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Table 5.1. Nominal parameters of ITER-FEAT in inductive operation

S;5;E/+/5 T.-+1
Reference

Q = 10
High Q,
high Pfus

S;5;E/+/5 T.-+1
Reference

Q = 10
High Q,
high Pfus

R/a m/m 6.2 / 2.00 6.2 / 2.00 Paux MW 40 23
Volume m3 837 837 Pohm MW 1.3 1.7
Surface m2 678 678 Ptot MW 123 144
Sep.length m 18.4 18.4 Pbrem MW 21 29
Scross-sect. m2 21.9 21.9 Psyn MW 8 10
U" T 5.3 5.3 Pline MW 19 20
Ip MA 15.0 17.4 Prad MW 48 59
!x / "x 1.86 / 0.5 1.86 / 0.5 Pfus MW 410 600
!95 / "95 1.7 / 0.35 1.7 / 0.35 Psep /PLH MW/ MW 75/48 84/53
li(3) 0.86 0.78 Q 10 24
Vloop mV 89 98 #E, s 3.7 4.1
q95 3.0 2.7 Wth MJ 325 408
$N 1.77 1.93 Wfast MJ 25 33
<ne> 1019 m-3 10.14 11.56 HH-IPB98(y,2) 1.0 1.0
n/nGW 0.85 0.84 #%

*/ #E 5.0 5.0
<Ti > keV 8.1 9.1 Zeff 1.65 1.69
<Te> keV 8.9 9.9 fHe,axis % 4.1 5.9
<$T> % 2.5 3.2 fBe,axis % 2.0 2.0
$p 0.67 0.62 fC,axis % 0.0 0.0
P% MW 82 120 fAr,axis % 0.12 0.11
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Outline

• Fusion power and Q

• Plasma operational limits

• Technology limits

• ITER’s discharge targets
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General tokamak design rules 
are now well-established

The physics of magnetic fusion reactors

John Sheffield
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

During the past two decades there have been substantial advances in magnetic fusion research. On 
the experimental front, progress has been led by the mainline tokamaks, which have achieved reactor-
level values of temperature and plasma pressure. Comparable progress, when allowance is made for 
their smaller programs, has been made in complementary configurations such as the stellarator, 
reversed-field pinch and field-reversed configuration. In this paper, the status of understanding of the 
physics of toroidal plasmas is reviewed. It  is shown how the physics performance, constrained by 
technological and economic realities, determines the form of reference toroidal reactors. A 
comparative study of example reactors is not made, because the level of confidence in projections of 
their performance varies widely, reflecting the vastly different levels of support which each has 
received. Success with the tokamak has led to the initiation of the International Thermonuclear 
Experimental Reactor project. It is designed to produce 1500 MW of fusion power from a deuterium-
tritium plasma for pulses of 1000 s or longer and to demonstrate the integration of the plasma and 
nuclear technologies needed for a demonstration reactor.

Reviews of Modern Physics, Vol. 66, No.3, July 1994
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Basics
• Tokamak geometry (surface, volume, stability, 

field: B, a, κ = b/a, ε = a/R, …)

• Plasma stability (pressure limits, density 
limits, current limits: q, β, βN, nG, …)

• Nuclear reactivity (σ, …)

• Power balance (thermal conduction, radiation: 
τE, χ, pbrem, pcyc, …)
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D-T (6Li) Fusion:
Easiest Fuel for Laboratory Power

D +
6
Li + f × [

9
Be] (withf � 1)

� �� �
Plasma : D + T→ 4

He (3.5MeV) + n(14.1MeV)

Blanket :
6
Li + n→ 4

He (2.05MeV) + T(2.73MeV)

f × [
9
Be + n→ 2 (

4
He) + 2n− 1.57MeV]

� �� �

≈ 2 (
4
He) + (3.5 MeV plasma)+ (18.8 MeV blanket)

Fast n

T

• D-T fusion has largest cross-section and lowest T ~ 170,000,000°.

• Tritium is created from 6Li forming a self-sufficient fuel cycle. 
Practically no resource limit (1011 TW y D; 104(108) TW y 6Li)!

• Notice: ~ 80% of energy as fast neutrons (~ 1.5 m shielding). 

➠ the source of fusion’s technology & materials challenge.

3 ! D

3 ! Li

6 ! He
Hot

Plasma

T

T

T

n

n

n

Plasma
Blanket
Shield
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Other fuel cycles are possible, but more challenging, e.g.

D-D (3He) Fusion

6D

� �� �
Plasma : D + D→ 3

He (0.82MeV) + n(2.45MeV)

D + D→ T(1.01MeV) + H(3.02MeV)

2× [D +
3
He→ 4

He (3.6MeV) + H(14.7MeV)]

T→ extract to long-term storage

12.3 years : T→ 3
He + e

−
+ (0.019MeV)

� �� �

≈ 2 (
4
He) + 3H + e

−
+ n + (41.5 MeV plasma)+ (2.45 MeV blanket)

T

3He

• Significantly reduced fast neutron flux!! Most energy to plasma and 
then first wall. Simplifies fusion component technologies.

• Next easiest fusion fuel cycle, but requires confinement ~25 times 
better than D-T(Li) and T extraction from plasma (i.e. only MFE). 

• Equally challenging, but exciting, D-D options exist for IFE.

6 ! D

2 ! He

n

3He + e-

3 ! p

shield

Plasma
Shield
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•  τE is plasma energy confinement 
time 

• Lawson’s condition: 
    η(Pfus + Paux) > Paux

• Q = Pfus/Paux

• Ignition: Q → ∞, or …

Self-Sustained Fusion Burn

Particle Heat Loss

Fusion Energy 
Self-Heating

Particle Heat Loss

Radiation Loss

Radiation Loss

Wp

τE
+ Prad = (Charged Particle Fusion Power)

Neutrons escape and heat surrounding blanket
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Basics: Geometry, τe, and β
1020 John Sheffield: Physics of magnetic fusion reactors
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FIG. 1. Cross section of a representative
tokamak reactor (Najmabadi et al., 1991).

(2.2)

and beta ({3), which is the ratio of the kinetic pressure
of the plasma divided by the

magnetic pressure,

{3= (pressure X 100)% .
(B 2 /2Jlo)

The development of reactor levels of TE and {3 has
dominated magnetic fusion research, and good progress
has been made. However, much more is required for an
attractive reactor than high TE and {3. Equally critical
are impurity minimization and control, low recirculating
power for plasma production and control, the develop-
ment of radiation-resistant, low-activation materials, and
high reliability and maintainability.
The magnet coils are protected from the nuclear radia-

tion by a moderator of the neutrons (usually called the
blanket) and by a shield which absorbs neutrons and
gamma rays. In the case of a D-T plasma, the blanket
contains lithium to breed tritium to replace that burned
in fusion reactions. In most configurations the outer
magnetic flux surfaces are diverted onto targets, which
absorb the heat, thus isolating most of the chamber wall
from direct contact with the plasma. The first wall and
the blanket and shield elements form a vacuum chamber.
A coolant, liquid or gas, removes the heat deposited to
the wall, blanket, shields, and divertor targets and trans-
ports it to heat exchangers and generators which produce
electricity.

b

(2.1)

a
FLUX
SURFACES!

an plane. In this approximation, the average minor ra-
dius of the plasma edge is (ab )1/2. In reality the flux sur-
faces may not be centered on the midpoint of the medium
plane diameter, owing to the effects of finite plasma pres-
sure, causing an outward shift of the plasma (see Sec.
III B, Fig. 26). In addition, the shape is often more like a
D, and such shapes may be characterized by an addition-
al parameter, the triangularity (8).
Parameters of importance in characterizing the fusion

plasma are the energy confinement time ('TE)' which
equals the stored energy in the plasma (W) divided by
the heat (P) leaving the plasma (excluding the neutrons),

W
'TE=-p(s)

FIG. 2. Nested flux surfaces in a toroidal system.

B. Nuclear fusion reactions and the fuel cycle

The nuclear fusion reactions of greatest relevance to
magnetic fusion, because they occur at the lowest tem-
peratures, are listed in Table IV. The charged-particle
power per unit volume released is shown in Fig. 3. The
final number is the equivalent electrical energy imparted
to the nuclei (kWh) per gram mass of the reacting nuclei.
For comparison, the chemical reaction 2H2+ O2
--+H20+H20+O.000006 MeV yields 0.0044 kWh/g. In
the case of deuterium-tritium (D-T) fusion, because triti-
um does not occur naturally it is necessary to breed triti-

Rev. Mod. Phys., Vol. 66, No.3, July 1994
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John Sheffield: Physics of magnetic fusion reactors 1021

TABLE IV. Nuclear fusion reactions of greatest relevance to magnetic fusion. The final two quantities in each line refer to the total
nuclear energy release in one reaction and to the energy release in the form of charged particles, respectively.

