Electromagnetic Forces on a Metallic
Tokamak Vacuum Vessel Following
a Disruptive Instability.

A Simplified Approach Assuming
Quasistationary Vessel Surface Currents.

D. Eckhartt

IPP III/50 April 1979

[P

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK

8046 GARCHING BEI MUNCHEN




MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK

GARCHING BEI MUNCHEN

Electromagnetic Forces on a Metallic
Tokamak Vacuum Vessel Following
a Disruptive Instability.

A Simplified Approach Assuming
Quasistationary Vessel Surface Currents.

D. Eckhartt

IPP III/50 April 1979

Die nachstebende Arbeit wurde im Rabmen desVertrages zwischen dem
Max-Planck-Institut fiir Plasmaphysik und der Europiischen Atomgemeinschaft iiber die
Zusammenarbeit auf dem Gebiete der Plasmaphysik durchgefiibrt.




IPP III/50 D.Eckhartt Electromagnetic Forces
on a Metallic Tokamak
Vacuum Vessel Following
a Disruptive Instability.
A Simplified Approach
Assuming Quasistationary
Vessel Surface Currents.

Abstract

During a "hard" disruptive instability of a Tokamak plasma
the current-carrying plasma is lost within a very short time,
typically a few milliseconds. If the plasma is contained

in a metallic vacuum vessel, electric currents are set up

in the vessel following the disappearance of the plasma
current. These vessel currents together with the magnetic
fields intersecting the vessel generate electromagnetic

forces which appear as mechanical loads on the vessel.

In the following note it is assumed that the vacuum vessel is
surrounded by an "outer equivalent" or "flux-conserving" shell
having a characteristic time of magnetic field penetration
which is long compared to the time of existence of the vessel
currents. This property defines the distribution of vessel
current densities (and hence the load distribution) without
referring to the exact mechanism or time sequence of events

by which the plasma current is lost.

Numerical examples of the electromagnetic force distribution
from this model refer to parameters of the JET-device with
the simplifying assumption of circular cross-sections for

plasma current, vacuum vessel, and outer equivalent shell.




1. Introduction

When a current-carrying Tokamak plasma suffers from a hard
disruptive instability the plasma current or a major part
of it is commutated into the surrounding metallic vacuum
vessel torus. If this vacuum vessel is composed of elements
with different electric resistivity the vessel currents are
split up into two parts: one part called "passing current"
is flowing solely in longitudinal (or toroidal) direction,
the other one is also flowing in direction of the minor
circumference (poloidal direction) and is called "saddle
current". These currents interact with the magnetic fields
crossing the vacuum vessel, viz., the vertical maintaining
field required for equilibrium of the unperturbed plasma
and the main magnetic field in toroidal direction required
for the stability of the plasma. Mechanical loads on the
vacuum vessel arise from these interactions resulting in
locally distributed compressive and shearing stresses. The

summation of these loads leads to global effects such as

- a centripetal force which tends to crush the vacuum vessel

in the same way as the outside atmospheric pressure, and

- a tilting moment which tends to rotate each element of

constant electric resistivity out of the equatorial plane.

In order to assess the order of magnitude of these global
effects let us consider for a moment the centripetal force

resulting from the interaction between passing currents and
the external vertical equilibrium field, %L0+)

petal force can be estimated from the Lorentz-force on a

The centri-

current-carrying plasma loop:
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+) for a list of symbols used see Table I
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This centripetal electromagnetic force can be compared with
the force from the outside atmospheric pressure, | acting

in the same direction:

to arrive at a scaling
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When passing from present-day Tokamak experiments with tens
of kiloamperes of plasma current to future experiments with
plasma currents in the mega-ampere range, the plasma current

density, —%% , the inverse aspect ratio ??, as well as the
c

plasma parameterg 8,9 and é?, are only slowly varying quantities.

Hence the ratioﬁrg roughly scales as the plasma current, Ipl’
at

i.e., it increases by two orders of magnitude for the range of
plasma currents considered above.

On the other hand, the quantity of material for the construc-
tion of the vacuum vessel and its supports has to be kept

as small as possible for cost reasons. Hence the magnitude of
the electromagnetic forces due to a disruptive instability be-
comes a decisive factor when designing the vacuum vessel for

future large experiments.

