitude of Ip asymmetries. Unlike C-wall dis-

ruptions in JET, the IL-wall disruptions can undertake several 
Ip asymmetry bursts during the CQ. To take into account the 
specific properties of the IL-wall, the conditions of the data-
base composition were modified in comparison with [14]. 
Namely to avoid noise contributing to the results, Ip

asym (and 
Ap

asym) is only calculated for times when the start and end time 

window satisfied the following conditions: Ap
asym  >  0.5% and 

|Ip|  >  0.1 Ip
dis  for the first and last 1 ms in order to disregard 

short-lived spikes. The Ap
asym values that do not satisfy the 

criteria are treated as noise and forced to zero. The above-
defined time window was applied to all time-dependent quan-
tities which have been used for analysis. Additionally, a new 
constraint was introduced; namely if Ip

asym  ⩽  10 kA (10 kA is 
the error in JET Ip measurements) for 2 ms inside the ‘asym-
metry window’ then waveforms are forced to zero during 
this interval, resulting in the concept of a ‘main asymmetry 

time window’ (the largest ∫=A A tdp
asym  for which ≠I 0p

asym ). 
Using the main asymmetry time window, the effects of noise 
in the analysis have been reduced. Figure 6 explains the com-
position of the waveforms that have been used for the pre-
sented JET analysis.

The COMPASS disruption database is currently under 
development and some data are presented below. The pre-
sented COMPASS asymmetrical disruption data cover 78 
C-wall shots from 12/11/2013 (#6033) up to 27/11/2014 
(#8788).

Since COMPASS has m = 3 toroidal Ip measurements, the 
residual in (7) becomes:

δ ϕ ϕ ϕ ϕ

δ ϕ ϕ ϕ π ϕ
δ ϕ ϕ ϕ π ϕ

= − + + = ≡

= − + + + = ≡
= − + − = ≡

I I X X I I

I I X X Y I I

I I X X I I

, 0,

/ 2 / 2 , /4,

, , .

1 p 1 o 1 1 p 1 p1

2 p 2 o 1 1 2 p 2 p15

3 p 3 o 1 3 p 3 p9

( ) ( ) ( )

( ) ( ) ( )
( ) ( ) ( )

 (12)
Then the solution of (9) is:

( )
( )
= +
= −

= − −+ −

X I I

X I I

Y I I I

/2

/2

2 .

o p1 p9

1 p1 p9

1 p15
2 1

2 p1
2 1

2 p9

 (13)

COMPASS and JET use identical quantities to char-
acterise the magnitude of Ip asymmetries, specifically 

= + =I X Y A I I2 , /p
asym

1
2

1
2

p
asym

p
asym

p
dis  and ∫=A A tdp

asym  

[14]. The Ap
asym can be estimated using only two opposite Ip 

measurements under an additional assumption, specifically 
only one harmonic, Y1 = 0, then Ip

asym is reduced to X2 .1
2

The data processing for COMPASS is similar to that of 
JET, and is comprised of the following steps:

 1.   ±  0.025 ms rectangular smoothing of the measured Ip 
to eliminate the noise contribution (JET uses  ±  0.2 ms 
triangular smoothing on the final stage of processing to 
get peak quantities);

 2. Trimming waveforms from left- and right-hand side where 

Ap
asym  >  2.0% (Ap

asym  >  0.5% for JET) or |Ip|  >  0.1 Ip
dis  

conditions are not met;
 3. A ‘main asymmetry time window’ was used; namely 

if Ap
asym  <  2.0% for 0.1 ms (Ip

asym  <  10 kA for 2 ms for 
JET) inside the ‘asymmetry window’ then waveforms are 
forced to zero during this interval.

There are some differences in the JET and COMPASS cri-
teria reflecting the specific machine diagnostic properties.

An example of a COMPASS multi-turn Ip asymmetry rota-
tional disruption is presented in figure 7. Box (b) shows Ap

asym 
calculated from three plasma currents (Ip1, Ip9, Ip15)  −  A3p

asym 
and from only two (opposite) plasma currents (Ip1, Ip9)  −  A .2p

asym  
The 3.5-turn uniform rotation window is shown in black in 
boxes (c) and (d). This specific time window (0.62  −  1.31 ms) 
was used to validate A3p

asym in respect to A .2p
asym  The integral 

ratio over 0.62  −  1.31 ms is ∫ ∫≡A A A t A t/ d / d3 2 3p
asym

2p
asym  = 

1.71, whereas assuming a pure sine wave in time, the integral 
ratio must be π/2. This particular example proves that three 
and two Ip COMPASS measurements are self-consistent.