Reaction

Charged
particle
(MeV)

Energy

Total
(MeV)

Total
equivalent
energy
(kWh/g)

(1) MeV)+n (14.06 MeV)
(2a) MeV)+n (2.45 MeV)
(2b) MeV)+p (3.03 MeV)
(3) (3.67 MeV)+p (14.67 MeV)

3.52
0.82
4.04
18.34

17.58
3.27
4.04
18.34

94,000
22,000
27,000
98,000

FED

(2.4)

rna temperatures T 5 keV (fusion power exceeds brems-
strahlung radiation losses), and it will be the basis of
most of the discussion in this paper. The optimum tem-
perature is about 15 keY.
Deuterium is abundant in nature as about 1 part in

6500 in the hydrogen in water. It requires no fuel breed-
ing; however, a plasma temperature T 20 keV is re-
quired by a self-sustaining deuterium plasma to overcome
bremsstrahlung and synchrotron radiation. The op-
timum temperature is about 40 keY. It may be lowered
to around 35 keY if the T and 3He fusion products are re-
circulated, a scenario referred to as "catalyzed D-D." At
first sight the lower fraction of neutron energy produced
per reaction appears attractive for reducing neutron ac-
tivation of the reactor structure. In fact, the number of
neutrons per reaction, because of their lower energy, is
not reduced enough to make a significant difference. The
absence of a breeding blanket is an advantage.
The D-3He reaction is attractive because it produces

no neutrons. However, to take advantage of this, it is
necessary to run with a lean mixture of deuterium to
minimize D-D reactions. It also requires a high tempera-
ture, T 30 keY, for a self-sustaining plasma. A princi-
pal disadvantage is the lack of a source of 3He on earth.
Apparently it is abundant on the moon, and proposals
have been made to mine the moon to support earth-based
D-3He fusion reactors (Kulcinski et al., 1989).
The charged-particle power per unit volume produced

by fusion reactions is given by the product of the densi-
ties of the reacting ions, the rate parameter <av ), and
the charged-particle power density released per reaction.
For a D-T plasma,

where (av ) is the product of the D-T reaction cross sec-
tion a and the relative velocity of the D and T nuclei,
averaged over a Maxwellian velocity distribution. Cross
sections and reaction rates are given in numerous reports
(e.g., Glasstone and Lovberg, 1960; Bosch and Hale,
1992). Formulas have been developed to approximate
the fusion power density for D-T plasmas in various tem-
perature regions (Uckan et aI., 1990).
For model density and temperature profiles

(2.3)

ne=10
20 e/m3

nj/nj = zj/Zj

10- 1

ro
E
"- 10- 2

a..

10-3

10- 5

10° 102 103

104

T (keV)

urn by bombarding lithium with the fusion neutrons,

6Li+n =4He+T+4.80 MeV,

7Li+n =4He+T+n -2.47 MeV.

FIG. 3. Maximum charged-particle power density release vs
temperature for the principal fusion fuels in thermalized plas-
mas at ne ,=102o m- 3 and ni/nj=Zj/Zi' Power output scales
as the square of the electron density (McNally, 1982).

The D-T-Li fuel cycle is the most attractive, because a
self-sustaining plasma may be realized at the lowest plas-

Rev. Mod. Phys., Vol. 66, No.3, July 1994
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Deuterium is abundant in nature as about 1 part in

6500 in the hydrogen in water. It requires no fuel breed-
ing; however, a plasma temperature T 20 keV is re-
quired by a self-sustaining deuterium plasma to overcome
bremsstrahlung and synchrotron radiation. The op-
timum temperature is about 40 keY. It may be lowered
to around 35 keY if the T and 3He fusion products are re-
circulated, a scenario referred to as "catalyzed D-D." At
first sight the lower fraction of neutron energy produced
per reaction appears attractive for reducing neutron ac-
tivation of the reactor structure. In fact, the number of
neutrons per reaction, because of their lower energy, is
not reduced enough to make a significant difference. The
absence of a breeding blanket is an advantage.
The D-3He reaction is attractive because it produces

no neutrons. However, to take advantage of this, it is
necessary to run with a lean mixture of deuterium to
minimize D-D reactions. It also requires a high tempera-
ture, T 30 keY, for a self-sustaining plasma. A princi-
pal disadvantage is the lack of a source of 3He on earth.
Apparently it is abundant on the moon, and proposals
have been made to mine the moon to support earth-based
D-3He fusion reactors (Kulcinski et al., 1989).
The charged-particle power per unit volume produced

by fusion reactions is given by the product of the densi-
ties of the reacting ions, the rate parameter <av ), and
the charged-particle power density released per reaction.
For a D-T plasma,

where (av ) is the product of the D-T reaction cross sec-
tion a and the relative velocity of the D and T nuclei,
averaged over a Maxwellian velocity distribution. Cross
sections and reaction rates are given in numerous reports
(e.g., Glasstone and Lovberg, 1960; Bosch and Hale,
1992). Formulas have been developed to approximate
the fusion power density for D-T plasmas in various tem-
perature regions (Uckan et aI., 1990).
For model density and temperature profiles
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temperature for the principal fusion fuels in thermalized plas-
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The D-T-Li fuel cycle is the most attractive, because a
self-sustaining plasma may be realized at the lowest plas-
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TABLE IV. Nuclear fusion reactions of greatest relevance to magnetic fusion. The final two quantities in each line refer to the total
nuclear energy release in one reaction and to the energy release in the form of charged particles, respectively.
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FIG. 5. Line radiation factor f (z) as a function of electron
temperature for representative impurities (Jensen et al., 1977).
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This is the dominant radiation term in present-day
tokamaks (typically 20-40% of the power is radiated),
and it is particularly important at the plasma edge. As
shown in Fig. 5, f(z) is a strongly increasing function of
Z as the impurities become more massive. Consequently
small amounts of heavy materials such as molybdenum
and tungsten can have a disproportionately large effect.
Recombination radiation (Pr) is generally less important
than line radiation.
The bremsstrahlung power density (Rose and Clark,

1961, p. 232) for the range of n(m - 3 ) and Te (eV) values
appropriate to D-T reactors is given approximately by

. (2.15a)

This represents the total emission at all wavelengths of
the continuum from the free-free energy transitions of
the (optically thin) plasma electrons. The Gaunt factor
corrects for electron-electron collisions and relativistic
effects. For 1 keY < Te < 100 keY, (; varies from

1.1; see Ecker, 1972.
A formula for the average bremsstrahlung power den-

sity has been given by Uckan et ale (1990) for the model
density and temperature profiles in Eq. (2.5),

== 30. 9 -In( n 0.5Te- I ) represent the collisional transfer of
power from electrons to ions and vice versa, with n (m- 3 )
and T e (eV) (Braginskii, 1965).
The line radiation is given by (Jensen et al., 1977)
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Note that temperatures are given in electron volts. In
addition there are similar equations for each impurity
species. Generally, collisions between ion species main-
tain Tz --... T,. The transport of impurities is, however,
more complex and, as discussed below, depends on de-
tails of the plasma gradients. Impurities may move radi-
ally, relative to the background plasma, either in or out.
The parameters Xe and Xi (m2 s-I) are the electron and
ion thermal diffusivities, and the P (MWm - 3 ) are the
power densities of the various mechanisms indicated.
The overall power flow is illustrated in Fig. 4:
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FIG. 4. Power flow in a typical toroidal plasma.
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charge neutrality, the losses of electrons and ions are
equal and proceed at the rate of the better confined
species. The ambipolar diffusion coefficient D A is used
because the particle transport adjusts to maintain charge
neutrality via the self-consistent electric field. In
tokamak experiments it is observed that D A

--"'(0.2-0.3)Xe' where Xe is the electron thermal
diffusivity. The parameter Vr is a radial convective ve-
locity.
The power balance may be written separately for each

species. For the electrons, a simplified power balance is

a [3 1 1 a [ eaTe . 3 an 1at 2,neTe ==-;a;:r neXe----a;:-+2,DAeTea;- +Pn
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charge neutrality, the losses of electrons and ions are
equal and proceed at the rate of the better confined
species. The ambipolar diffusion coefficient D A is used
because the particle transport adjusts to maintain charge
neutrality via the self-consistent electric field. In
tokamak experiments it is observed that D A

--"'(0.2-0.3)Xe' where Xe is the electron thermal
diffusivity. The parameter Vr is a radial convective ve-
locity.
The power balance may be written separately for each

species. For the electrons, a simplified power balance is

a [3 1 1 a [ eaTe . 3 an 1at 2,neTe ==-;a;:r neXe----a;:-+2,DAeTea;- +Pn
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For example, if (noTTj )=1.5Xl020 m-3XI0 keY, we
require T E = 1.3 s.
For a D-T plasma contaminated by impurities and

from the plasma in equilibrium (P).
For a toroidal plasma, major radius R, minor radius in

the median plane a, and ellipticity K,

_ 3 2 2 e <ne Te + n i T j )
TE -2211" Ra K P (s) . (2.22)

For a plasma sustained by the fusion alpha power, and
TIDe < T IO < 2TIoe , a parabolic temperature profile
(a r = 1) and square-root parabolic density profile
(ar=O.5), from Eq. (2.7) we have T Ioe =0.75 and

Pa=4.9Xl0-42(nDTTl)2Ra2K (W), (2.23)

where nOT is the density of deuterium plus tritium ions.
Substituting for Pain Eq. (2.22), with Te = Tj = T, leads
to a requirement for a self-sustaining pure D-T plasma
(ne=nj)
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The bremsstrahlung power density (Rose and Clark,
1961, p. 232) for the range of n(m - 3 ) and Te (eV) values
appropriate to D-T reactors is given approximately by

. (2.15a)

This represents the total emission at all wavelengths of
the continuum from the free-free energy transitions of
the (optically thin) plasma electrons. The Gaunt factor
corrects for electron-electron collisions and relativistic
effects. For 1 keY < Te < 100 keY, (; varies from

1.1; see Ecker, 1972.
A formula for the average bremsstrahlung power den-

Profiles matter…
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charge neutrality, the losses of electrons and ions are
equal and proceed at the rate of the better confined
species. The ambipolar diffusion coefficient D A is used
because the particle transport adjusts to maintain charge
neutrality via the self-consistent electric field. In
tokamak experiments it is observed that D A

--"'(0.2-0.3)Xe' where Xe is the electron thermal
diffusivity. The parameter Vr is a radial convective ve-
locity.
The power balance may be written separately for each
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TABLE XI. Representative modern tokamak parameters.

