Fusion Engineering and Design 86 (2011) 41-44

Contents lists available at ScienceDirect

Fusion Engineering and Design

: Fusion Engineering
e and Design

journal homepage: www.elsevier.com/locate/fusengdes e

All-metal transformer core for a low aspect ratio tokamak

D.A. Gates*, C. Jun, L. Zatz, A. Zolfaghari

Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, NJ 08543, United States

ARTICLE INFO ABSTRACT

Article history:

Received 20 May 2010

Received in revised form 27 July 2010
Accepted 2 August 2010

Available online 15 September 2010

Keywords:
Spherical tokamak
Fusion design

A novel concept for incorporating an iron core transformer within a axisymmetric toroidal plasma con-
tainment device with a high neutron flux is described. This design enables conceptual design of low
aspect ratio devices which employ standard transformer-driven plasma startup by using all-metal high
resistance inserts between the toroidal field windings. This design avoids the inherent problems of a
multi-turn air core transformer which will inevitably suffer from strong neutron bombardment and
hence lose the integrity of its insulation, both through long term material degradation and short term
neutron induced conductivity. A full 3-dimensional model of the concept has been developed within
the MAXWELL program and the resultant loop voltage calculated. The utility of the result is found to be

dependent on the resistivity of the high resistance inserts. Useful loop voltage time histories have been
obtained using expected resistivities.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The spherical torus concept [1] has been proposed as an attrac-
tive component test facility (CTF) [2] and also as an alternative
configuration for a DEMO reactor [3]. However, none of the pro-
posed neutron producing low aspect ratio devices incorporate a
transformer for plasma startup. None of the discussions in these
proposals go into detail as to the method of plasma formation,
and the while some potentially promising experimental methods
have been proposed for solenoid free formation of low aspect ratio
plasmas (see e.g. [11-13]) the sufficiency and scalability of these
methods have yet to be demonstrated. Additionally, to date all
experimental spherical tori that have achieved edge safety fac-
tors that are of interest to reactor have had a transformer [4-7].
These facts motivate the investigation of a solenoid concept that
is reasonably resistant to the intense neutron environment that is
anticipated in proposed future low aspect ratio plasma confine-
ment devices.

2. The all-metal center stack concept

An internal wound air core coil is quickly rejected when con-
sidering a transformer at low aspect ratio. Multi-turn coils require
insulation that will hold off high voltage (typically several kV) dur-
ing the startup phase of the device. This implies relatively thick
insulation that must survive intense neutron flux at high fluence.
However, it is fairly simple to imagine using an iron core trans-
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former that has the driving coils on the part of the iron core that
are protected by the neutron shield. The high voltage insulation
can then be protected from the neutron flux. For such a device, the
iron core should be located inside the toroidal field legs (i.e. the
maximum major radius of the iron should be less then the mini-
mum major radius of the TF coil), so as to avoid saturation of the
iron by the toroidal field. If the iron in the center stack is satu-
rated, it would obviate the utility of the transformer. Most existing
ST reactors/component test facility designs implement a solid cop-
per center conductor. However, the eddy currents induced in an
iron core surrounded by a solid ring of copper would substan-
tially reduce the loop voltage induced by the transformer action
of the iron. It is therefore necessary to introduce toroidal breaks in
the center stack so as to reduce the flow of these eddy currents.
In particular, metal wedges are introduced between now discrete
TF conductors to break up the eddy currents. The question then
becomes is there an interesting configuration of realistic wedges
that would provide sufficient toroidal resistance in the centerstack
to allow the break up of the eddy currents while maintaining suf-
ficient cross-section of copper to maintain low vertical resistance
sufficient to carry the toroidal field current.

Fig. 1 shows a top down view of a cross-section of a typical design
of this concept. The central region is the iron core, the dark colored
wedges are the eddy current reducing high resistance inserts and
the light colored larger wedges are the toroidal field conductors.
The variables in such a design are the radius of the iron core rela-
tive to the total radius of the toroidal extent and total number of the
wedges. There are numerous factors that might drive these design
choices. It is not the intent of this paper to optimize these design
choices for any given configuration, but rather to demonstrate that
for reasonable choices of the design parameters it is possible to
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Fig. 1. Horizontal cross-section view of the center portion of the all-metal center
stack. The central region is ferritic material, surrounded by copper wedges, which
are in turn separated by resistive inserts.

obtain a useful loop voltage for ramping the plasma current in an
ST. This can be considered a proof-of-principle calculation. It should
be noted that in a real device the resistivity of the materials in the
center stack would increase with time. While this increase would
increase the total power consumed in the toroidal field coils, it
would decrease the toroidal eddy current decay time and thereby
improve the penetration of the transformer flux through the cop-
per.