The ( )A A/2 3 2  ratio over 77 (=78-1, since one shot has  
A2 = 0) COMPASS asymmetrical disruptions, where the 
A3(2) integral is calculated over the A2 time window, is 
shown in figure  8. The ⩽ ⩽( )π A A2/ / 12 3 2  region contains 
the disruptions which have the toroidal phase of the Ip 
asymmetries dwelling mainly in quadrant #1 or #9, where 
the location of the centre of quadrant #1 is near TFC #1, 
etc. On the other hand, the ⩽ ⩽( )A A π0 / 2/2 3 2  region con-
tains the disruptions, which have Ip asymmetries dwelling 
mainly in quadrant #5 or #13. About 55% of the presented 
COMPASS disruptions (in terms of the toroidal phase of Ip 
asymmetry) were found in quadrant #5 or #13. Accordingly,  

Figure 6. The composition of the trimmed waveforms: (a) 
plasma currents, (b) normalised Ip asymmetries, (c) asymmetry 
main window. The time axis is normalised to Tdis; see detailed 
explanation of Tdis in [14].

Nucl. Fusion 55 (2015) 113006
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45% of the disruptions were found in quadrant #1 or #9. We 
may conclude that for the present COMPASS three toroidal Ip 
measurements correctly provide an estimate of plasma current 
asymmetry in spite of the fact that diagnostic toroidal distribu-
tion is not optimal. However, as a precautionary measure, we 
are using different labels for shots dwelling mainly in quad-
rant #1 or #9 and in quadrant #5 or #13.

Apart from the Ip asymmetry data, sideways forces in 

JET can be evaluated using Noll’s formula [1, 10, 14, 22], 

=F B MNoll
T IZ

asymπ

2
, where = ∆ +∆M M Mx yIZ

asym
IZ
2

IZ
2 , ∆ ≡M yIZ   

∆ =M IZ73  −M MIZ7 IZ3 and ∆ ≡M xIZ  ∆ = −M M MIZ51 IZ5 IZ1 

with MIZ1 = octant 1 first plasma current vertical moment, 
etc., see figure 9.

MGI (see figure 10) of a mixture (90% D2  +  10% Ar) is 
routinely used to mitigate disruptions in JET, where the MGI 
fire criteria for the year 2014 were: Ip  >  2 MA or total plasma 
energy (poloidal magnetic  +  kinetic) is above 5 MJ [37–40]. 
The MGI has a profound effect on 3D phenomena during the 
plasma CQ (see figure 11), hence the MGI shots are specifi-
cally labelled on the figures presented below.

4. Sideways force impulses and vessel  
displacements in JET

The sideways force impulse can be defined in two different 
ways. The first option is to calculate the impulse modulus, 

∫= F tImp d .Noll  The = ∆πF B MNoll

2 T IZ formula shown in [3] 
and was neatly derived in [41]. It is thought that the FNoll for-
mula gives the upper estimation for sideways force [25]. The 
plasma current moment expressions for JET can be found in 
[14]. The impulse modulus is a critical parameter in the case of 
a multi-turn rotational mode due to possible mechanical reso-
nance of the machine components with the rotating force. It is 
a potentially serious issue for ITER, but not for JET, because 
the JET CQ duration is too short for multi-turn rotation 

within a vessel resonant period. The second option is to cal-

culate the directional impulse, = +Imp Imp Impr x y
2 2 , where 

∫= F tImp dx x
Noll  = ∫∆πB M tdy2 T IZ  and ∫= F tImp dy y

Noll  = 

∫∆πB M tdx2 T IZ . The directional impulse is an essential param-
eter in the case of locked asymmetries, where the toroidal rota-
tion slows and can remain stationary during a significant part 

Figure 7. COMPASS multi-turn Ip asymmetry rotational disruption: 
(a) plasma currents, (b) amplitudes of the Ip asymmetries form Ip1, 
Ip9, Ip15 (A3p

asym) and Ip1, Ip9 (A2p
asym), (c) ΔIp = Ip9  −  Ip1 asymmetry, 

where 3.5-turn rotation is shown in black, (d) Ip asymmetry toroidal 
phase, (e) q95 edge safety factor. The time axis is normalised to Tdis.

Figure 8. The ( )A A/2 3 2  ratio allows definition of the dwelling of the 
Ip asymmetries: blue dashed line ( ) =A A π/ 2/2 3 2  separates #1 and #9 
quadrants from #5 and #13 quadrants.