Tore Asdex
Tokamak DIII-D TFTR JET Supra U T-15 JT-60U Triam U TPX

Major radius R (m) 1.65 2.45 3.10 2.25 1.65 2.43 3.40 0.80 2.25
Aspect ratio Ria 2.75 2.90 2.82 3.75 3.3 3.5 4.0 5.0 4.5
Ellipticity K '"-'2.0 1.0 1.8 1.0 1.6 1.0 1.6 1.5 2.0
Current I (MA) 2.0 3.0 6.0 2.0 2.0 1.4(2.0) 6.0 2.0
Field BtfJ (T) 2.0 5.2 3.4 4.5 4.0 3.5(5.0) 4.2 8.0 4.0
Pulse length (s) 10+ 2 20+ ;5600 10+ 1.5+ 20+ 00

Divertor Yes No Yes No Yes No Yes Yes Yes
Coil typea Cu Cu Cu SIC Cu SIC Cu SIC SIC

acu= copper; SIC= superconducting.

B. Tokamak characteristics

R fa 2.5, 3, 3.5, 4, 4.5, 5 ,

For example, let (aw fa)=I.I, PF +3500 MW, Pwm =4
MWm-2, b/a=2; then a=3.38 (R/a)-O.5 m, and we
find for a= 1.5 m:

fB 0.28, 0.38, 0.45, 0.50, 0.55, 0.58 .

1. Coils

The decrease in useful field affects the gains in beta of go-
ing to a lower aspect ratio, and drives tokamak reactor
designers to higher aspect ratios than those used in most
experiments, which do not need a shield.
An alternative solution (Peng and Hicks, 1990) is to

dispense with the blanket and shield in the torus bore,
and use a solid copper central toroidal conductor and an
aspect ratio'R fa 1.5. This approach has the potential
to achieve a high-mass power density, but at the expense
of a higher recirculating power and regular replacement

To date, most tokamaks have used water-cooled or
liquid-nitrogen-cooled copper coils, though a few super-
conducting coil tokamaks are operating, namely, Tore
Supra, T-15, and TRIAM (Komarek et al., 1990). Ac-
cording to present knowledge of the physics capabilities,
superconducting coils seem to be essential for tokamak
reactors with R f a 3, to provide an acceptably low re-
circulating power. As a consequence, the blanket shield
thickness on the inner bore of the plasma must be
a--1-1.5 m thick to limit radiation damage to the coil
insulation and conductor and overheating of the coils.
Since the dominant field in a tokamak is provided by the
toroidal field, this sets a limit on the field ratio, Eq. (2.40),

generated impurities from entering the plasma (see Sec.
II.G). The torus walls, blanket, and shield must have
sufficient electrical resistance to avoid drawing large
currents during plasma current initiation, but must also
act as a metal shell to provide image currents, which will
stabilize some MHD modes.
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There are numerous reviews of tokamak research, for
example, those of Artsimovich (1972), Furth (1975),
Rawls et ale (1979), Sheffield (1981), Kadomtsev et ale
(1990), and Post et al.(1991). The parameters of some
representative modern tokamaks are listed in Table XI.
Success in the tokamak area is well illustrated by the plot
of progress in achieving good confinement NiTE Ti vs Ti
in Fig. 31. The drawing of the ARIES-1 tokamak reactor
in Fig. 32 illustrates the basic features of a modern
tokamak. The plasma is produced in a toroidal vacuum
chamber (torus) of elliptical cross section, which, in a
reactor, will be made of a low-activation material.
While tests are being made of a pumped limiter, recent

engineering test reactors and reactor design use a po-
loidal divertor to remove helium ash and limit wall-

1 10
CENTRAL ION TEMPERATURE Tj (keV)

FIG. 31. Performance oftokamaks, JET Team, 1992.
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Chapter 2: Plasma confinement and transport

plasma shaping and beta, which is suggested by the coupled
peeling–ballooning mode theory. Using the pedestal width
model, ! ∝ √

ρpola [720], and fitting with the experimental
data archived in the ITER pedestal database [534], the resulting
scaling expression is given in equation (22) [540]. Fitting
of the data and ITER prediction are shown in figure 63
(section 4). The predicted pedestal temperature for ITER is
5.3 keV, assuming a pedestal density of 7 × 1019 m−3.

A similar investigation has evaluated the pedestal
temperature for a variety of pedestal width models using an
analytic formula for the critical pressure gradient against the
ballooning mode instability [721]. Numerical coefficients
for each pedestal width model are determined by the least
square error method using the ITER pedestal database [534].
Unfortunately, all these models provide rather large RMSE
(typically 30–40%), and therefore the best model cannot be
identified based on the present database. Although the pedestal
temperatures predicted by some of the models are in a similar
range, e.g. 2.9 keV for ! ∝ R

√
βp [236] or 2.7 keV for

! ∝ ρtorS
2 [722], further systematic improvement of the

model of pedestal width is essential.
Although the predictive capability for the pedestal

pressure/temperature in the Type I ELMy regime has
progressed significantly over the past several years, models for
the pedestal width still have large uncertainty. Examinations
of various models for the pedestal width are described in
section 4.2 in detail. Further development of the model and its
validation with a more solid database can greatly promote the
predictive capability for all of the approaches listed above.

5.3. Global scaling

Global scaling expressions for the energy confinement time
(τE), or the stored energy (W ), are powerful tools for predicting
the confinement performance of burning plasmas. These
expressions are described using engineering parameters, such
as the major radius (R), minor radius (a) or inverse aspect
ratio (ε = a/R), elongation (κ), toroidal magnetic field (Bt),
plasma current (Ip), electron density (ne), heating power (P )
or loss power (PL ≡ P − dW/dt) and ion mass number (M).
One of the most reliable scaling expressions since 1998 for the
ELMy H-mode thermal energy confinement time (τth) is the
so-called IPB98(y,2) scaling [2]:

τth,98y2 = 0.0562I 0.93
p B0.15

t n0.41
19 P −0.69

L R1.97ε0.58κ0.78
a M0.19

(30)

(in s, MA, T, 1019 m−3, MW, m). The effective elongation
is defined as κa = Sc/πa2, where Sc is the plasma cross-
sectional area. The interval estimation of τth in the ITER
FDR with the use of such scaling expressions was studied in
detail [2, 701]. Later estimation for the present ITER design
using the extended database ITERH.DB3 showed a smaller
interval of a 95% log-linear uncertainty (+14%/ − 13%) than
that for ITER FDR (+25%/ − 20%) [704].

5.3.1. H-mode in low aspect ratio tokamaks. The IPB98(y,2)
scaling was obtained from the data of standard tokamaks with
0.15 < ε < 0.45. The later H-mode experiments in tight
aspect ratio tokamaks expanded the database significantly to
0.65 < ε < 0.8 and towards higher toroidal beta values. To

(y
,2

)

Figure 92. HH factor (≡τth/τth,98y2) versus n/nG. Reprinted with
permission from [698].

the first approximation τth is in agreement with values given by
the above scaling (MAST [723]), although τth can reach values
of more than 20% greater than those given by IPB98(y,2) and
indicates a non-linear behaviour of the power degradation on
plasma current (NSTX [724]). The detailed dependence on ε
and on other parameters is currently being assessed.

5.3.2. High-density H-mode. As for the density dependence
of τth, the favourable dependence, τth ∼ n0.4

19 , is lost
when the average density approaches the Greenwald density,
nG(1020 m−3) = Ip/πa2(MA,m), and the confinement
enhancement factor, HH98(y,2) ≡ τth/τth,98y2, decreases below
unity. This degrading nature has been widely observed in
various tokamaks. It has also been found that strong shaping of
the plasma cross-section, such as increasing triangularity, can
mitigate this degradation at high n/nG values [273, 494, 725].
Figure 92 shows the behaviour of HH98(y,2) against n/nG

for the ITPA global energy confinement database, where the
degradation is seen for n/nG > 0.8 [698]. Although the
averaged density becomes high, the peripheral density stays
low and the high confinement can be maintained. Spontaneous
peaking of the density profile with simultaneous gas fuelling
and good divertor pumping in DIII-D [365], or with reduced
gas puffing and allowing for longer timescale in JET [355], was
found to be important for achieving good confinement at high
density. Introducing a density peaking factor, γn = (n0/n̄ +
n̄/〈n〉)/2 (n0 is the central density, n̄ the line-averaged density
and 〈n〉 the volume-averaged density) [690], the enhancement
factor was roughly given by HH98(y,2) = 1 − 0.07(n̄/nG) +
0.17γn [698]. Methods to control the density peaking have
not yet been fully established. The good confinement can
be achieved even when the loss power, PL, is near the L–H
transition threshold, PLH. The enhancement factor was found
to lie around unity for a wide range of PL/PLH values [698].

5.3.3. Two-term scaling and beta dependence of ELMy
H-mode confinement. The expression of IPB98(y,2) is
converted to a physics form [2]:

τH98(y,2) ∝ τBρ−0.7
∗ β−0.9ν−0.01

∗ , (31)

where τB ∝ a2Bt/T is the Bohm confinement time (T is the
plasma temperature), ρ∗ ∝ T 0.5/aBt is the normalized Larmor
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model, ! ∝ √
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data archived in the ITER pedestal database [534], the resulting
scaling expression is given in equation (22) [540]. Fitting
of the data and ITER prediction are shown in figure 63
(section 4). The predicted pedestal temperature for ITER is
5.3 keV, assuming a pedestal density of 7 × 1019 m−3.

A similar investigation has evaluated the pedestal
temperature for a variety of pedestal width models using an
analytic formula for the critical pressure gradient against the
ballooning mode instability [721]. Numerical coefficients
for each pedestal width model are determined by the least
square error method using the ITER pedestal database [534].
Unfortunately, all these models provide rather large RMSE
(typically 30–40%), and therefore the best model cannot be
identified based on the present database. Although the pedestal
temperatures predicted by some of the models are in a similar
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pressure/temperature in the Type I ELMy regime has
progressed significantly over the past several years, models for
the pedestal width still have large uncertainty. Examinations
of various models for the pedestal width are described in
section 4.2 in detail. Further development of the model and its
validation with a more solid database can greatly promote the
predictive capability for all of the approaches listed above.

