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 i  g  h  l  i  g  h  t  s

Axisymmetric  tokamak  iron  core  model  was  developed  and applied  to GOLEM  tokamak.
The core  of  this  tokamak  is  highly  non-axisymmetric  by  having  only  two  limbs.
Model was  sufficient  to characterize  change  of magnetic  fields  by this  core.
Dimensions  of modelled  axisymmetric  parts  needed  to vary  with  toroidal  angle.
Full 3D  model  is  being  developed.
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a  b  s  t  r  a  c  t

This  paper  presents  evaluation  of applicability  of  2D  iron  core  model  for  highly  non-axisymmetric  two
limb  configuration  of GOLEM  tokamak  (former  CASTOR).  Presented  results  explain  the  long-term  discrep-
ancy  between  measured  magnitudes  of external  poloidal  field  and  those  calculated  by air-core  approach
on this  tokamak.  The  model  has  been  applied  to two  poloidal  planes  at different  toroidal  angles  in the
vailable online 30 March 2013
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vacuum  vessel  region  and  has  shown  that  close  to central  column  of  the  transformer,  it is  possible  to
correct  for  3D  effects  by variation  of  chosen  dimensions  of axisymmetric  iron  core  model.  Satisfactory
agreement  of the  2D  model  results  with  the  measured  distribution  of BR field  component  was  achieved.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

A number of tokamaks, including the largest presently operating
evice JET, use the iron core within their plasma current drive sys-
ems. This is advantageous because of lower power consumption of
uch systems and weaker stray fields at the cost of eventual satura-
ion of the core, as well as change of magnetic field configuration in
icinity of the core and of plasma equilibrium. More details on iron
ore influence on MHD  equilibrium can be seen in Refs. [1–3] for
okamaks JET, T-15 and TUMAN-3 respectively. Also, Ref. [4] shows

nfluence of poloidal field change by ferromagnetic core on deter-

ination of vertical plasma column position for tokamak GOLEM
former tokamak CASTOR). Hence, for proper interpretation of

∗ Corresponding author at: Institute of Plasma Physics AS CR, v.v.i., Association
URATOM/IPP.CR, Prague, Czech Republic. Tel.: +420 739810536.

E-mail addresses: markovic@ipp.cas.cz, markovic6453@gmail.com
T. Markovič).

920-3796/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fusengdes.2013.02.142
resonant magnetic perturbation experiments aiming for ELM miti-
gation (see Refs. [5–9]) on tokamaks using iron core, it is necessary
to quantify influence of core. Since perturbative fields are gener-
ated by non-axisymmetric configuration of saddle coils distributed
along outer wall of tokamak chamber [9], the problem becomes
of 3D character. However, standard approach to iron core model
of tokamaks is 2D axisymmetrical, as it is sufficient for inherently
axisymmetric equilibrium reconstruction problems [1–3]. There-
fore, this paper describes the first stage of developement of a 3D
open-source iron core simulation code for calculation of magnetic
fields in iron core tokamaks. Namely, an investigation of applicabil-
ity of axisymmetric 2D approach for intrinsically non-axisymmetric
configuration of tokamak GOLEM (R = 0.4 m,  a = 0.085 m, Bt < 0.5 T,
Ip < 4 kA, operated at the Czech Technical University) is carried out
to provide both first insight into problem and a reference for future

3D code.

Following section briefly introduces general principles of used
integral-based ferromagnetic boundary model. Section 3 describes
shape and dimensions of both real GOLEM core, as well as of its 2D

dx.doi.org/10.1016/j.fusengdes.2013.02.142
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:markovic@ipp.cas.cz
mailto:markovic6453@gmail.com
dx.doi.org/10.1016/j.fusengdes.2013.02.142


8 eering and Design 88 (2013) 835– 838

a
c
s

2

m
p
t
c
s
i
s
a
T
g

�

F
(
t
g
t
o
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xisymmetric approximation. Section 4 then investigates the appli-
ability of such model to experimental data, with findings being
ummarized in Section 5.

. Integral model of ferromagnetic boundary

Ferromagnetic medium generally reacts to presence of external
agnetic fields by induction of eddy currents, refered to as cou-

led currents �, that screen the external sources [10]. In this model,
he whole ferromagnetic material is represented as conditions on
ontinuity of magnetic flux   and tangential magnetic field inten-
ity Htan on both sides of iron-air boundary. Ref. [11] shows how
n that case the image currents, represented by three-dimensional
urface current density vector � which is induced along this bound-
ry, sufficiently characterize influence of core on magnetic field.
he problem is thus transformed into finding a solution of set of
enerally non-linear equations [10]:

(r) − �

2�

∫
S

(
�(r′) × r − r′

|r − r′|3
)

× n(r)dS′
= �

2�

∫
V

(
j(r′) × r − r′

|r − r′|3
)

× n(r)dV ′. (1)

ig. 1. Transformer core of tokamak GOLEM. (a) represents dimensions of real core.
b) shows its modelled 2D equivalent used in paper. Measurement took place at
wo  different toroidal angles: red � = �/2 and green � = �/4. Poloidal coils used for
eneration of measured field are represented as purple rings. (For interpretation of
he  references to color in this figure legend, the reader is referred to the web  version
f  the article.)
Fig. 2. Poloidal plane at � = �/2 of Fig. 1b. Caption specifies polarities and turn
numbers of used coils, location of measurement area within circular cross section
chamber, and components of B� = [BR , BZ].