It is important to note that the approach taken here of inserting
metal wedges to create higher toroidal resistance in the center stack
is not optimal. If it were instead possible to use thin insulators to
hold off the voltage induced by interfering with flow of the induced
eddy currents this would improve the concept substantially. How-
ever, there is an open question requiring some investigation as to
whether the insulators would survive in the harsh neutron environ-

)

ment. Unlike the high voltage insulators required for the air core
transformer, the voltage stand off for the eddy current insulators
would only have to hold off a small fraction of the single-turn loop
voltage (typically 0.1 V). Also, because the voltages are so low, the
thickness of such films could be very small (0.1 mm or less). This
means that issues of material strength degradation could be much
reduced. It may well be possible to use such films in place of the
metallic wedges considered here. Additionally, since the neutron
flux from a fusion reactor would be quite low during the plasma
current ramp up phase, and subsequently the loop voltage would
be ~0V once the neutrons are being produced, problems associated
with neutron induced conductivity would be minimal. Ceramic
coatings have been considered for fusion magnet insulation in the
past (see e.g. Ref. [8]) and work has been done on the changes to
electrical properties of insulators (see e.g. Ref. [9]), but dedicated
research and development on this topic would be helpful in the
context of the proposed concept for the spherical tokamak.

However, because no materials research would be required in
the case of the metallic inserts, this case is considered here. Hope-
fully the results of this calculation will motivate research into the
use of thin insulating films for use in the (nearly) all-metal center
stack in a low aspect ratio tokamak.

3. Model description

The modeling approach adopted for this calculation was to be
fully realistic in 3D geometry with realistic model for the fer-
ritic material that includes non-linear effects such as hysteresis
and saturation. Full geometry and accurate materials properties is
important for demonstrating that realistic parameter choices lead
to useful loop voltage profiles. The MAXWELL [10] finite element
electromagnetics analysis code was used for performing the calcu-
lations.

In order to minimize the computational requirements, care was
taken to make a highly symmetric model so that the periodic
boundary conditions could be used within the MAXWELL environ-
ment. The model has 16 toroidal field windings and eight separate
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Fig. 2. (a) Single (1/8) sector of the model. The copper TF coil is shown in red, iron in purple, Inconel is in blue. The superconducting coils that drive the system are in orange.
(b) A 3/4 sector of the same model for visualization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. Close up view of the sector model showing the discretization of the material.

iron transformer legs. This enables the use of a sector model that
represents 1/8th of the total system. A representation of the sector
model is shown in Fig. 2. Also shown in the figure, for clarity, is a
3/4 sector view of the model. The red color represents the copper
of the toroidal field turns and the gray represents iron. The orange
cylinders on the outboard part of the iron are the transformer pri-
mary coils. The light grey bands around the center stack are high
resistance sectors which are used as diagnostics to measure the
toroidal voltage. The current induced in the bands is multiplied by
the resistance of the loop to obtain the single-turn voltage. This
is the primary diagnostic for this calculation. Also visible in this
figure are the high resistance metal inserts that are used to break
up the toroidal eddy currents. Fig. 3 shows the discrete finite ele-
ments in the cross-section for the model. For reference, the radius
of the iron in this model is 25 cm and the radius of the copper TF
is 50 cm. These values were chosen arbitrarily, but may be sim-
ilar to the values anticipated for machine designs, such as the
CTF.

4. Results

The model was run with a high value of the resistance for the
wedge materials. An example material for the wedges is Inconel
which has a resistivity pppconel=1.2 x 1076 Ohmm, which is 75
times higher than that of copper. However, since Inconel is sub-
stantially stronger than copper, it not necessary that the wedges
be solid. Careful design of the inserts can lead to large increases of
the effective toroidal resistance of these objects. How much mate-
rial can realistically be removed from the high resistance inserts
requires a detailed engineering analysis of the specificinsert design,
which is not the purpose of this paper, but it is an important ques-
tion.

The case considered for the high resistance insert was
Peff Insert =400 pcy, Which corresponds to ~20% metal content for
the inserts. This choice can be understood by considering to the
following requirements. The maximum amount of flux available
is easily calculated lI/max~nrizmn[ZBsat] where 1., is the radius
of the iron core, and Bsy: ~ 2T is the saturation field of iron. This
gives Wmax ~0.75 Wb for the model described above. If we require
Vioop~1V a good estimate of the required eddy current decay
time required can be determined by Vioop, ~ AW/t )z Where Tz
is the eddy current decay time in the center stack, Vjqop is the
single-turn loop voltage and AY is the flux swing in the iron.
From this relation we find the required eddy current decay time
is 7 =0.75WDb/1V)=0.75s. If the toroidal field coils are approx-
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Fig. 4. Time history of the applied current waveform in the external coils (in red).
Resultant voltage waveform on the device midplane. The loop voltage reaches 1.5V,
which should be enough to achieve plasma breakdown and ramp up (in black). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