5.3. Global scaling

Global scaling expressions for the energy confinement time
(τE), or the stored energy (W ), are powerful tools for predicting
the confinement performance of burning plasmas. These
expressions are described using engineering parameters, such
as the major radius (R), minor radius (a) or inverse aspect
ratio (ε = a/R), elongation (κ), toroidal magnetic field (Bt),
plasma current (Ip), electron density (ne), heating power (P )
or loss power (PL ≡ P − dW/dt) and ion mass number (M).
One of the most reliable scaling expressions since 1998 for the
ELMy H-mode thermal energy confinement time (τth) is the
so-called IPB98(y,2) scaling [2]:
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(in s, MA, T, 1019 m−3, MW, m). The effective elongation
is defined as κa = Sc/πa2, where Sc is the plasma cross-
sectional area. The interval estimation of τth in the ITER
FDR with the use of such scaling expressions was studied in
detail [2, 701]. Later estimation for the present ITER design
using the extended database ITERH.DB3 showed a smaller
interval of a 95% log-linear uncertainty (+14%/ − 13%) than
that for ITER FDR (+25%/ − 20%) [704].

5.3.1. H-mode in low aspect ratio tokamaks. The IPB98(y,2)
scaling was obtained from the data of standard tokamaks with
0.15 < ε < 0.45. The later H-mode experiments in tight
aspect ratio tokamaks expanded the database significantly to
0.65 < ε < 0.8 and towards higher toroidal beta values. To
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Figure 92. HH factor (≡τth/τth,98y2) versus n/nG. Reprinted with
permission from [698].

the first approximation τth is in agreement with values given by
the above scaling (MAST [723]), although τth can reach values
of more than 20% greater than those given by IPB98(y,2) and
indicates a non-linear behaviour of the power degradation on
plasma current (NSTX [724]). The detailed dependence on ε
and on other parameters is currently being assessed.

5.3.2. High-density H-mode. As for the density dependence
of τth, the favourable dependence, τth ∼ n0.4

19 , is lost
when the average density approaches the Greenwald density,
nG(1020 m−3) = Ip/πa2(MA,m), and the confinement
enhancement factor, HH98(y,2) ≡ τth/τth,98y2, decreases below
unity. This degrading nature has been widely observed in
various tokamaks. It has also been found that strong shaping of
the plasma cross-section, such as increasing triangularity, can
mitigate this degradation at high n/nG values [273, 494, 725].
Figure 92 shows the behaviour of HH98(y,2) against n/nG

for the ITPA global energy confinement database, where the
degradation is seen for n/nG > 0.8 [698]. Although the
averaged density becomes high, the peripheral density stays
low and the high confinement can be maintained. Spontaneous
peaking of the density profile with simultaneous gas fuelling
and good divertor pumping in DIII-D [365], or with reduced
gas puffing and allowing for longer timescale in JET [355], was
found to be important for achieving good confinement at high
density. Introducing a density peaking factor, γn = (n0/n̄ +
n̄/〈n〉)/2 (n0 is the central density, n̄ the line-averaged density
and 〈n〉 the volume-averaged density) [690], the enhancement
factor was roughly given by HH98(y,2) = 1 − 0.07(n̄/nG) +
0.17γn [698]. Methods to control the density peaking have
not yet been fully established. The good confinement can
be achieved even when the loss power, PL, is near the L–H
transition threshold, PLH. The enhancement factor was found
to lie around unity for a wide range of PL/PLH values [698].

5.3.3. Two-term scaling and beta dependence of ELMy
H-mode confinement. The expression of IPB98(y,2) is
converted to a physics form [2]:

τH98(y,2) ∝ τBρ−0.7
∗ β−0.9ν−0.01

∗ , (31)

where τB ∝ a2Bt/T is the Bohm confinement time (T is the
plasma temperature), ρ∗ ∝ T 0.5/aBt is the normalized Larmor
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Simple Fusion Power ConditionsFusion Energy Relevant Levels of β/χ  have been
Achieved for Short Pulses 
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Turbulence Suppression:

Lazarus, Navratil, et al.PRL, 1996

Turbulence Suppression &
Shape Optimization:

then
HBT-EP:

Paux = 14 kA x 7 V 
     ≈ 100 kW
W = 100 J
τE = 1 msec
β = 0.004
a = 0.14 m
Ba = 0.045 T⋅m 
(1/312 smaller than ITER)
β/χ = 0.0004
T = 50 eV

ITER
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Summary: Fusion Power
• T ≈ 9 keV

• n ≈ 1020 m-3

• β = 0.025 (with βN = 1.8)

• B ≈ 5.3 T

• ε = a/R = 0.32 (with κ = b/a = 1.7)

• a = 2 m (aB = 14; with Ip = 15 MA and q = 3.0)

• τE= 3.7 s (with β/χ ≈ 0.027)

• Q ≥ 10
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Summary: ITER’s Parameters
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Table 5.1. Nominal parameters of ITER-FEAT in inductive operation

S;5;E/+/5 T.-+1
Reference

Q = 10
High Q,
high Pfus

S;5;E/+/5 T.-+1
Reference

Q = 10
High Q,
high Pfus

R/a m/m 6.2 / 2.00 6.2 / 2.00 Paux MW 40 23
Volume m3 837 837 Pohm MW 1.3 1.7
Surface m2 678 678 Ptot MW 123 144
Sep.length m 18.4 18.4 Pbrem MW 21 29
Scross-sect. m2 21.9 21.9 Psyn MW 8 10
U" T 5.3 5.3 Pline MW 19 20
Ip MA 15.0 17.4 Prad MW 48 59
!x / "x 1.86 / 0.5 1.86 / 0.5 Pfus MW 410 600
!95 / "95 1.7 / 0.35 1.7 / 0.35 Psep /PLH MW/ MW 75/48 84/53
li(3) 0.86 0.78 Q 10 24
Vloop mV 89 98 #E, s 3.7 4.1
q95 3.0 2.7 Wth MJ 325 408
$N 1.77 1.93 Wfast MJ 25 33
<ne> 1019 m-3 10.14 11.56 HH-IPB98(y,2) 1.0 1.0
n/nGW 0.85 0.84 #%

*/ #E 5.0 5.0
<Ti > keV 8.1 9.1 Zeff 1.65 1.69
<Te> keV 8.9 9.9 fHe,axis % 4.1 5.9
<$T> % 2.5 3.2 fBe,axis % 2.0 2.0
$p 0.67 0.62 fC,axis % 0.0 0.0
P% MW 82 120 fAr,axis % 0.12 0.11
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Density, Beta, H-Mode Limits

Nucl. Fusion 49 (2009) 065012

Nucl. Fusion 49 (2009) 065012 R.J. Hawryluk et al

arrangements. This paper will describe results on: design sensitivity studies, poloidal field coil requirements, vertical
stability, effect of toroidal field ripple on thermal confinement, material choice and heat load requirements for plasma-
facing components, edge localized modes control, resistive wall mode control, disruptions and disruption mitigation.

PACS numbers: 28.52.−s, 52.55.−s, 52.35.Py, 52.40.Hf, 52.55.Fa, 52.55.Rk, 52.55.Tn

1. Introduction

The goal of ITER is to demonstrate the scientific and
technological feasibility of fusion power for peaceful purposes
[1]. As part of the ITER Design Review [2] and in response to
the issues identified by the Science and Technology Advisory
Committee (STAC), the ITER physics requirements were
reviewed and as appropriate updated. This entailed applying
the results described in the special issue of Nuclear Fusion
on ‘Progress in the ITER Physics Basis’ [1], performing new
analyses and conducting experiments on the major tokamak
devices to ensure that the ITER design is consistent with
current understanding. This was a worldwide effort, with
major contributions from the ITPA, which were reported, in
part, at the 2008 IAEA Fusion Energy Conference. Much of
the work discussed in this paper was presented to the ITER
STAC, who provided detailed comments. A comprehensive
review of all of the scientific and technical issues will not be
attempted. Instead, the focus will be on recent work affecting
the ITER design with special emphasis on topics affecting near-
term procurement arrangements.

A key programmatic goal for ITER is that ‘The device
should achieve extended burn in inductively driven plasmas
with the ratio of fusion power to auxiliary heating power, Q,
of at least 10 (Q ! 10) . . .’ [1]. The focus on this goal
during the Design Review was motivated by the need to finalize
the specifications for the toroidal field coil [3] and vacuum
vessel procurement arrangements as well as submitting the
documentation for licensing [4], which are on the critical
path to completing the construction project. Areas requiring
additional research will be discussed.

2. Design sensitivity studies

‘Progress in the ITER Physics Basis’ [5] provides an extensive
review of the empirical scaling projections as well as one-
dimensional modelling assessments for ITER. The physics
uncertainties in projecting the performance of ITER are
addressed assuming that the machine operates at full design
parameters. The impact of modest changes in machine
parameters, Bt , Ip and κ (±10%) on the fusion power and Q

were evaluated with the HELIOS code (an earlier version of the
code is described in [6]) as well as by spreadsheet analysis. The
energy confinement time projections are based on the empirical
scaling [1]

τ
IPB98(y,2)
E,th = 0.0562HIPB98(y,2)I

0.93
p B0.15

T n̄0.41
e

×P −0.69R1.97M0.19κ0.78
a ε0.58,

where the units are s, MA, T, 1019 m−3, MW, m and amu,
respectively, ε is the aspect ratio, a/R, and the elongation, κa ,

Figure 1. The operating space is shown on the basis of calculations
using the HELIOS code for the baseline 15 MA, 5.3 T ELMy
H-mode scenario. For reference, the baseline heating power is
73 MW. At an operating density of 0.85 of the Greenwald limit, the
projected Q is 10 with 40 MW of heating power and τE = 3.8 s The
accessible operating regime in white is bounded by the estimated
power required to achieve an H-mode, the Greenwald density and
the available auxiliary heating power.

is defined as κa = So/(πa2), with So being the plasma cross-
section. HIPB98(y,2) denotes a constant normally taken to be
unity.