Figure 9. The sideways force impulses calculated from the 
measured MIZ asymmetries: (a) plasma currents, (b) first vertical 
current moment asymmetries, (c) first vertical current moment 
asymmetry magnitude, (d) sideways force. The time axis is 
normalised to Tdis.
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of the CQ. The directional impulse is always ‘responsible’ for 
sideways vessel displacement in JET for any rotational behav-
iour (see next page).

The impulse moduli and the normalised impulse moduli 
( ( )=N B I aImp Imp/ T p , where the minor plasma radius, a, was 
taken as 1.00 m) for the JET four-octant database are pre-
sented in figures 12 and 13, respectively. It can be seen that 
MGI significantly reduces the sideways impulse moduli for 
both C- and IL-walls without exceptions.

As a result of asymmetrical disruptions, the JET vacuum 
vessel can undergo a complex, damped oscillation with a peak 
displacement in the order of a few mm with respect to the 
mechanical structure and the vessel can also experience violent 
mechanical forces in excess of a few MN [5, 6, 41]. The vessel 
supports can be represented as a damped spring-mass system 

Figure 10. The location of the disruption mitigation valves (DMV) 
in JET.

Figure 11. Comparing an MGI-mitigated disruption (red traces) 
and a non-mitigated disruption (blue traces) on disruption 
quantities: (a) plasma currents, (b) DMV1 voltage drop indicates 
the activation time, (c) DMV1 chamber pressure drop, (d) plasma 
current centroid vertical displacements, (e) sideways forces.

Figure 12. The impulse modulus for the JET four-octant database, 
where in the legend the first shot number indicates the number of 
asymmetrical disruptions and the second number is the total number 
of recorded disruptions.

Figure 13. The normalised impulse moduli for the JET four-octant 
database.
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[41] with the mechanical resonance period of the vessel  ∼60–
70 ms [41, 45], as shown in figure 14. An example of a complex, 
damped vessel oscillation due to an asymmetrical disruption is 
shown in figure 15. It can been seen that an asymmetrical ver-
tical displacement event (VDE) has two phases, namely a first 
axisymmetric phase which is pure vertical displacement (m/n 
= 1/0 mode) and a second asymmetrical phase characterised 
by m/n = 1/1 dominated mode [14]. Hence, vertical force (Fz) 
and vessel roll arise at the same time (dashed line in figure 15) 
as exponential plasma vertical displacement. Sideways force 
(FNoll) and vessel radial displacement start to grow in a second 
phase (dashed dotted line in figure 15).

The directional impulse Imp ,r  which we believe is respon-
sible for the radial vessel displacement, is compared with max-
imum vessel radial displacement over 1904 JET disruptions in 
figure 16. It indicates an approximately proportional relation-
ship between magnetic and mechanical measurements, which 
is consistent with early limited JET data presented in [38, 41].

The distribution of the directional impulses in JET do not 
have a large degree of asymmetry over the toroidal angle; see 
figure 17. However, there is a preferred toroidal phase of the 
sideways force impulses which dwell mainly in quadrant #3.

The radial displacement mechanical measurements dem-
onstrate a good correlation with magnetic diagnostic measure-
ments in terms of magnitude and toroidal angle; see figure 18. 
Hence the estimation of the magnitude and direction of JET 
radial vessel displacement can be carried out with only the 
magnetic measurements.

In this paper we do not project the JET data to the larger 
machine. But we can confirm that the models described in [1, 
25, 41] do not contradict the presented JET data. The simple 
scaling of JET sideways forces to ITER was made in [10], 
where it was noted that for the accurate calculation of the side-
ways forces a relevant wall model linked to kink mode evo-
lution is needed. However, the scaling of the sideways force 
impulses (including mode duration and rotation) is the most 
difficult part of the forecast.

5. JET and COMPASS Ip asymmetry data

The magnitudes of the JET and COMPASS smoothed Ip asym-
metry show a good agreement: the magnitude of Ip asym-
metry is below ~20% of the pre-disruptive Ip for the whole 
range of the recorded disruptions in JET and COMPASS; see 
figure 19. However, instantaneous values of Ip asymmetry can 
potentially be affected by the noise pollution of the measured 
quantities and the chosen smoothing procedure.

