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What is a Tokamak? e

Energy
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The Tokamak was first developed in Russia in mid/late 1960’s at the
Kurchatov Institute, the most successful being T-3 and then the larger T-4.

The word comes from the Russian abbreviation for the words:
* TOopougaribHas Kamepa ¢ MarHUTHbIMU KaTyLwKamm
toroidal chamber with magnetic coils
or
=  TOopouaarnbHasi Kamepa C akcuarbHbIM MarHUTHBLIM MOMeEM
toroidal chamber with axial magnetic field.

Definition:

= “Atokamak is a device which uses powerful magnetic fields to confine plasma
in the shape of a torus.”



Tokamak Field Configuration (1) S
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= A solenoid field is perhaps the simplest form of plasma confinement Authiority
= But it has end losses - So let’s join the ends to make a toroid or donut!
= Great ! Now the solenoid field becomes the toroidal field.
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» This gradient in the field causes the radius of the orbit to change and the particle

drifts up or down generating an electric field.

= However, the field in a toroid varies with radius: B=
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Tokamak Field Configuration (2) B e
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To prevent this, we need to add a poloidal field component such that the pat
of the field line is a spiral and the grad B effect averages out.

A central solenoid is used to drive current in the plasma by transformer action.
This current creates a poloidal field which combines with the toroidal field to
give helical magnetic field lines.

Finally, we add a vertical field to control the shape and position of the plasma
using outer poloidal field coils.

Now we have the magnetic confinement system for a Tokamak.

Inner poloidal field coils
(primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Toroidal field coils

Resulting helical magnetic field

Toroidal magnetic field

4 | Footer Plasma electric current
(secondary transformer circuit)



Geometry of a Tokamak Plasma ™
Geometric axis o
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Conventional and Spherical Tokamaks Eneroy

= Although there is no sharp dividing line between the conventional and spherical
tokamak their typical characteristics are :

| Conventional | Spherical _

Aspect ratio >2.5 <2
Major radius large small
Plasma shape Doughnut or car tyre Apple with no core
Elongation Moderate high
Inboard breeding Yes No
Toroidal field High Low
TF coil shape Usually D Various
Beta Low High
Removeable centre column Not usually Usually
Tokamak size & cost High Low

Beta = ratio of plasma pressure to magnetic pressure
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MAST-U and JET Tokamaks UK Atoric
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Major Radius Ro (m) 0.85 3

Aspect ratio ~1.5 2.5
Plasma current (MA) 1-2 3-4
Toroidal field at Ro (T) 0.7 3.4
Elongation 2.0-2.5 1.6

JET
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Toroidal Field Coils - Conductors

Water cooled copper

» Most Tokamaks have used water cooled copper conductors (JET, MAST,
D111D,JT60) using extruded copper conductors most of which have been
produced by Luvata in Finland and KME in Germany. These conductors are
wrapped with glass fibre tape and then wound to form a coil before it is vacuum
impregnated with resin and cured to form a solid coil structure.

MAST Centre rod
0.086

0.160
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JET TF Coil

Low Temperature Superconductors

= More recently large conventional tokamaks have used low temperature
superconductors ( Nb;Sn, NbTi). Here the superconducting strands, mixed with
copper, are cabled together and contained within a structural steel jacket with a
central supercritical helium cooling channel. This is known as cable-in-conduit
conductors. These include ITER, JT60SA, K-STAR, EAST.
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High Temperature Superconductors

Toroidal Field Coils - Conductors -
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REBCO HTS tapes (rare-earth barium-copper-oxide)

These offer high field operation at higher temperatures e.g. 20K
The tapes need to be assembled into a cable (CORC) or as stacked tapes.
HTS tapes operate much better when magnetic field is parallel to the tape.

This technology is currently being developed by various companies and
research laboratories including Tokamak Energy Ltd in UK and
Commonwealth Fusion Systems in USA.

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering
Buffer Stack

20 um

Electropolishing
~0.2 pm Substrate

20 pm
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Forces on TF Coils
Pieture frame TF coils

D—Shaped TF Coils
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In-plane forces are self-supporting for D-shape coils but usually need a
support structure for picture frame coils.

Out-of-plane forces also developed on both coil types due to poloidal field
crossing TF coil current.

This generates toppling or twisting of the TF coils which also needs a
support structure to react.

UK Atomic

Energy
Authority




Manufacture of TF Coils for ITER K o
TF Coils — A Worldwide Collaboration
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Bottom Correction Coil -~

PF coils are usually hoop shaped coils where the conductors are contained

within and supported by a steel can.
Very large diameter coils need to be wound on site as transporting them
becomes a problem. ITER’s PF2,3,4 and 5 were wound on site
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ITER’s P4 coil being wound on Site e
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Lower port
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Vacuum Vessel

Equatorial port

Vacuum vessel requirements:
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High electrical resistivity

UHV compatible

Easily manufactured in large
sections

Weldable

Good strength and ductility
Preferably non-magnetic
Hence Austenitic stainless steel
316L or 304L or Ni alloys such as
Inconel are preferred for non-
nuclear devices

For fusion power plants low
activation ferritic-martensitic steels
may be needed such as EUROFER
or F82H(Japan).

Stress levels and deflections need
to be controlled and usually
pressure vessel codes are used
such as ASME, PD5500.
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First Wall and Limiters nome
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The 1st wall faces the plasma and is subjected to high thermal loads due to
radiation and particle flux (~ 1TMW/m?) as well as a volumetric heating due
to neutron irradiation in a power plant.