As shown in figure 1, the maximum operating density,
auxiliary heating power and the criteria to achieve H-mode
confinement defines the operating space for the baseline
15 MA, 5.3 T scenario. To avoid the degradation in
confinement at high density, the operating density is assumed
to be 0.85 of the Greenwald density limit. The baseline heating
power is 73 MW and could be further increased if necessary.
The back transition from H-mode to L-mode confinement is
assumed to occur at the same power as the L- to H-mode
transition at the same parameters. The analysis by Martin
et al [7] taking into account the effective mass of the plasma is
used to calculate the power threshold for H-mode confinement.
At the nominal Q = 10 operating point, the power threshold
is ∼70 MW and the power through the separatrix ∼79 MW,
taking into account an estimate for the radiated power. In
a burning plasma, bremsstrahlung and synchrotron radiation
are more important than in current experiments. Thus,
bremsstrahlung and synchrotron radiated power as well as an
estimate for line radiation within the separatrix were subtracted
out, which may be a conservative assumption since that was not
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Figure 2. Operating scenario assuming a 10% reduction in toroidal
field (4.77 T) and plasma current (13.5 MA) relative to figure 1. For
the nominal operating point at 0.85 of the Greenwald density, Q ∼ 6
and τE = 3.3 s.

done in the development of the power threshold database. The
uncertainty in the power threshold for the H-mode transition
[5, 7, 8] and the possible occurrence of Type III ELMs near
the power threshold [9], which degrades energy confinement,
motivates further research.

As indicated in figure 1, operation at high density
approaching the Greenwald limit is advantageous. Relative to
current experiments, ITER will rely on pellet fuelling, which
may enable higher density operation and more peaked density
profiles, which are also advantageous. Recent experiments
on ASDEX Upgrade and JET have shown the density profile
becomes more peaked with decreasing plasma collisionality,
which is characteristic of ITER operation ([5] and references
therein).

For constant values of the safety factor, a 10% reduction
in the toroidal field and plasma current as shown in figure 2
results in Q being reduced from ∼10 to ∼6. Similarly, if the
elongation were reduced by ∼10% and the current decreased to
maintain the safety factor at the baseline level, then Q is also
reduced to ∼6. Alternatively, when the current is increased
from 15 to 17 MA, the value of Q is projected to increase to
∼20. While operation at 17 MA is not a baseline operating
point, it will be assessed during the design of ITER. Due to
the increased likelihood of disruptions and increased forces
and potential for damage due to disruptions, the implications
of operating at 17 MA will be evaluated during the hydrogen-
commissioning phase.

These sensitivity studies indicate the value of operational
ranges with improved energy confinement, and research is
on-going to identify such operating modes. Recent results
from ASDEX Upgrade, DIII-D, JET and JT-60U, using the
hybrid regime in which the q(0) ∼ 1 present an opportunity
for improved performance at lower plasma current, though
the underlying mechanisms which enable higher values of
central safety factor are still under investigation ([5, 10–12] and
references in [10]). Nonetheless, the successful development

Figure 3. The poloidal field system of ITER is depicted. ‘CS’ refers
to the central solenoid, which consists of six segments and provides
predominantly, but not solely, the magnetic flux swing required for
inductive current drive, while the six poloidal field (‘PF’) coils make
the major contribution to plasma shaping and active control.

of such modes of operation may relax some of the operational
constraints and also enable longer duration discharges,
which are important for addressing various technology
issues especially those dependent on neutron fluence such
as the operation of the (tritium breeding) test blanket
modules.

These sensitivity studies reinforced the importance of
reliably operating ITER at full toroidal field, plasma current
and elongation for the baseline scenario to fulfill its scientific
and technology mission and underlined the impact of design
or operational decisions, which could reduce the energy
confinement time.

3. Poloidal field coil requirements

The unique combination of high current, high fusion power and
long pulse operation in ITER results in very stringent demands
on the poloidal field system to provide adequate flux swing,
to control the plasma shape, including vertical position, the
location of the divertor strike points and the distance to the first
wall, in the presence of disturbances. These are often inter-
related issues affecting the design requirements for the poloidal
field system, since all poloidal field and central solenoid coils
shown in figure 3 participate in providing plasma position,
shape and current control.

Analysis of the plasma shape control has, to date, focused
on the requirements to develop satisfactory current ramp-
up and burn phases of the 15 MA reference scenario, while
exploration of possible scenarios for the current ramp-down
phase is continuing [13]. This analysis has benefited from
additional experimental results [14–16]. The variation of
the internal inductance during the different phases of the
discharge is shown in figure 4 for a set of ‘ITER demonstration

3
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Figure 55. Confinement enhancement factors relative to the empirical H-mode confinement scalings as a function of n̄e/nG at different
triangularities δ. (Left) JET. Reprinted with permission from [370]. (Right) ASDEX Upgrade. Reprinted with permission from [248].

Figure 56. Confinement enhancement factors for the density scans
in JET at q95 = 3, with Ip/Bt of 2.5 MA/2.25 T, 3 MA/2.7 T and
3.5 MA/3.2 T. Reprinted with permission from [500].

4.1.2. High density discharges with pellet fuelling. Figure 58
(left column) shows a JET discharge demonstrating the
potential of high field side (HFS) pellet injection for fuelling
the plasma to high density with simultaneous high confinement
in a large tokamak [502]. In this discharge with a tailored
injection rate, a density above the Greenwald density has
been achieved with a large peaking factor, ne(0)/nped ≈ 2,
HH98(y,2) ≈ 0.82 and βN ≈ 1.8, although further work is
needed to optimize the stationarity. The right column in
figure 58 shows a flat density profile in ASDEX Upgrade
near the H-mode density limit with strong gas puffing, and
strongly peaked density profiles with high field side pellet
injection [367]. One can see that pellet fuelling achieves higher
central densities compared with strong gas puffing at similar
edge densities. Evolution of the density profile after injection
of a single pellet is also shown.

HFS pellet injection is presently considered as a
main fuelling technique compatible with reactor conditions.
However, this technique is not yet sufficiently developed to be
accepted as a convenient tool in current experiments. Further

work is required. High density discharges with good H-mode
confinement sustained for long times with density peaking and
with impurity seeding are discussed in section 3.4.5.

4.1.3. Understanding of density-limiting processes. There
are several density limits in tokamaks [1, 431]. Two of them,
i.e. the H-mode density limit associated with a back transition
from H- to L-mode and the ultimate L-mode density limit
related to plasma disruption are the most important for reactor
like devices. The figure of merit for the L-mode density limit
is the Greenwald density [1, 431],

nG =
Ip

πa2
≡ 1.59g

Bt

q95R
(1020 m−3, MA, T, m), (12)

where g = q95/qcyl is the plasma shaping factor with qcyl =
5a2Bt/(RIp). Typically, at operation in the Type I ELMy
H-mode with gas puff fuelling, an increase in density above
some limit leads to a transition from Type I to Type III
ELMs accompanied with reduction of the stored plasma energy
by 15–40% [503]. A further increase in the gas fuelling
rate leads to a back transition to the L-mode, correlated
with complete divertor detachment and/or divertor/X-point
MARFE formation [1]. At even higher fuelling rates,
the L-mode density limit disruption occurs, terminating the
discharge.

Models for the H-mode density limit. A number of semi-
empirical and theoretical models for the H-mode density
limit have been suggested. The Borrass model identifies
the density limit with a complete divertor detachment. The
limit on the separatrix density that follows from the ‘two-
point’ SOL model has been obtained in the form [504]
nsep ∝ qx

⊥B
5/16
t /(q95R)11/16−x, where x = (10 − ξ)/[16(1 +

ξ)], ξ is an arbitrary constant, q⊥ = (Pheat − P tot
rad)/Ssep,

P tot
rad = P core

rad + P div
rad and Ssep is the separatrix surface area.

This relation, in combination with an empirical scaling for
nped/nsep, normalized to a typical JET discharge with a
strong gas fuelling and flat density profile gave the Borrass
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3.5 MA/3.2 T. Reprinted with permission from [500].
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Stability at high beta (the ratio of plasma pressure to magnetic field pressure) is an important 
requirement for a compact, economically attractive fusion reactor. It is also important in present 
large tokamak experiments, where the best performance is now often limited by instabilities 
rather than by energy transport. The past decade has seen major advances in our understanding 
of the stability of high beta tokamak plasmas, as well as in the achievement of high values of 
beta. Ideal magnetohydrodynamic (MHD) theory has been remarkably successful in predicting 
the stability limits, and the scaling of maximum stable beta with the normalized plasma current 
predicted by Troyon and others has been confirmed in many experiments, yielding a limit 
{3max 'Z3.5 (%-m-T/MA) lIaB (where I is the plasma current, a is the minor radius, and B is 
the toroidal field). The instabilities which are predicted to limit beta have been observed 
experimentally, in good agreement with theoretical predictions, including long-wavelength kink 
modes and short-wavelength ballooning instabilities. Advances in understanding of tokamak 
stability have opened several paths to higher values of beta. The use of strong discharge shaping, 
approaching the limits of axisymmetric stability, has allowed beta values as high as 12% to be 
reached in agreement with Troyon scaling. Recent experimental results and ideal MHD 
modeling have shown that the beta limit depends on the form of the pressure and current density 
profiles, and modification of the current density to create a centrally peaked profile has allowed 
beta values up to 6l1aB to be achieved experimentally. Recent experiments have also begun to 
explore both local and global access to the predicted second stable regime for ballooning modes, 
with the potential for very high values of {3/{l/aB). Preliminary experimental investigations of 
wall stabilization and radio-frequency (RF) current profile control hold the promise of further 
improvements in beta through passive and active control of instabilities. The developing 
understanding of high beta stability and the application of this understanding to present 
experiments and future fusion devices hold the potential for production of stable, steady state 
plasmas at high beta with good confinement. 