Hence, a more reliable quantity [14], namely the integral 

∫=A A tdp
asym  has been used to quantify the severity of Ip 

asymmetries. Figure  20 presents the normalised severity of 
Ip asymmetries as a function of the normalised CQ duration 
for the JET four-octant database and the present COMPASS 
database. The τ80-20 is the CQ time extrapolated from the time 

taken to quench from 80 to 20% of Ip
dis. The plasma cross-

section area is not a reliable parameter during CQ, hence for 
comparison purposes =S πa2 was calculated for circular 
plasma with the minor radius of the limiter, =a m1.00JET  and 

=a m0.20COMPASS . The maximum of the normalised integral 
of Ip asymmetry is located in the 2–15 ms m−2 domain of the 
normalised CQ duration. Although COMPASS data is in line 
with the large-scale JET database, the COMPASS outermost 
points are higher than the JET C-wall highest points by a 
factor of about 2. The extreme COMPASS disruption is shown 
in figure 21. Nevertheless, taking into account the relative size 
of COMPASS, JET and ITER, COMPASS and JET provide 
multi-machine identically treated disruption data that can be 
extrapolated to ITER; see figure 22.

6. Rotational data

The 3D structures, which appear in JET as Ip and MIZ toroidal 
asymmetries, usually rotate [10, 13, 14]. Various types of 
rotation were identified in JET: nearly uniform multi-turn 
rotations, locked rotations, rotation reversals and others  

Figure 14. The current JET vessel supports; see detailed explanation in [41].
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[10, 13, 14]. The observed rotation of the Ip asymmetries are 
in the range of  −5 to  +10 toroidal turns (a positive value 
indicates anticlockwise rotation opposite to the negative 
plasma current and negative toroidal field), where the plasma 
current and the toroidal field are in the anticlockwise direc-
tion, i.e. rotation is most commonly seen in the electron drift 
direction. The maximum observed numbers of turns are 9.5 
(#69311) and 7.9 (#72926) for JET-C and 6.3 (#81990) for 
JET-ILW. Distributions of the number of rotations for the 
entire JET-ILW disruption database are shown in figure 23. 

COMPASS usually reveals nearly locked rotations; see 
figure 24. However, multi-turn Ip asymmetries rotations were 
also observed on COMPASS, as shown in figure 7, in contrast 
to early COMPASS-D data [44].

The uniform multi-turn rotations are of particular concern 
in large machines because resonance with natural frequencies 
of the vacuum vessel (and other in-vessel components) could 
lead to the high dynamic amplification of the forces. There are 

Figure 15. The JET vessel undergoes a complex, damped 
oscillation: (a) plasma currents, (b) plasma current centroid vertical 
displacements, (c) vessel vertical (swing) force, (d) vessel roll, (e) 
radial vessel displacement, ( f ) sideways force estimation by Noll’s 
formula.

Figure 16. Relationship between directional impulse and JET 
vessel radial displacement.

Figure 17. Phase-amplitude distribution of the directional impulses 
against a JET top vessel view used as background. The percentages 
show the fraction of the shots which dwell in the corresponding 
quadrant.

Figure 18. Vessel radial displacement orthogonal components 
in direction #5 to #1 octants and #7 to #3 octants against the 
corresponding sideways force impulses.
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two conditions that must be fulfilled to give dynamic amplifi-
cation: (a) rotation occurs near a resonance frequency and (b) 
more than two periods take place [4]. On JET the mechanical 
resonance period of the vessel (~60–70 ms [45]) is longer 
than the duration of the rotation (see figure  20, where S = 
3.14 m2), hence dynamic amplification is not expected. The 
ITER mechanical resonance period could be shorter than the 
duration of rotation leading to the issue of the sideways force 
dynamic amplification [4]. It is worth mentioning that there is 
currently no unchallenged understanding or robust model of 
the rotation behaviour.

7. The edge safety factor at a disruption

The equilibrium reconstruction in JET and COMPASS is 
performed by using the EFIT code [46]. On JET, the stan-
dard (‘intershot’ in JET jargon) EFIT reconstructions [47] 
are carried out throughout the disruption until the last con-
verged equilibrium. This allows the trend of the equilibrium 
parameters from the early stage of CQ to be found. To dis-
criminate between 2D and 3D disruptions, the safety factor 
time behaviour was checked for the complete JET IL-wall 
disruption database (1040 disruptions as mentioned in 

Figure 19. JET and COMPASS amplitude of smoothed Ip asymmetry, where for JET data the first shot number indicates the number in the 
legend of asymmetrical disruptions and the second number is the total number of recorded disruptions.

Figure 20. JET and COMPASS data showing the Ip asymmetry 
integral normalised by the current quench time versus the area 
normalised CQ time.

Figure 21. COMPASS extreme asymmetrical disruption: (a) 
plasma currents, (b) amplitudes of the Ip asymmetries form Ip1, Ip9, 
Ip15 (A3p

asym) and Ip1, Ip9 (A2p
asym), (c) Ip asymmetry toroidal phase,  

(d) q95 edge safety factor. The time axis is normalised to Tdis.