imated as an infinitely long annular cylinder the inductance and
resistance for the eddy currents can be expressed: Lcy = By -
7aZ, /1, Reyi = 27acu Pest/(ZcuScu) With Bey) = piol/zcy Where Ley; and
Ry are the inductance and resistance of the annular cylinder, acy
is the radius of the cylinder, z¢, is the unit length of the cylinder,
dcy is the thickness of the annulus, By, is the magnetic field inside
the cylinder due to the eddy current, and I is the magnitude of the
eddy current. One can then estimate the required toroidal resis-
tance according to the formula 7y ~ po0efrdcudcu/2. This gives a
required effective conductivity of oeff ~ 107 [Ohm m]~. This corre-
sponds to roughly 1/16 the conductivity of copper. The effective
toroidal resistivity of the non-iron part of the center stack can
be expressed as pefr/ Pcu =1~ fo *+ [ Pmnsert/ Pcullfo/fr], where fj is the
fraction of the circumference that is taken up by inserts, and f; is
the fraction of the radius of the insert that contains material. Using
these expressions, one finds a required resitivity for the inserts of
Peff.Insert ~ 400 pcy.

The current in the primary coils was ramped linearly according
to the waveforms indicated in Fig. 4. The resulting loop voltage
profile obtained at the vertical midplane of the device is also shown
in Fig. 4. As is evident in the figure, voltages in excess of ~1V are
attained. This should be sufficient for plasma current breakdown
ramp up in the presence of external plasma heating sources and
applied current drive. The time delay between the ramp of the coil
current and the appearance of the voltage on the midplane is due
to the finite current diffusion time of the eddy currents through
the copper in the toroidal field coils. The roughness of the time
dependence of the loop voltage on the midplane is due to the finite
time resolution of the model and the discrete sampling of the B-H
curve of iron in the region of highest magnetic permeability (i.e. at
low magnetic field).

5. Summary

A novel all-metal design has been investigated for the cen-
ter stack of a low aspect ratio torus. The loop voltage that is
achieved with this design is shown to be useful for tokamak startup.
Design of the metal inserts between the TF turns can substan-
tially affect the device performance, so research and development
on the design of these inserts will strengthen then conclusions of
this paper. Future work involves incorporating a model for this
device in an axisymmetric plasma equilibrium code, calculation of
forces, and design of viable support structures and cooling chan-
nels.



44 D.A. Gates et al. / Fusion Engineering and Design 86 (2011) 41-44

Acknowledgement

This work was supported by the U.S. Department of Energy Grant
under contract number DE-AC02-76CH03073.

References

[1] Y.-K.M. Peng, D.J. Strickler, Nucl. Fusion 26 (1986) 769.

[2] Y.-K.M. Peng, PJ. Fogarty, T.W. Burgess, D.]. Strickler, B.E. Nelson, ]. Tsai, et al.,
Plasma Phys. Control. Fusion 47 (2005) B263.

[3] F. Najmabadi, The ARIES Team, Fusion Eng. Des. 65 (2003) 143.

[4] A.Sykes, Nucl. Fusion 32 (1994) 769.

[5] D.A. Gates, R. Akers, L. Appel, P.G. Carolan, N. Conway, ]. Dowling, et al., Phys.
Plasmas 5 (1998) 1775.

[6] M. Ono, S.M. Kaye, Y.-K.M. Peng, G. Barnes, W. Blanchard, M.D. Carter, et al.,
Nucl. Fusion 40 (2000) 557.

[7] A.Darke,].R. Harbar, ]J.H. Hay, J.B. Hicks, ].W. Hill, J.S. McKenzie, et al., in: K. Her-
schbach, et al. (Ed.), Proceedings of the 18th Symposium on Fusion Technology,
Karlsruhe, Germany, 22-26 August, vol. 1, Amsterdam, The Netherlands, 1994,
p. 799.

[8] R.A. Krakowski, J. Nucl. Mater. 122 (1984) 37.

[9] M. Nakamichi, H. Kawamura, Effects of radiation on materials, in: Proceedings
of the 19th International Symposium, ASTM STP 1366, ASTM, West Con-
shohocken, PA, 2000, p. 1075.

[10] See http://www.ansoft.com/products/em/maxwell/.

[11] R. Raman, T.R. Jarboe, B.A. Nelson, M.G. Bell, D. Mueller, ]. Fusion Energy 26
(2007) 159.

[12] M. Ushigome, S. Ide, S. Itoh, E. Jotaki, O. Mitarai, S. Shiraiwa, et al., Nucl. Fusion
46 (2006) 207.

[13] C.B. Forest, Y.S. Hwang, M. Ono, D.S. Darrow, Phys. Rev. Lett. 68 (1992) 3559.


http://www.ansoft.com/products/em/maxwell/

	All-metal transformer core for a low aspect ratio tokamak
	Introduction
	The all-metal center stack concept
	Model description
	Results
	Summary
	Acknowledgement
	References