I. INTRODUCTION 

The performance of a fusion reactor depends on sta-
bilityat high beta, as well as good energy confinement. For 
a self-sustaining deuterium-tritium fusion reaction the ig-
nition parameter, 1 which can be written as {3 B21", must 
exceed a minimum threshold value. Here f3 = 2po (p > / B2 is 
the ratio of the volume-averaged plasma pressure to the 
pressure of the confining magnetic field B, and 1" is the 
energy confinement time. Moreover, the economic feasibil-
ity of a fusion reactor improves with the fusion power 
density, which can be written as Pfu/ V <X f3 B2/r at the 
threshold of ignition. Reactor scaling studies2- s and a com-
parison of several detailed conceptual designs6 show that 
the reactor size, capital cost, and cost of electricity depend 
sensitively on the value of beta, and suggest that a com-
pact, economically attractive fusion reactor requires a min-
imum beta value in the range of 5% to 10%. 

at high beta?-IO the plasma energy increases continuously 
until an MHD instability leads to degradation of confine-
ment or disruption of the discharge. For example, in the 
preliminary tritium experiments in the Joint European 
Torus (JET) II with an 11 % tritium fuel concentration and 
high fusion power yield, both the plasma energy and fusion 
neutron rate increase with time until a global MHD insta-
bility causes a small decrease in the total plasma energy 
and a much larger drop in the central ion temperature and 
fusion rate. 

The issue of stability at high beta is also of immediate 
importance. As a result of improvements in energy con-
finement and heating power, the best performance in 
present large tokamak experiments is often limited not by 
transport but by magnetohydrodynamic (MHD) stability 

*Paper 9RVl, Bull. Am. Phys. Soc. 38, 2098 (1993). 
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The past decade has seen major advances not only in 
the achievement of stable high beta tokamak plasmas, but 
also in our understanding of these plasmas. The maximum 
value of beta reached experimentally has more than dou-
bled in the last ten years, as shown in Fig. 1 (a). Of equal 
importance, in several recent experiments beta relative to 
"Troyon scaling" (a semiempirical scaling law for the sta-
bility limit at high beta) has increased by almost a factor of 
2, as shown in Fig. 1 (b). Ideal MHD theory has been 
successful in predicting the experimentally observed stabil-
ity limits, and numerical codes for linear ideal MHD sta-' 
bility calculations have matured to the point of routine use 
for prediction and analysis of experimental results. Im-
proved pressure profile diagnostics and the advent of diag-
nostic measurements for the current profile have made pos-
sible a detailed understanding of the role of these profiles in 
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FIG. 3. Operational limits for HBT. Open circles indicate stable dis-
charges; closed circles indicate transient, unstable cases with a growing 
n= I kink instability. The q=2 limit and fJN=2.8 (Troyon) limit are 
shown (Ref. 46). 

stability limits at both low q and high beta. As seen in Fig. 
3, an instability identified as an ideal n = 1 kink mode oc-
curs near the expected beta limit (f3N=2.8) and near the 
q = 2 limit. Ideal kink instabilities are observed at the beta 
limit in large, high power tokamaks as well,25.47-49 as 
shown, for example, in Fig. 4, where a DIII-D discharge at 
f3N=3.5 is terminated by a sudden disruption.49 In the 
time-expanded portion of the figure, signals from two tor-
oidally separated magnetic probes show the abrupt growth 
of a nonrotating n = 1 mode. This mode grows and satu-
rates in less than 100 !kS, consistent with ideal MHD time 
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FIG. 4. Time evolution of an ideal n= 1 kink mode disruption at high 
beta (fJN=3.5) in DIIl-D (Ref. 49). 
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scales, and a disruption follows. Stability calculations show 
that this discharge is at the predicted boundary for the 
n = 1 ideal kink mode. 

The internal kink mode can also be destabilized by 
plasma pressure50 and may playa role in beta-limiting dis-
ruptions. The heat pulse from a sawtooth may trigger a 
kink mode at larger radius49 or the internal kink may drive 
other modes directly by the increased coupling of poloidal 
modes which occurs at high beta.51 ,52 For example, the 
disruptive beta limit in "supershot" discharges in the Tok-
amak Fusion Test Reactor (TFTR)48 is found to agree 
with stability limits for the external kink at low q and the 
internal kink at high q,53 consistent with the observation of 
a rapidly growing 1/1 precursor in some disruptions. 54 

Although the beta limit for high-n ballooning modes is 
predicted to lie near the kink mode limit, these modes are 
more difficult to observe because of their short wavelength. 
Nevertheless, there is substantial indirect evidence for their 
existence in agreement with ideal MHD predictions. In 
many experiments,21,48,55-62 the pressure gradient reaches 
the predicted limit for high-n ballooning modes, but does 
not (within experimental uncertainty) exceed it. This be-
havior is consistent with the expectation that high-n insta-
bilities should cause enhanced transport rather than a dis-
ruption. A "soft" saturation of beta with increasing heating 
power has been attributed to enhanced transport by resis-
tive ballooning modes in the Impurity Study Experiment B 
(ISX_B)63 and Axisymmetric Divertor Experiment 
(ASDEX)64.65 tokamaks. 

There have also been direct observations of ballooning 
modes with moderately high mode numbers, beginning 
with the observation of a rapidly growing instability with 
toroidal mode number n::::: 14 in high beta discharges in the 
Torus II tokamak.66 More recently, instabilities with mode 
numbers n:::::4 to 12 have been observed in TFTR dis-
charges near the beta limit, using both soft x-ray and elec-
tron cyclotron emission.61 As seen in Fig. 5, the mode 
structure is localized poioidally on the large major radius 
(unfavorable curvature) side of the plasma, and is also 
localized in the toroidal and radial directions. The mode 
grows on a time scale of 10-20 !ks, consistent with ideal 
MHD growth times. The onset of this mode immediately 
precedes a degradation of confinement, but the dominant 
instability during the degradation is a low-n resistive mode 
of the type to be discussed below. Similarly, in DIII-D very 
high confinement (VH-mode) discharges,68 rapidly grow-
ing instabilities with n::::: 3 to 5 cause a loss of energy from 
the edge of the discharge and termination of the good con-
finement phase.69 High-n fluctuations (n > 10) have also 
recently been observed during a soft beta saturation in 
TFTR.7o It appears, then, that the primary role of high-n 
ballooning modes is to alter the pressure profile. In some 
cases, the change in the pressure profile may destabilize a 
low-n mode, with a more catastrophic effect on the 
plasma.71 

Ideal instabilities set the upper limit for beta, but in-
stabilities are also observed below the maximum beta, with 
increasing probability as {3N increases.72 Often these consist 
of slowly growing instabilities (y- I - 10-100 ms) which 
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scales, and a disruption follows. Stability calculations show 
that this discharge is at the predicted boundary for the 
n = 1 ideal kink mode. 

The internal kink mode can also be destabilized by 
plasma pressure50 and may playa role in beta-limiting dis-
ruptions. The heat pulse from a sawtooth may trigger a 
kink mode at larger radius49 or the internal kink may drive 
other modes directly by the increased coupling of poloidal 
modes which occurs at high beta.51 ,52 For example, the 
disruptive beta limit in "supershot" discharges in the Tok-
amak Fusion Test Reactor (TFTR)48 is found to agree 
with stability limits for the external kink at low q and the 
internal kink at high q,53 consistent with the observation of 
a rapidly growing 1/1 precursor in some disruptions. 54 

Although the beta limit for high-n ballooning modes is 
predicted to lie near the kink mode limit, these modes are 
more difficult to observe because of their short wavelength. 
Nevertheless, there is substantial indirect evidence for their 
existence in agreement with ideal MHD predictions. In 
many experiments,21,48,55-62 the pressure gradient reaches 
the predicted limit for high-n ballooning modes, but does 
not (within experimental uncertainty) exceed it. This be-
havior is consistent with the expectation that high-n insta-
bilities should cause enhanced transport rather than a dis-
ruption. A "soft" saturation of beta with increasing heating 
power has been attributed to enhanced transport by resis-
tive ballooning modes in the Impurity Study Experiment B 
(ISX_B)63 and Axisymmetric Divertor Experiment 
(ASDEX)64.65 tokamaks. 

There have also been direct observations of ballooning 
modes with moderately high mode numbers, beginning 
with the observation of a rapidly growing instability with 
toroidal mode number n::::: 14 in high beta discharges in the 
Torus II tokamak.66 More recently, instabilities with mode 
numbers n:::::4 to 12 have been observed in TFTR dis-
charges near the beta limit, using both soft x-ray and elec-
tron cyclotron emission.61 As seen in Fig. 5, the mode 
structure is localized poioidally on the large major radius 
(unfavorable curvature) side of the plasma, and is also 
localized in the toroidal and radial directions. The mode 
grows on a time scale of 10-20 !ks, consistent with ideal 
MHD growth times. The onset of this mode immediately 
precedes a degradation of confinement, but the dominant 
instability during the degradation is a low-n resistive mode 
of the type to be discussed below. Similarly, in DIII-D very 
high confinement (VH-mode) discharges,68 rapidly grow-
ing instabilities with n::::: 3 to 5 cause a loss of energy from 
the edge of the discharge and termination of the good con-
finement phase.69 High-n fluctuations (n > 10) have also 
recently been observed during a soft beta saturation in 
TFTR.7o It appears, then, that the primary role of high-n 
ballooning modes is to alter the pressure profile. In some 
cases, the change in the pressure profile may destabilize a 
low-n mode, with a more catastrophic effect on the 
plasma.71 

Ideal instabilities set the upper limit for beta, but in-
stabilities are also observed below the maximum beta, with 
increasing probability as {3N increases.72 Often these consist 
of slowly growing instabilities (y- I - 10-100 ms) which 
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FIG. 2. Comparison of experimental beta limits to Troyon scaling, show-
ing the operational envelopes for several tokamaks. 

to (3(max) = Cp(IlaB)lqo <x Elqrfl is consistent with the 
Eq-2 form for ballooning modes and preserves Troyon 
scaling at qo= 1. Another noteworthy feature of these nu-
merical studies is the similar scaling and magnitUde for the 
beta limits due to high and low-n modes. An underlying 
unity of the stability limits is suggested by the analytic 
resu1t19 that in the limit nq). 1, the beta limit becomes 
independent of n. 