Nucl. Fusion 55 (2015) 113006



S N Gerasimov et al

11

section 3). However, it can be difficult to obtain equilibrium 
reconstruction in the vicinity of disruptions. Typically, EFIT 
fails for a few time slices (0.2 ms between slices) among the 
last two converged equilibria. After a manual analysis of 
tens of pulses, it was decided to use equilibrium reconstruc-
tions if the number of such consecutive faulty slices does not 
exceed 4.

The most severe (in terms of ∫=A A tdp
asym ) 3D (asym-

metrical) disruptions are shown in figure 25. It can be seen 
in some cases (we term them as a ‘first cluster’), which are 
characterised by large Ip asymmetries and consequently 
large sideways forces, the development of the toroidal asym-
metry precedes the drop to unity of q95. Hence it creates the 

conditions necessary to grow the low m, n kink mode. The 
mode structure analysis was presented in [14] for one specific 
pulse with a uniformly rotating 3D structure which shows 
mainly 1/1 kink mode.

There are some non-mitigated disruptions (second cluster), 
which remain 2D axisymmetric, and in these cases q95 during 
the early stage of CQ rises from its pre-disruption magnitude; 
see figure  26. Thus, low m, n kink mode magnetohydrody-
namic (MHD) stability is not expected to degrade and the Ip 
asymmetries and the sideways forces remain below the noise 
level of the magnetic diagnostics.

Figure 22. COMPASS, JET and ITER relative dimensions.

Figure 23. Distributions of the number of rotations for JET-ILW 
disruptions.

Figure 24. COMPASS Ip asymmetry non-rotational disruption: (a) 
plasma currents, (b) Ip asymmetry, (c) Ip asymmetry toroidal phase, 
(d) q95 edge safety factor. The time axis is normalised to Tdis.

Figure 25. Time traces for the most severe IL-wall asymmetrical 
(3D) disruptions: (a) normalised plasma currents, (b) normalised Ip 
asymmetries, (c) safety factor from standard EFIT reconstructions. 
The time axis is normalised to the Ip asymmetries starting time.
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In MGI-mitigated disruptions (third cluster) q95 rises 
significantly and any 3D features are below the magnetic 
diagnostic noise level; see figure 27. q95 growth makes devel-
opment of the low m, n kink mode impossible. The third 
cluster of disruptions is axisymmetric and 2D.

The effect of the safety factor magnitude on the severity 
of the Ip asymmetry for the whole IL-wall disruption data-
base is summarised in figure 28. The points represent the last 
‘reliable’ (see above, section 7) converged equilibrium from 
standard EFIT reconstructions. The severest Ip asymmetry 
occurs when the edge safety factor approaches q95 = 1.

There are some disruptions in which MGI with proper pres-
sure and gas composition was not 100% efficient. Figure 29 
presents a disruption when MGI fired into a developed VDE. 
Here the MGI does not prevent a decrease of q95 with time. 
Hence, the Ip asymmetry occurs at a relatively small value. 
The locked mode appears directly before the disruption and it 
is immediately followed by Ip asymmetry. It may be suggested 
that the locked mode was converted to Ip asymmetry for this 
specific disruption.

Figure 26. Time traces for IL-wall axisymmetric (2D) disruptions 
without MGI: (a) normalised plasma currents, (b) safety factor from 
standard EFIT reconstructions. The time axis is normalised to Tdis.

Figure 27. Time traces for IL-wall axisymmetric (2D) disruptions 
with MGI: (a) normalised plasma currents, (b) safety factor from 
standard EFIT reconstructions. The time axis is normalised to Tdis.

Figure 28. Safety factor from standard EFIT reconstructions. 
The points represent the last ‘reliable’ (see definition in section 7) 
converged equilibrium.

Figure 29. An example where MGI was not 100% efficient as it 
fired in developed VDE. (a) Toroidally average plasma currents, (b) 
DMV voltage drop indicates the activation time, (c) Ip asymmetry, 
(d) safety factor from standard EFIT reconstructions, (e) vertical 
current centroid displacement, ( f ) locked mode amplitude. The time 
axis is normalised to Tdis.
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Sometimes the MGI was fired too late, but still reduced the 
level of the Ip asymmetry somewhat; see figure 30. Such cases 
should be treated as an MGI fault.

On COMPASS, the standard EFIT [48] reconstruction 
uses a basic set of inputs: toroidal field, plasma current, cur-
rents in PF coils and 16 tangential pick-up coil measurements. 
The q95 data presented were calculated in manual EFIT 
runs for a time resolution of 0.1 ms and were cross-checked 
against runs with different EFIT settings (different weights 
of individual inputs, different convergence criteria and higher 
degree of polynomial of current profile representation). The 
EFIT-induced current module was used to calculate toroi-
dally symmetrical eddy currents in the vacuum vessel with 
fixed location of an elliptical plasma current cross-section 
[48]. The reconstructions with various EFIT setups exhibit a 
small variation (⩽15%) of q95. The COMPASS examples of 
the q95 behaviour are shown in figures 7, 21 and 24.