When calculating the electromagnetic forces one has to remember

that the series of events which take place during a disruptive




instability and the accompanying loss of current-carrying
plasma are not fully understood. Different models can be
used, therefore, to describe these phenomena, and using a
minimum number of disputable ad-hoc assumptions. In addi-
tion, several simplifications have to be made for an analyti-
cal treatment of the problem. On the other hand, in order to
estimate the electromagnetic force distribution required for
the stress analysis of the vacuum vessel, a first approach
can be made by assessing the maximum values of these forces

(their amplitudes) thus neglecting dynamic effects.

2. The Present Model

A simplified approach is used in the following by assuming

that - as a result of the disrupted plasma current - a system
of quasistationary currents flowing in the surrounding vacuum
vessel is established. The interval of time during which these
vessel currents are existing, is long compared to the duration
of the disruptive event as well as to the time required for full
penetration of magnetic fields through the metallic vacuum
vessel. Thus no induction effects need to be considered and

the vessel can be treated as "thin shell". The time of exist-
ence of the vessel currents is short, however, compared to

the time of magnetic field penetration through an "outer
equivalent shell" surrounding the vacuum vessel - this shell
being formed by the system of poloidal field windings. Thus

the outer equivalent shell is conserving the poloidal magnetic
flux during the time of existence of the vessel currents. Hence
all components of the magnetic field penetrating the shell
before the disruption have to be retained during the time con-
sidered+). This magnetic field is composed of the maintaining
field required for plasma equilibrium, plus the magnetic field
generated by the plasma current before it disrupts. As the main-
taining magnetic field is created by external sources not af-
fected by the plasma disruption, it is the magnetic field of

+)

Strictly speaking: it is only the magnetic field component
normal to the surface of a super-conductor to which this con-
sideration applies.




the disappearing plasma current which has to be "replaced"

by the magnetic fields originating from the quasistationary
vessel currents. This condition defines the distribution of
vessel currents and hence,the electromagnetic forces on the
vessel. In the present model the density of vessel currents
is assumed to be composed of a homogeneous part plus a compo-
nent varying periodically along the minor circumference (and

producing a dipole-type magnetic field).

The above ordering of characteristic times appears to be
justified in case of the JET-experiment /2/. In the follow-
ing, all numerical evaluations refer to the parameters of
the JET-machine, as listed in Table I, but simplified for
circular cross-sections of plasma,vacuum vessel, and outer
shell.

The above arguments as regards flux conservation are applied
only to the fields generated by the passing currents. It has
been shown /2/ that for the parameters of the JET-machine,
the effects of passing currents and saddle currents can be
decoupled in a first approximaticn. In other words, once

the magnitudes of the passing currents have been established
as described above, the saddle current density can be deduced
afterwards. In particular, it is only the periodic component
of the passing vessel currents which contributesto the saddle

currents.

3. Current-Carrying Plasma Loop in Equilibrium

The poloidal and radial magnetic field components outside of
a current carrying loop with circular cross-section are taken
from Ref./3/ and refer to a (f-w) co-ordinate system centered

on the (circular) axis of the loop (see Fig.1)
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We now apply these equations to the case of a current-carry-
ing plasma loop in equilibrium with major radius R = Rp.
Constants C1 and c, are determined by the boundary condi-

tions on the plasma surface (g = a) /4/:
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Following Ref./5/ we now identify those terms in egs. (1) and
(2) which are determined by the constant C2 (i.e., those which
do not vanish for §—» o0) with the external maintaining field
required for plasma equilibrium and directed perpendicular

to the plane of the plasma loop: [1/
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The remaining terms in egs. (1) and (2) describe the magnetic

field components generated by the plasma current itself
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In general, the circular axis of the toroidal plasma loop
defined by R = Rp' does not coincide with the axis of the
vacuum vessel, R = RO (being identical with the axis of
the outer shell) but will be shifted by an amount 4 (see
Fig.2).

Rp=Ro+ A = Ro(i+a), A 7 ©

0

We therefore need to express the field components of egs. (7)
and (8) in terms of a (r,") co-ordinate system centered at
the axis of the vacuum vessel at R = Ro. As seen from Fig.3,

the following transformation formulae apply:
B, =By -2 B, =
Bo =Fy + f§_~.gf> 7w N
T
A N = g (10)
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In carrying through this transformation we neglect terms of
the order (3?)2 as well as higher harmonics (cos2+%, sin2-N...)

to arrive at
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The first term in eq.(11) can be simplified by developing

r ; r 2 :
In R and neglecting (§§_) and higher orders:
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The second term in eq.(13) turns out to be small compared

to unity if A is sufficiently small+). In this particular
case egs.(11) and (12) become
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It should be noted that, in eqgs.(14) and (15), the functional
dependencies on r and > are the same as on § and <2, resp.,
in egs.(7) and (8).