The Troyon beta limit scaling was verified by data 
from several tokamak experiments,20-25 up to a maximum 
beta of 4.5% in Doublet I1eo and later 5.5% in the 
Princeton Beta Experiment (PBX).25 As seen in Fig. 2, the 
data from many devices show the maximum beta increas-
ing with lIaB, consistent with a coefficient Cp=3.5± O.5. 
The confirmation of Troyon scaling is a remarkable exam-
ple of agreement not only between theory and experiment, 
but also among many experiments spanning an order of 
magnitude or more in machine size, plasma current, and 
maximum beta. 

Troyon scaling gives a triangular stable region in the 
plot of {3 vs lIaB, bounded above by the beta limit and on 
the right by the q=2 limit due to the current-driven kink 
instability, as seen in Fig. 2. There are several ways to 
increase the maximum stable beta. The stable region can be 
expanded by moving the q = 2 boundary toward higher 
lIaB through the use of discharge shaping. Recent results 
from discharges with high elongation and triangu-
laritylO,26-29 have extended the scaling to higher llaB and 
higher beta, up to beta values in DIII-D of 11 %30 and very 
recently 12%.31 The role of discharge shaping will be dis-
cussed further in Sec. IV. The stable region can also be 
expanded by increasing the slope of the beta limit bound-
ary through modification of the pressure and current den-
sity profiles. Recent experimental results, using profiles be-
yond the scope of the original beta limit scaling studies, 
now include discharges with (3N=/3I(/laB) greater than 
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3.5 in several tokamaks26-28,32-35 as seen in Fig. 2. The role 
of the pressure and current density profiles in increasing 
the limit will be discussed in Sec. V. Finally, it may be 
possible to avoid the stability boundary by gaining access 
to a second stable regime, as will be discussed in Sec. VI. 

III. BETA-LIMITING INSTABILITIES 

Beta is limited by the appearance of instabilities in the 
plasma in good agreement with theoretical predictions. 
These instabilities degrade the confinement or result in dis-
ruption of the discharge. Linear ideal MHD theory accu-
rately predicts the upper limit for beta which can be 
achieved experimentally, as seen by the success of Troyon 
scaling. The theoretical limit is determined by the growth 
of instabilities, and the predicted instabilities have been 
observed, including both n = I kink modes and high-n bal-
looning modes. 

Although ideal MHD theory is expected to give an 
upper limit for stability, experimental plasmas are not 
completely described by ideal MHD, which treats the 
plasma as a perfectly conducting fluid. Pressure-driven re-
sistive instabilities can play a role in limiting the experi-
mental beta, as will be discussed later in this section. En-
ergetic ions generated by neutral beams, radio frequency 
(RF) heating, or fusion reactions can be an important 
component of a tokamak plasma which is not included in 
ideal MHD theory. Destabilization by fast ions of internal 
kink modes36,37 and Alfven instabilities38-40 have been pre-
dicted and observed. Energetic ions may also have a stabi-
lizing effect on kinetically modified ballooning modes.41 ,42 
A review of fast ion effects is beyond the scope of the 
present paper, and they will not be discussed further. 

A confined plasma in force-balance equilibrium is 
MHD unstable if a fluid perturbation exists which reduces 
the total potential energy of the plasma pressure and the 
magnetic field. The energy principle for ideal MHD 
stability43 can be written in a form44,45 which includes a 
destabilizing term proportional to the current density par-
allel to the magnetic field, and another proportional to the 
pressure gradient. Thus instabilities are sometimes classi-
fied as kink modes driven by the parallel current, or bal-
looning modes driven by the pressure gradient. Kink 
modes are most unstable for low mode numbers and are 
global perturbations of the discharge, while ballooning 
modes are most unstable for high mode numbers and tend 
to have larger amplitude on the large major radius side of 
the torus where the magnetic field curvature is destabiliz-
ing. However, in the presence of nonzero pressure both the 
current and pressure gradient normally contribute to driv-
ing the instabilities observed experimentally. In this paper 
we will conventionally use the term "kink mode" to refer 
to low-n, global instabilities, and "ballooning mode" to 
refer to high-n, localized instabilities, although either may 
be destabilized by increasing pressure. 

The operational beta limit is caused by the instabilities 
which ideal MHD theory predicts. These instabilities are 
seen, for example, in the High Beta Tokamak (HBT)46 
where fast formation techniques allow the creation of dis-
charges which approach or transiently exceed the expected 
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Figure 1. ITER simulations using the GLF23 transport model and
both the complete (left) and incomplete (right) reconnection models.
The top frames show the axial q value, in the middle frames the
α-power is the solid line and stored energy the broken line and the
bottom frames show the axial temperature.

The results of two simulations are shown in figure 1, one
using complete reconnection and the other with incomplete
reconnection. Note that the sawtooth period is about 50 s
during the flattop for the complete reconnection, and 2–3 times
that frequent for the incomplete reconnection. Both the alpha
power and stored energy are essentially independent of the
sawtooth period, since the period is always longer than the
energy confinement time, the core electron temperature is so
high, and the magnetic diffusion time is long compared with
the energy confinement time. The q = 1 radius is about 42%
of the minor radius.

It is concluded that in ITER the sawtooth will lead to
periodic oscillations on a time that is considerably longer
than the energy confinement time, τSAW ! τE , and that the
temperature at the q = 1 surface is sufficiently high that
the sawteeth oscillations have negligible effect on both the
stored energy and the rate of neutron production (as can be
seen from figure 1). The incomplete reconnection sawteeth
have a period about half that of the complete reconnection,
but still long compared with τE . A consequence of these long
period sawteeth is the possibility of destabilizing NTMs (see
section 2.2.3) and thus sawtooth control (see section 2.1.2) is
important to consider. Also, heat pulses from sawteeth can be
linked to ELM triggering.

2.2. Neoclassical tearing modes

2.2.1. Physics of neoclassical tearing modes. The presence
of persistent magnetic islands in the plasma core is an important
issue for burning plasmas, as they can significantly limit the
performance of both the standard ELMy H-mode and advanced
scenarios. The neoclassical tearing modes (NTMs) are driven
by the local reduction of the bootstrap current due to the
pressure flattening across the island. This drive is inherently a
non-linear process as it relies on the existence of a fully formed
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energy confinement due to the NTM from 3/2 and 2/1 NTMs can be
seen in the effect on βN .

island, large enough to increase the local radial transport and
flatten the pressure profile. The most significant NTMs are
those with m/n = 3/2 or 2/1 (with m the poloidal mode
number and n the toroidal mode number). The effect of
these NTMs on energy confinement is nicely illustrated by
comparison of two discharges one of which suffers from a 3/2
and then a 2/1 NTM, and an otherwise identical discharge in
which electron cyclotron current drive (ECCD) stabilizes the
3/2 NTM and a 2/1 NTM does not occur (see section 2.2.2 for
a discussion of NTM stabilization), as shown in figure 2.

Since the previous report [1], the studies have concentrated
either on the capabilities to predict the onset of NTMs
in ITER and on the possibilities to stabilize the modes if
they are triggered. Scalings at the mode onset and decay
including both collisionality and Larmor radius have been
extensively investigated, e.g. in ASDEX Upgrade [50, 51],
DIII-D [52], JET [53,54], JT-60U [55] and T-10 [56], leading to
a consensus on the stronger, approximately linear, dependence
on Larmor radius compared with collisionality. Cross-machine
comparisons of onset conditions have led to a scaling for the
onset beta of the m = 3/n = 2 NTM depending on νi∗
and mainly ρi∗ [57]. The difficulty of such a scaling is that
it needs to combine the seed island formation physics and
the NTM physics. A particular assumption made in [57] is
that the seed island width can be described as a function of
βp and 1/S = τA/τR, the inverse of the magnetic Reynolds
number. Recent JET experiments have shown however that
large seed islands and hence NTMs, can be triggered at the
sawtooth crash after long sawtooth free periods [4], even at
low β. Therefore more recent studies have concentrated on
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Figure 3. Sketch of the time evolution of the island growth rate
as given by equation (6) at the onset of the NTM when the
critical seed island size (Wcrit) is exceeded and an NTM forms
at βp,onset . A slow decrease in beta from βp,onset to βp,marg (when
max(dW/dt) = 0) is assumed, as in power ramp-down experiments,
such that dW/dt ≈ 0 (reproduced from [54] ‘Marginal β-limit for
neoclassical tearing modes in JET H-mode discharges’).

the seed island formation or on the NTM physics, as they are
not necessarily related. However, additional effects on NTM
onset arise from resonant error fields which can seed NTMs
and slow plasma rotation [58]. Preliminary analysis suggests
decreased plasma rotation could be reducing the small island
polarization current threshold and thus making the 2/1 NTM
unstable at lower β, but further experiments are required to
elucidate this effect.

To understand the physics mechanisms at play, it is best
to describe in some detail the modified Rutherford equation,
which can be written symbolically as follows for the island
growth rate:

τR

rs

dW

dt
= rs#

′(W) + rsβp(#
′
BS − #′

GGJ − #′
pol) + rs#

′
CD.