Here, n represents normale to surface S, j is density of all the

other currents beside � and � = (�r − 1)/(�r + 1). Used model is
hence of integral character, similar to those used in Refs. [3,2,10].
Main advantages of use of integral methods in tokamak iron

Fig. 3. BR density on midplane. Models of �r > 100 and of �r = 1 respectively. � = �/4
(a,  with Rdisc = 1.4Rcen) and � = �/2 (b, with Rdisc = 1.28Rcen).
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ore model are in avoidance of large number of modelled ele-
ents, that would be necessary otherwise for larger distances

rom core at finite-elements method approach [12]. If trans-
ormer surface (and hence �) is discretized into filaments, a
et of equations for �i is obtained. Its solution �i = �i(�) and

 = �(|Bi|) due to �ri = �ri (|Bi|) and therefore �i = �i(Bi). However
t the same time Bi = Bi(�) since local magnetic field depends
ot only on external sources, but also on all of the induced
urrents in ferromagnetic medium as well. Publications [2,1]
rovide some examples on how this non-linearity issue can be
pproached by iteration, using �r(|Bi|) dependency obtained by
nalytical approximation and experimental data interpolation
espectively.

. Axisymmetric model for tokamak GOLEM and
xperimental arrangement

Assumption of toroidal symmetry and of strictly toroidal exter-
al currents, together with use of orthogonality between toroidal
nd poloidal coordinates, yields that only non-zero components
f � vector in Eq. (1) are those of toroidal direction. However,
pplication of this axisymmetry calls for an appropriate shape and
imensions of 2D core equivalent. While an example of such an

quivalent for eight-limb configuration of tokamak JET is described
n Ref. [13], for GOLEM core shown in Fig. 1a is its 2D equiv-
lent depicted in Fig. 1b. Poloidal field coil sets are shown in

ig. 4. Poloidal plane profiles of measured (a) and modelled (b) BR density, � = �/4
ith Rdisc = 1.4Rcen .
 and Design 88 (2013) 835– 838 837

Figs. 1 and 2. Here, current of 600 A maximum per turn was  present
to generate B� . There were no other external currents beside these
present in the experiment, hence local saturation of ferromagnetic
medium did not take place, i.e. �r(|B|) = const. This led to lin-
earization of Eq. (1). Modelled B� was then calculated from known
spatial current distribution of coils and from resultant coupled sur-
face currents of toroidal direction ��(Ri, Zi) along discretized 2D
representation of ferromagnetic boundary. Due to axisymmetry,
cylindrical coordinate system is used as shown in Figs. 1b and 2,
with radius R identified with distance from major axis and polar
angle � identified with toroidal angle �. In this manner, poloidal
field B� = [BR, BZ] (see Fig. 2). B� was  measured inside of toka-
mak  chamber by Hall probe capable of measurement of slowly
varying magnetic fields of low magnitude. Namely, BR component
was investigated due to polarity of coils (see Fig. 2). The measure-
ment took place in two poloidal planes at different �, as shown in
Fig. 1.

4. Comparison to measured data and discussion

Measurements on midplane in Fig. 3 with comparison to cal-
culation by air core model (�r = 1) show significant influence of
tokamak core on BR density magnitude inside the chamber. Appli-

cation of 2D axisymmetric iron-air boundary model can provide
first order correction of changed magnetic field density, as is shown
in Figs. 1b and 2. The strong non-axisymmetry of real GOLEM
core however leads to necessity of different Rdisc parameters for

Fig. 5. Poloidal plane profiles of measured (a) and modelled (b) BR density, � = �/2
with Rdisc = 1.28Rcen .
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ifferent toroidal angles � with respect to transformer yoke loca-
ion. While for � = �/4, Rdisc = 1.4Rcen seems to be necessary, for

 = �/2, Rdisc = 1.28Rcen is sufficient. Comparisons between mea-
ured and modelled BR densities across the measurement planes
s whole are shown in Figs. 4 and 5.

Plots in Figs. 3a and 4 show that 2D axisymmetric approach
nd used linearized integral boundary model yield satisfac-
ory quantitative description of non-axisymmetrical iron core
nfluence on poloidal fields inside tokamak chamber, at least
n poloidal angles closer to transformer yoke location. The
ame approach however, seems to be able to provide only
rst order qualitative approximation of BR quantity for toroidal
ngles further away from transformer yoke. As can be seen in
igs. 3b and 5 even though adjust in Rdisc provides approxima-
ion of magnitude, discrepancy in gradients of field densities is
resent. Application of 3D code, once finished, might provide
etter results and this issue will be investigated in future
ork.

. Summary

Developement of 2D reference for future 3D tokamak iron core
ode yields first approximation of GOLEM (former CASTOR) iron
ore model, and provides explanation to observed discrepancy
etween calculated and measured magnitudes of field by poloidal
oils on this tokamak described in [4], where air core description
as applied. 2D approximation of strongly non-axisymetric core

s quantitatively valid for plane which is toroidally closer to trans-
ormer yoke and qualitatively valid for plane toroidally furthest
rom the yoke. Additionally, dimensions of its axisymmetric equiv-
lent must vary with respect to toroidal angle of calculated plane.
uture work will contain generalization of code into 3D geome-

ry, along with implementation of �r(|B|) dependency to provide
alidity for higher currents as well. Naturally, more measurements
n different locations for validation of the code will follow as
ell.

[
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