4. Magnet Fields of a Toroidal Current-Carrying Thin Shell

We now derive the magnetic field components produced by
currents flowing in toroidal direction on the surface of

a toroidal thin shell with major radius RO and minor radius

¢ with no external current sources. The surface current density
is assumed to be composed of a homogeneous part, jo’ and a

first harmonic with amplitude j1

& o

JV = Jo *J,G&’Q“ (16)

+)wz.th the numbers_of Table I for the case of JET this term

is less than 10~ -3




such that the total net current becomes
27T
_ e d&H — i 17
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For the magnetic fields outside the shell eqgs. (1) and (2)

apply with C2=O (no external current sources)
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It can be seen that the dipole-type contribution (i.e. in-

fluence of j1) is included in the constant C1 /6/.

The field inside the current carrying shell is homogeneous
and directed perpendicular to the equatorial plane of the
toroidal shell /7/. This can be derived from eqgs. (1) and (2)
by considering that the inside field components stay finite
for r5 0 only if all terms except the one with C, are dropped.
We can therefore write

-3519» = 5 - corth (20)
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(21)

By applying the boundary conditions at the surface of the shell
(r = c) we can express Bi and j1 by means of the constant C1
in egs.(18) and (19). These boundary conditions are

- continuity of the normal field component Bar(c) =87

- the jump of the tangential components is equal to the sur-

face current density 'Ba-.Sl (C) g B;'S, = M, (}-0 +J,,(/o:\’19»)




We obtain
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As seen from egs.(18)-(23), the magnetic field outside and
inside the shell is fully determined if the number values of
Iv plus the constant C1 are given. This can be done, for
example, by prescribing the field components at a particular

location (e.g. the surface of the outer equivalent shell).

5. Quasistationary Currents on the Vacuum Vessel Surface

after a Disruptive Instability

Prior to a disruptive instability the plasma current loop

is centered at a major radius R = Rp which is shifted by a
small length A relative to the common axis of vacuum vessel
and outer equivalent shell located at R = Ro (Fig.4) . The
plasma current loop is kept in equilibrium by a homogeneous
magnetic field BLO (eg.(6)) directed normal to the equatorial
plane of the plasma loop in such a way that it weakens the

field of the plasma current at the inner side (smaller major




radius)and strengthens it at the outside. The plasma current
magnetic field components intersecting the outer equivalent

shell are found from egs. (14) and (15) by inserting r = b.

After the plasma current has disappeared (the exact mechanism
not being referred to) a system of longitudinal currents is
set up in the vacuum vessel thin shell. It is distributed in
such a way that the magnetic field given by eqgs.(18) and (19),
in particular the normal component, generated by the vessel
currents at the outer shell (r = b) is equal to the magnetic
field of the plasma current prior to its disappearance. In
comparing the two sets of equations for the magnetic fields
of plasma current and vessel currents, resp., we are led to

the identifications:

Iv’ -LP
e Rp
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Neglecting the relative displacement 7%— as small compared to
o
unity+) these two relations become
- o (24)
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Upon accepting this approximation not only do the two normal
components at the outer shell become equal but throughout
the whole interspace between vacuum vessel and outer equi-
valent shell the field components and hence the magnetic
surfaces remain unchanged. Moreover, no "image currents"
appear at the inner surface of the outer shell (at r = b)

since the tangential field components remain unchanged.

*) for the numbers of the JET-device in Table y-lL-becomes

R
1.8 x 10™2 ®
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Upon inserting relations (24) and (25) into egs. (17) and (23)

we obtain for the first harmonic§of the vessel current surface

density (with E% = 35—)

o
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and for the magnetic field generated by the surface currents

inside the vacuum vessel (see eq.(22)) /8/

B = - polp [, &0 a¥(1+3)+24 R

= P = 2 (27)

Hence the total field inside the wvacuum vessel after the dis-
ruption becomes

oo = 2k (ke 1= ) - )

Upon multiplying this expression with cosfg and sinﬁSL, we

arrive at the‘s%— and r-components, resp., of the total in-
side field. Similarily the total magnetic field outside the
vessel is obtained by inserting relations (24) and (25) in-
to egs.(18) and (19) and superimposing %Lo’ as given by

eq. (6):

(8,43
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6. Electromagnetic Pressure Components Due to Vessel Currents

The electromagnetic pressure force'g loading the vacuum vessel
=5

as a result of the interaction between surface currents j and

magnetic flelds'g intersecting the vessel, can be computed from

the vector product

; = 7,02[1',:.(@7 (31)

Here, p is in kp/cm2 if jvand B are inserted in kA/cm and
Tesla, resp., (1T = 104 Gauss) .