The whole of the IL-wall JET disruption database and the 
limited number of COMPASS disruptions examined confirm 
that the development of the toroidal asymmetry precedes the 
drop of q95—sometimes down to unity.

8. Asymmetry in the toroidal magnetic flux and its 
possible physical interpretation

In addition to toroidal asymmetry of the plasma current, the 
toroidal asymmetries are clearly visible as an asymmetry in 
the in-vessel poloidal voltage (i.e. the toroidal magnetic flux 
or diamagnetic signal derivatives) measured at 5 kHz in JET 
since 1994.

Two characteristic cases can be distinguished in the data: 
the ‘rotational’ mode and the ‘locked’ one, as shown in 

figure 31. There is clear phase correlation between the asym-
metry of plasma currents, vertical plasma current centroid 
displacements and poloidal voltages for a uniform rotational 
mode, as shown in figure  31(i), where the associated time 
window is marked by blue and green.

As explained in [22, 25], the toroidal asymmetry in the 
plasma currents is related to the MHD effect of the magnetic 
flux conservation, which generates the negative currents (that 
we termed Hiro currents) in the wall at the wetting zone of 
the plasma contact with the plasma-facing wall structures. 
Understanding of the asymmetry in the diamagnetic signal 
requires a step beyond the MHD model.

Let us first consider a simple case of an axisymmetric ver-
tical disruption. The additional physics of VDE are illustrated 
by figure 32 (generated by the VDE code recently developed 
in PPPL). In simulations, the vertical motion of initially 
unstable elongated plasma is stopped by the excitation of the 
toroidal Hiro currents along the tile covered surface, which is 
consistent with the recent measurements on the EAST device 
[49]. The eddy currents in the wall contribute to the force bal-
ance as well. The plasma shape at the wetting zone becomes 
conformal to the tile surface with two Y-points in the PF struc-
ture at the edges of the Hiro current layer.

The later plasma evolution and shrinking of its cross-sec-
tion is controlled by the decay of the Hiro currents. At this 
stage of the VDE the plasma core shrinks and releases its par-
ticles to the open field line, thus creating and maintaining the 
halo zone. The loop voltage due to the presence of the negative 
Hiro currents and shrinkage of the plasma cross-section drives 
the force-free compensation current (to compensate for both 
toroidal Hiro current and of the shrinkage of the cross-section) 
at the edge of the plasma core. The loop voltage also drives 
the halo current, which is charged plasma particles driven to 
the wall along the open field lines in the halo zone. These 
halo currents are limited by the particle source and, unlike 
Hiro and eddy currents in the wall, play a minor role in the 
global force balance. In order to emphasise these two proper-
ties, they are referred to here as Evans currents (introduced in 
[25]), which distinguishes this type of halo current from its 
conventional concept [50], which assumes an association with 
the large forces.

The particles released from the plasma core determine the 
‘source-limited’ Evans currents in the halo zone IEv as

⩽I
N

t
e

d

d
,Ev e

 (14)

where e is the electron charge and Ne is the number of elec-
trons in the plasma core.

Note that the poloidal component of the Evans currents 
creates an extra paramagnetic toroidal flux in the halo zone, 
which can be measured by diamagnetic loops.

For the 3D case of the VDE, with a developed kink mode, 
the simulations that would give the geometry of the plasma 
cross-section, wetting zone and magnetic field are not yet pos-
sible. An illustration of such an asymmetrical VDE in JET is 
presented in figure 33. The halo zone is expected to be wide 
at the Hiro current area of the plasma contact with the wall 
where the open field lines are formed. Accordingly, while 

Figure 30. A case where MGI was not 100% efficient as it fired 
too late. (a) Toroidally average plasma current, (b) DMV voltage 
drop indicates the activation time, (c) Ip asymmetry, (d) safety 
factor from standard EFIT reconstructions. The time axis is 
normalised to Tdis.
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the toroidal flux inside the plasma core is the same in all its 
poloidal cross-sections, the Evans currents in the wider halo 
zone near the plasma contact generate the extra paramagnetic 
flux at the wetting zone.