The particle flux can cause erosion of the surfaces and disruptions of the
plasma can lead to high transient thermal loads and erosion.

Limiters can be used which stand out from the 15t wall to intercept the
plasma and offer some protection to the rest of the 1st wall. These may
need to be reqgularly replaced.

Materials such as graphite has been used on many non-nuclear tokamaks.
This offers high thermal shock resistance and has a low atomic number (2)
but it is porous and needs to be baked to remove moisture from it.

Co-deposition of deuterium/tritium occurs with graphite which is also
adsorbed by the porous structure making it unsuitable for tritium devices
such as ITER.

Tungsten tiles are preferred for nuclear devices. This offers high
temperature operation, low sputtering but has a high Z number so radiation
losses can be high if too much gets into the plasma.

JET has installed the “ITER-Like-Wall” (ILW) in which carbon tiles were
replaced with tungsten coated tiles and the ASDEX Upgrade machine has a
tungsten wall.



=Ry
*ok

UK Atomic
Energy

Authority

JET Limiters

Z,,ap‘43§;::::

/...///// AL

< \k

-

.‘t»da

ll"va.‘ “I.’

.Ac_..__.x..f
omMﬂnrll&mu_JdA
; Rk A
= f RN o e
‘dﬂdnwg N r—

s : Jaln.nuﬂﬂ i =
_/h.i.-

" . nv/
.

16 |



I’Q i
*ok

D ive I'to I' LEJrifeg;mic
= The level of impurity ions and helium particles in the plasma needs to be Ao

controlled by allowing them to pass outwards to a scrape-off-layer which
surrounds the plasma.

= This SOL is diverted to target plates either at one end of the plasma (single null)
or_?t both ends (double null) by forming X-points in the plasma using divertor
coils.

= The heat loads and erosion rates on these target plates can be very high and
their design will often limit the size and power of the Tokamak.

Conventional ‘ Super-
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ITER Divertor
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See talk on Tuesday pm on Tokamak divertors and plasma exhaust
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Tritium Breeding
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Lithium can be used to breed the tritium fuel needed for the fusion
reaction.

Natural lithium is a mix of Li® (7.6%) and Li” (92.4%) and the two
breeding reactions are:

n+Lf=T+He+ 4.8 MeV
n+Li’=T+He+n-2.4MeV

However, the abundant Li’ has a low cross section for thermal
neutrons and so the Li® content is usually increased to increase the
tritium production rate in blanket designs.

Enrichment of lithium is currently a messy and expensive activity
involving mercury, so a viable alternative method needs to be
developed.

See talk on Thursday am on “Fusion fuel cycle”
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= The breeding blanket is located all around the outside of the “doughnut”
directly behind the 1st wall.

= |t contains lithium in the form of a ceramic (Li,SiO,, Li,TiO3), liquid metal
(Li, Li-Pb) or salt (FliBe), which breeds tritium when subjected to a neutron
flux.

= A multiplier such as beryllium or lead is often included in the blanket to
increase the number of neutrons and hence tritium breeding.

» The blanket structure is formed from a low activation material such as
Eurofer (a ferritic martensitic steel) to limit activated waste generated.

Cooling
palte

_—FW

Tungsten
armor

Backplates

de wall

Beryllium " tiffening plate
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Other Tokamak Systems & Components @i
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Passive vertical stabilisation coils and needed to slow the vertical motion of
the plasma down such that it can be pushed back by actively controlled
coils.

Error field coils are usually dipole fields arranged across the tokamak to
correct for field errors from coil misalignments, non-uniform permeability,
coil tails and feeders.

Gas feeds and pellet injectors are needed for admitting the deuterium and
tritium gas into the plasma.

Heating and current drive systems, using neutral particle beams and/or
micro-wave/RF systems, are used to heat the plasma and to drive current
in it. (See talk on Tuesday pm on heating & current drive)

Shielding is needed to limit the irradiation damage of components and
structures such as coils and also to limit the radiation level outside the
tokamak.

Diagnostics are needed for control e.g. plasma position sensing, and for
measur;ng its parameters. (See talk on Wednesday am on Diagnostics and
control.

The main support structure/cryostat reacts the loads induced on the TF and
PF coils and on the 1st wall and blanket structures and so holds the device
together.
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Blanket Plasma Magnetic
field line

Schematics of magnetically confined plasmas in (a) tokamaks; (b) stellarator
configurations. In the tokamak, a helical magnetic field is formed by a toroidal field
generated by external coils together with a poloidal field generated by the plasma
current. In the stellarator, the twisting field is produced entirely by external non-
axisymmetric coils and was first proposed by Lyman Spitzer in 1951.

Advantages of the stellarator are that it is steady state and relatively free of
disruptions.

Examples of Stellarator devices:

Wendelstein 7-X in Germany, Helically Symmetric Experiment (HSX) in USA and
Large Helical Device (LHD) in Japan

(see talk on Thursday "magnetic machines” on Thursday am)
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The Tokamak has developed significantly over the past 60 years or more.

It has increased in both size and complexity as we approach the
conditions needed for a commercial fusion power plant.

ASDEX U JET < =

ITER
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TOKAMAKS

JT-60SA

Spherical Cryostat

Center Solenoid

Poloidal

Toroidal
Field Coil .

CField Coil

Stabilizing G
Plates \

DEMO
JT-60SA: R=3m, 5.5 MA, 2014
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