We are dealing here only with the effects of the passing
currents jV which, in our notation, are counted positive

if they flow along the z-direction of a (r,éa,z) system of
co-ordinates (Fig.4). They give rise to pressure components
(pn, pz) in the directions normal and tangential to the vacuum
vessel surface. By will be counted positive if it acts as a

compressive force (i.e. pointing in the negative r-direction).

Following Ref./9/ we write the poloidal field components on
the vessel surface (r=c) in the general form

B =B PRRE R \Br(") (32a)

"

R

i

= b, + B8 = B, (<) (32b)

similar to the expression for the vessel current jv (eg. (16)).
The normal field component remaining continuous at r=c, the
presence of the vessel currents, eq.(16), leads to a dis-
continuity in the tangential field component. In order to

calculate the normal component of the electromagnetic press-

e—

ure we have to use the mean value, B of the f}—components

tl’
inside and outside the vessel shell, r=c, (egs.(28) and (29),

resp.). Thus eq.(32b) has to be replaced by

—
—_—

B = B, +ZE, cead (32¢)
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Having expressed the currents and fields involved as har-

monic series the pressure components can be written as
follows /9/

P'mocjv"@: :Z Pm_'c‘”(&)

L=O (33)
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Using the expressions for the magnetic field components
(egs.(32)), and for the vessel currents (eq.(16)) one gets
for the pressure amplltudes in (33) (see Ref./9/)

p. = ho2/]; 5 *%1%/)
Pnq = 7, 2(30\5) i Jq {_-o)

P ol 32k
pr, = 702 go ' Lna

(34)

I
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With this formulation of harmonic components of the electro-
magnetic pressure forces in normal and tangential direction,
P, and Pps Tesp., the global effects such as the centripetal
force can be calculated. This centripetal force, like the
outside atmospheric pressure Pt tends to compress the
vacuum vessel in its major radius R towards the axis of
symmetry. The pressure components are combined into a center-
ing pressure, Pp: directed parallel to the midplane of the
torus /10/

P, = ca»:mS\Z Prs o&{iﬂ) = @&Z =¥ M/z&/
=0 L =0

The centripetal force per angular unit in toroidal direction

is then found by integration over the vessel surface

__f,QopQ-c-a{S
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Fc in kp if R and ¢ are given in cms.

Inserting the numbers for the JET device (Table I), together
with the assumptions about the plasma state prior to a hard
disruption as used in Ref./11/ into the equations for the
vessel currents (eq.(26)) and the magnetic field components
(egs. (28)-(30) for r=c), one gets the following results

}‘0 = 4,6000% 1 7,9305”@1
i, = 0.3% fo‘ B = o,%io;i,%_
By 7800 Dp115 41T, 51 7S 0 026 _;igl
@; ecit :0:29% 7 o = 0,549 0_155
B, = 013¢T P, = 0022 kp
@O = 0,499 " ;% = 431 Yous
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Table I:
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List of Symbols used (if not explained in the text)

Numerical Values

Symbol Meaning for the Circula-
rised JET-Device/11/
R major radius of vacuum vessel 2 96 cm
and equivalent shell
a minor radius of plasma loop 123,9 cm
b minor radius of equivalent shell 270 cm
c minor radius of vacuum vessel 170 cm
ec aspect ratio of vacuum vessel 0,574
Rp major radius of plasma loop
=Rp—R displacement of plasma loop 5,2 cm
I total current of toroidal loop
I plasma current 5,0MA
P
IV net vessel current
jv vessel current density
jO homogeneous part of vessel current
density
j1 amplitude of first harmonic of
vessel current density
8,9 ratio between average plasma press-
ure and energy density of the pol-
oidal magnetic field at the plasma
boundary
‘éi internal inductance of the plasma
loop per unit length
A 1
/L ot 7] 2
310 perpendicular magnetic field to
keep the plasma loop in equilibrium
Fc total centering force
Mo 4)1“.10"9 Vs

Acm
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