The sign of the asymmetry on the diamagnetic voltage in 
figure 31(i) is consistent with this explanation. Based on the 
total particle charge inventory in the JET plasma shots #72926 
and #70100 of Q    600–700 C and the tcq    30 ms CQ time, 
the source limitation on the Evans current would be expected 

to be Q/ tcq ~ 20 kA. The necessary level of the Evans currents 
to explain the toroidal flux asymmetry can be assessed from 
the general expression Φ = BS (where Φ, B and S are the mag-
netic flux, magnetic field and area, respectively) as

∫≅ ∆ ⋅I
μ

V t
L

S

1
d ,

t

l
Ev

o
d

Ev

halo (15)

where μo is the vacuum magnetic permeability, LEv is the 
toroidal length of the Evans current circuit and Shalo is the 
cross-section area of the halo zone. The time integral gives 
the excess of the toroidal flux in the halo zone. Using LEv 
= 5 m and Shalo = 0.2 m2 as the reference numbers, then 

∫Φ = ∆V td
t

ld     1.0 mWb (#72926), and the estimate for 

the rotational kink mode gives IEv    20 kA, which is consis-
tent with the limit estimates. For the locked mode (#70100) 
Φ    2.0 mWb the similar estimate is IEv    40 kA, which 
exceeds the source limitations and explains the decay of the 
diamagnetic voltage in the locked kink mode case seen in 
figure 33 due to the saturation of the Evans currents.

It is worth noting that the toroidal flux inside the plasma 
core is the same in all poloidal cross-sections of 3D equilib-
rium, hence the 3D effect alone cannot explain toroidal vari-
ations of the measured toroidal flux without some wall touch 
involvement.

9. Unfavourable effect of the MGI disruption 
mitigation

MGI is routinely used to mitigate disruptions in JET. In 2014 
(from #86025 shot onward), MGI was successfully fired into 
66% of the disruptive shots. As described above, MGI pre-
vents large sideways forces leading to a greater degree of axi-
symmetry. However, MGI also produces fast plasma CQ and 
respectively high vessel eddy currents, as shown in figure 34, 
where the amplitude of the eddy current in the JET passive 

Figure 31. JET Ip asymmetrical disruptions. (i) Rotational mode disruption and (ii) ‘locked’ mode disruption: (a) plasma currents, (b) 
asymmetry of the vertical current centroid displacement, (c) Ip asymmetry, (d) Vp poloidal voltage asymmetry, (e) Ip asymmetry toroidal 
phase. The time axis is normalised to Tdis.

Figure 32. Simulation by VDE code. Illustrative example of an 
initially unstable (grey shadowed flux surfaces) plasma cross-
section and intermediate equilibrium configuration maintained by 
the toroidal Hiro along the tile surface with the plasma core and the 
halo zone with the Evans currents.
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structure is shown, as defined by (3) for the C- and IL-wall, 
for MGI and non-MGI disruptions.

The MGI disruption τ80-20 CQ times are mainly in the 10–
20 ms region with the normalised amplitude of the eddy cur-
rent up to 30%; see figure 35.

Electromagnetic simulations of the eddy currents induced 
in the JET vessel were done with the 3D EM code CARIDDI 
[51]. The model includes the vessel, the restraint rings and 
divertor structures. The currents induced in these structures 
are correctly taken into account in the overall computation. 
The iron core is also included in the model with its 3D geom-
etry. An axisymmetric disruption has been considered, in 
which the plasma CQ has been simulated as fixed toroidal 
filaments carrying a linearly time-varying current. The com-
putation was done for several different linear CQ times. The 
currents in the PF coils have been assumed as constant during 
the event, although the real PF currents vary in time due to 
inductive couplings and voltages imposed by the power sup-
plies. However, even with this approximation, there is some 
agreement between the modelling results and the experimental 
data, as can be seen in figure 35.

The peak eddy current density distribution for 1 MA 
plasma with a 20 ms linear time-varying CQ is shown in 
figure  36. The induced current tends to bypass the ports 
flowing through the extensions. The current density appears 
higher in regions where the section is smaller—a high cur-
rent density does not necessarily mean a high current. The 
model also includes the restraint rings and divertor struc-
tures, although they are not shown in the figures  for the 
sake of clarity. The highest eddy current density appears 
near the ports.

