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1. Introduction. Recently a problem of the sideways forces during and because of the plasma 

disruptions in tokamaks became a hot topic of theoretical debates [1–3]. Discussions of the 

related aspects and comparison of some predictions with experimental data from JET can be 

found in [4–6]. The problem belongs to the research priorities of ITER studies because 

significant uncertainties remain in quantitative modeling of the electromagnetic loads 

associated with unmitigated disruptions in ITER. 

 Several mechanisms are discussed [1–6] that can contribute to the force, but the 

approaches are still fragmentary and incomplete. For example, the opinion that “the repelling 

force between the plasma and the vessel is of little significance in asymmetric events” [5] is 

completely opposite to the reasoning in [2]. Also, there is no yet agreement on the key elements 

of the process and boundary conditions in the task [1–3, 6]. 

 Here the model of electromagnetic interaction between the current carrying systems [5] 

is re-examined and the estimates of the forces during fast current quenches in tokamaks are 

presented. In [5], the eddy current forces have been neglected, but here we take them into 

account and show that their contribution into the integral force can be large.  

2. Formulation of the problem. Our analysis is essentially based on classical results of the 

plasma equilibrium theory [7, 8]. In those papers (see also [9]), the force balance has been 

calculated for a tokamak treated as a system of three interacting elements: plasma, toroidal field 

coils and poloidal field coils. Here we add the fourth element, the wall with a current either 

dynamically induced or resulting from the halo currents. Another difference from [7–9], where 

a static equilibrium has been examined, is that we consider the current quench stage of the 

tokamak disruptions. This means a fast evolution of the plasma with its inevitable motion. 

Though this is far from equilibrium, the plasma inertia plays a minor role and can be neglected 

compared to the electromagnetic forces described by Bj , where B  is the magnetic field and 

0/Bj  is the current density. In ITER, the current quench duration tq  is expected to be 

about 36  ms [10], while the resistive wall time is estimated as 34.0w  s [11]. With wtq , 

the fast change in B  inside the tokamak chamber will be shielded by the currents induced in the 

chamber wall. Here we assume finite ttq /B  inside, but with 0/ tB  in the outer region.  
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3. Calculation of the force. Here we calculate the ballooning force on the wall, 

wall

Rw dVF eBj )( ,      (1) 

where RRe  is the unit vector along the major radius. This requires j  in the wall, but the 

integral nature of (1) and careful account of the interaction between all 4 elements of the system 

allows estimation of wF  without knowledge of j .  

 The radial force balance in this toroidal system is 

tcwp FFFFF ,     (2) 

where  

plasma

Rp dVpF eBj )(      (3) 

is the force on the plasma (its pressure p  can be neglected at a current quench), and 

i

iRkiik dVF eBj )(      (4) 

is the integral force acting on the element i  (with current density ij ) from the element k  

(creating the magnetic field kB ). Accordingly,  means wall ( w ) plus plasma ( p ), c  the 

poloidal coils, and t  the toroidal coils. A force iiF  describes the interaction of the current ij  

with the field iB  produced by the same current. 

 It is clear that (with or without plasma-wall contacts) 

wwpp FFF       (5) 

because always 0wppw FF . If 0/ tB  in the outer region, the forces on the coils must 

remain constant during the quench. Therefore  

00

ptpctc FFFF ,      (6) 

where 0

pcF  and 0

ptF  are the values of piF  before the disruption. In the initial state we have 

00000

ptpcppp FFFF .     (7) 

Combination of (2), (5), (6) and (7) yields 

pppwwppw FFFFF 0 .     (8) 

 According to [7–9]  

22
1

8
ln

2

0

2

0 pi
pp

a

RJ
F


,    (9) 

where J  is the net plasma current, a  is the plasma minor radius, 0R  is its major radius,  
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22 / Ji BB       (10) 

is the internal inductance per unit length of the plasma column ( f  stands for the averaged over 

the plasma transverse cross section),  

a

J
BJ

2

0       (11) 

is the poloidal field B  at the plasma boundary,  

2

0 /2 Jp Bp      (12) 

is the ‘poloidal beta’ with p  the plasma pressure and 7

0 104  H/m the vacuum 

magnetic permeability (SI units are used here). 

 The same logic and approach as described in [7–9] can be also applied to a system  

(plasma plus wall). The result is a natural generalization of (9): 
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where i  and p  are defined similarly to i  and p , but now with averaging f  over the 

volume inside the vessel ( wr r ) instead of f , wr  is the minor radius of the wall, and wJ  is the 

net current in the wall. At the current quench, the plasma pressure contribution is negligible. 

Then 0p , and we need only i  here. 

 For a circular large-aspect-ratio plasma, we have in the plasma-wall vacuum gap 

raBB J /       (14) 

with JB  defined by (11) and r  the radius counted from the plasma centre in the perpendicular 

cross-section. The integration over the volume inside the vessel yields  

a

r
BVdVB w
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ln222  ,     (15) 

where 0

222 RaVp  is the plasma volume. In the geometrically thin wall, the magnetic energy 

must be small. Disregarding it, but allowing for B  variation across the wall, we obtain 
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where wr  means the outer side of the wall. 

 The ideal wall assumption implies that 

0JJJ w ,      (17) 
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where 0J  is the plasma current before the quench. Under this constraint, combining (13) with 

0p  and (16), we obtain from Eqs. (8) and (9) 
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.   (18) 

The first term describes the force that appears due to the thermal quench when 0wJ  and p  

drops from 0

p  to zero. It is constant at the current quench when an additional force 

2 2

0( )J J  appears that is related to the magnetic energy redistribution in the inner region. 

4. Discussion. The latter formula is obtained at 0/ tB  in the outer region. In reality the 

disruption duration may be longer than the wall time [5]. In such cases equation (18) can serve 

as an upper estimate for JET. However, the ideal-wall limit seems to be pertinent at the 

mentioned ITER expectations [10, 11]: 36tq  ms and 340w  ms. 

 Being essentially different from the Noll’s formula [2, 4–6], equation (18) represents a 

mechanism that was not accounted for in [2, 4–6]. Accordingly, the force (8) is an addition to 

the Noll’s and other disruption forces discussed in [1–6, 10]. For tokamaks with a large current, 

formula (18) predicts quite a large value of wF . Thus, this force must be an important 

contribution of the force balance in ITER. 

 The presented approach is based on the integral force balance required for a plasma 

equilibrium in a tokamak. The algorithm outlined by equations (1)–(8) is quite general and can 

also be used in other tasks where the wall becomes a current carrier. Here the outward 

penetration of the plasma-produced perturbation is assumed weak because of the skin effect in 

the wall. For slower events, the wall resistivity has to be properly incorporated. 
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