Sometimes disruption can cause damage to in-vessel diag-
nostics. Figure  37 demonstrates a clearly visible pick-up 
poloidal coil fault during a special MGI-mitigated disruption. 
The disruption mitigation valve DMV1 (see figure 10) fired a 
mixture of 60% (D2)  +  40% (Ar) at 33 bar pressure at 7.5 ms 
before the disruption (t = 0 in figure  37). The maximum 

voltage induced on a similar coil with similar poloidal and 
toroidal location is ~10 V, occurring at t = 0. The maximum 
eddy current of ~1 MA can be seen at t = 10 ms. The pick-
up coil (named P803B) failed in between these two events at  
t = 5 ms. It is unlikely that a short ~10 V impulse alone can 
cause any coil damage. The forces due to the eddy currents 
cannot affect the coil wires. We can speculate that (a) the 
absorption of hydrogen and the formation of titanium hydride 
are a source of damage to titanium coil wires; hydrogen 
embrittlement can eventually lead to bursting (spalling) of 
titanium wires; (b) titanium may burn in nitrogen, which is 
used for seeding experiments in JET [52]; (c) the gas dis-
charge may glow inside the coil shield and shorts the coil. The 
post-mortem photo presented in figure 38 suggests that events 
(a) and (b) occurred.

Figure 33. Interpretation of the observed toroidal magnetic flux asymmetry during a VDE with a kink mode. A wide halo zone in the 
vicinity of the plasma-wall contact shown with the Hiro and Evans currents. The Evans currents generates the extra paramagnetic flux in the 
wetting zone.

Figure 34. The amplitude of the eddy current induced in JET 
passive structures; see formula (3) and figure 4.
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10. Outstanding issues

The sideways force impulses in JET have a preferred toroidal 
phase that may be caused by intrinsic error fields—this phe-
nomenon requires further investigation.

The MGI is routinely used to mitigate disruptions in JET, 
but the effect of the resulting large eddy currents and large 
quantity of gas (particularly hydrogen) used in the injections 
remains to be assessed.

The toroidal asymmetries are clearly visible as toroidal 
plasma current asymmetries and poloidal voltage (i.e. para-
magnetic flux derivative) asymmetries. The physical interpre-
tation provided in section 8 could be improved by taking into 
account additional observations. The correlation between the 
toroidal and poloidal vessel current asymmetries provides an 
opportunity for the calibration of the numerical models.

The simulation with the 3D EM code CARIDDI used the 
PF circuit with a fixed current, which is not physically accu-
rate. A more self-consistent simulation would be to consider 
the PF coils with their actual resistance and driving circuit.

Four or more toroidally distributed plasma current meas-
urements on COMPASS will definitely improve the accuracy 
of the analysis.

11. Summary

The presented data cover the period of JET operations from 
2005 until late 2014, and recent COMPASS data. The latter 
have been found to be in line with the large JET disruption 
database in terms of amplitude of the plasma current asym-
metries and toroidal rotation behaviour.

The observed rotation of the Ip asymmetries are in the 
range of  −5 to  +10 toroidal turns, which cover the domain 
of the possible dynamic amplification of the sideways forces 
in ITER.

The IL-wall JET disruption database and all of the exam-
ined COMPASS disruptions confirmed that the development 
of the toroidal asymmetry precedes the drop of q95—some-
times down to unity.

JET radial vessel displacement correlates with sideways 
force directional impulse, which is estimated only from the 
magnetic diagnostic. Hence the estimation of the magnitude 

Figure 35. The normalised amplitude of the eddy current induced 
in JET passive structures, as a function of the CQ time. The black 
line is the result of the CARIDDI simulation.

Figure 36. The eddy current density distribution for 1 MA plasma 
with a 20 ms linear time-varying CQ. The model includes the 
restraint rings and divertor structures, although they are not shown 
in the figures for the sake of clarity.

Figure 37. A fault of the poloidal pick-up coil during a special 
MGI-mitigated disruption; gas: 60% (D2)  +  40% (Ar), pressure: 33 
bar, DMV1. (a) Plasma current, (b) sum of divertor PF currents and 
eddy currents, (c) waveforms of two neighbouring pick-up coils in 
octant #8, (d) dB/dt H301 coil. The time axis is normalised to Tdis.
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and direction of JET radial vessel displacement can be carried 
out with only the magnetic measurements.

For the first time the asymmetries in toroidal flux measure-
ments by the diamagnetic loops and their possible physical 
interpretation is presented.

The JET and COMPASS study on 3D effects during the 
Ip CQ provides unique experimental data that can help to 
improve the understanding of disruptions and to develop and 
to calibrate numerical models, which could be used to predict 
the loads with future machines, such as ITER.

MGI significantly reduces the Ip asymmetries during 
the plasma CQ, leading to a greater degree of axisymmetry 
and thus preventing large sideways forces in JET. However, 
MGI produces fast CQ and respectively high vessel eddy 
currents, which expose the machine to additional stresses. 
The large quantity of gas (particularly hydrogen) used 
during injection may create additional problems for in-
vessel components.
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