(6)

Here W is the width of a magnetic island occurring at a radius
rs and τR is the local resistive diffusion time; #′ is the stability
index of the equilibrium current profile, #′

BS is the bootstrap
drive term, and #′

CGJ and #′
pol are the stabilizing curvature [59]

and polarization terms [60], respectively. The effect of current
drive represented by #′

CD will be discussed in the next section.
The island width dependence is #′

BS ∝ W/(W 2 + W 2
d ) and

#′
pol ∝ W 2

pol/W 3, where Wd describes a stabilizing effect at
small island width due to perpendicular thermal conduction
[61] and Wpol is a constant related to the stabilizing polarization
effect. A fuller description of these terms, used to compare
with experimental data, can be found in [54,62] and references
therein (see also [1]). The typical evolution of the island growth
rate in a full discharge, assuming a slow ramp-down of the
power, and thus a slow decrease in the terms proportional to
βp in equation (5), is shown in figure 3. At a given time in the
discharge, an island is triggered at a beta value βp,onset, in most
cases much larger than βp,marg, and subsequently grows to a
relatively large saturated island width. When βp ! βp,marg, the
mode is stabilized and the growth rate becomes rapidly very
negative. The hysteresis, ratio βp,onset/βp,marg, is significant
in standard scenarios with modest size sawteeth, it has been
measured much above unity in ASDEX Upgrade [51], DIII-
D [52], JET [4] and JT-60U [55]. This occurs because βp,marg,

the marginal beta limit above which NTMs are metastable, is
very low but generally the sawteeth (or other seeds) do not
form a large enough island (W < Wcrit) until βp increases well
above βp,marg. Since βp,marg scales approximately linearly with
ρ∗ [54] ITER is predicted to have βp > βp,marg as soon as it
is in the H-mode. Therefore the existence of NTMs in ITER
does not depend on β as such, but rather on the triggering of a
seed island Wseed > Wcrit . Thus, the predictions of seed island
widths and of the value of Wmarg are each of great importance
for burning plasmas.

The prediction of Wmarg indicates that its size normalized
by the minor radius will be much smaller in ITER than in
present experiments. Its value depends on all the terms
in equation (6) and their dependence at small W . The
understanding and relevance of each of these terms have been
further developed since [1]:

– The first term is the classical #′ term, which has a weak
dependence on W . It has been shown that classical
tearing modes can provide the seed islands for NTMs
[63,64], and this may be one of the possible explanations
of the ‘triggerless NTMs’ observed in other machines
like ASDEX Upgrade [65], JT-60U [55], T-10 [56] and
TFTR [66]. This usually happens when the current
profile is modified [63], and could become the main seed
island trigger mechanism in hybrid scenarios, or when
β approaches the ideal limit, as #′ can become large and
positive [64] and thus could become important in advanced
scenarios. In addition, using fast power shut-off, leading
to a rapid vanishing of the terms proportional to βp in
equation (6), it was possible to show the linear #′(W) on
W in TCV [17].

– The second term is the bootstrap drive, which is reduced
at small island width due to two main effects. First,
the ratio of perpendicular to parallel heating becomes
non-negligible and the pressure profile is not flattened
completely, reducing the perturbed bootstrap current [61,
67]. Anomalous perpendicular viscosity can also affect
the bootstrap drive. Its effect is frequency dependent and
can be stabilizing or destabilizing depending on the sign
of ω/ω∗pi [68], where ω is the mode frequency in the
electron frame and ω∗pi is the ion diamagnetic frequency.
Another effect which reduces the perturbed ion bootstrap
current even more is finite ion Larmor radius effects [69].
When the island width is less than ∼5ρb (ρb = ion banana
width) ions are still affected by the pressure gradient inside
and outside the island, leading to a finite bootstrap current
within the island.

– The third term describes the stabilization due to the effect
of curvature and is usually smaller than the bootstrap term
in present tokamak scenarios and therefore has often been
neglected in the past. It has been confirmed in MAST to
be significant for tight aspect ratio scenarios [70]. On the
other hand, it has been shown to yield a finite stabilizing
term for small island width [71] and therefore can be
significant at small island widths in present tokamaks and
for ITER aspect ratio as well.

– The fourth term is due to the polarization current,
resulting from the fluctuating electric field driven by the
different electron and ion responses to the rotating island.
Therefore it involves diamagnetic effects, effective mode
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Figure 3. Sketch of the time evolution of the island growth rate
as given by equation (6) at the onset of the NTM when the
critical seed island size (Wcrit) is exceeded and an NTM forms
at βp,onset . A slow decrease in beta from βp,onset to βp,marg (when
max(dW/dt) = 0) is assumed, as in power ramp-down experiments,
such that dW/dt ≈ 0 (reproduced from [54] ‘Marginal β-limit for
neoclassical tearing modes in JET H-mode discharges’).

the seed island formation or on the NTM physics, as they are
not necessarily related. However, additional effects on NTM
onset arise from resonant error fields which can seed NTMs
and slow plasma rotation [58]. Preliminary analysis suggests
decreased plasma rotation could be reducing the small island
polarization current threshold and thus making the 2/1 NTM
unstable at lower β, but further experiments are required to
elucidate this effect.

To understand the physics mechanisms at play, it is best
to describe in some detail the modified Rutherford equation,
which can be written symbolically as follows for the island
growth rate:

τR

rs

dW

dt
= rs#

′(W) + rsβp(#
′
BS − #′

GGJ − #′
pol) + rs#

′
CD.

(6)

Here W is the width of a magnetic island occurring at a radius
rs and τR is the local resistive diffusion time; #′ is the stability
index of the equilibrium current profile, #′

BS is the bootstrap
drive term, and #′

CGJ and #′
pol are the stabilizing curvature [59]

and polarization terms [60], respectively. The effect of current
drive represented by #′

CD will be discussed in the next section.
The island width dependence is #′

BS ∝ W/(W 2 + W 2
d ) and

#′
pol ∝ W 2

pol/W 3, where Wd describes a stabilizing effect at
small island width due to perpendicular thermal conduction
[61] and Wpol is a constant related to the stabilizing polarization
effect. A fuller description of these terms, used to compare
with experimental data, can be found in [54,62] and references
therein (see also [1]). The typical evolution of the island growth
rate in a full discharge, assuming a slow ramp-down of the
power, and thus a slow decrease in the terms proportional to
βp in equation (5), is shown in figure 3. At a given time in the
discharge, an island is triggered at a beta value βp,onset, in most
cases much larger than βp,marg, and subsequently grows to a
relatively large saturated island width. When βp ! βp,marg, the
mode is stabilized and the growth rate becomes rapidly very
negative. The hysteresis, ratio βp,onset/βp,marg, is significant
in standard scenarios with modest size sawteeth, it has been
measured much above unity in ASDEX Upgrade [51], DIII-
D [52], JET [4] and JT-60U [55]. This occurs because βp,marg,

the marginal beta limit above which NTMs are metastable, is
very low but generally the sawteeth (or other seeds) do not
form a large enough island (W < Wcrit) until βp increases well
above βp,marg. Since βp,marg scales approximately linearly with
ρ∗ [54] ITER is predicted to have βp > βp,marg as soon as it
is in the H-mode. Therefore the existence of NTMs in ITER
does not depend on β as such, but rather on the triggering of a
seed island Wseed > Wcrit . Thus, the predictions of seed island
widths and of the value of Wmarg are each of great importance
for burning plasmas.

The prediction of Wmarg indicates that its size normalized
by the minor radius will be much smaller in ITER than in
present experiments. Its value depends on all the terms
in equation (6) and their dependence at small W . The
understanding and relevance of each of these terms have been
further developed since [1]:

– The first term is the classical #′ term, which has a weak
dependence on W . It has been shown that classical
tearing modes can provide the seed islands for NTMs
[63,64], and this may be one of the possible explanations
of the ‘triggerless NTMs’ observed in other machines
like ASDEX Upgrade [65], JT-60U [55], T-10 [56] and
TFTR [66]. This usually happens when the current
profile is modified [63], and could become the main seed
island trigger mechanism in hybrid scenarios, or when
β approaches the ideal limit, as #′ can become large and
positive [64] and thus could become important in advanced
scenarios. In addition, using fast power shut-off, leading
to a rapid vanishing of the terms proportional to βp in
equation (6), it was possible to show the linear #′(W) on
W in TCV [17].

– The second term is the bootstrap drive, which is reduced
at small island width due to two main effects. First,
the ratio of perpendicular to parallel heating becomes
non-negligible and the pressure profile is not flattened
completely, reducing the perturbed bootstrap current [61,
67]. Anomalous perpendicular viscosity can also affect
the bootstrap drive. Its effect is frequency dependent and
can be stabilizing or destabilizing depending on the sign
of ω/ω∗pi [68], where ω is the mode frequency in the
electron frame and ω∗pi is the ion diamagnetic frequency.
Another effect which reduces the perturbed ion bootstrap
current even more is finite ion Larmor radius effects [69].
When the island width is less than ∼5ρb (ρb = ion banana
width) ions are still affected by the pressure gradient inside
and outside the island, leading to a finite bootstrap current
within the island.

– The third term describes the stabilization due to the effect
of curvature and is usually smaller than the bootstrap term
in present tokamak scenarios and therefore has often been
neglected in the past. It has been confirmed in MAST to
be significant for tight aspect ratio scenarios [70]. On the
other hand, it has been shown to yield a finite stabilizing
term for small island width [71] and therefore can be
significant at small island widths in present tokamaks and
for ITER aspect ratio as well.

– The fourth term is due to the polarization current,
resulting from the fluctuating electric field driven by the
different electron and ion responses to the rotating island.
Therefore it involves diamagnetic effects, effective mode
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Thin SOL & Elms
Chapter 4: Power and particle control
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Figure 7. Erosion lifetime (in number of ELMs or corresponding
ITER full power pulses) of an ITER CFC target (2 cm thick) as a
function of the ELM energy density on the divertor target for various
timescales of the ELM energy pulses [155].

Such estimates for ITER are, however, subject to large
uncertainties both in terms of ELM-physics and materials
characteristics: the expected divertor ELM energy load, its
spatial and temporal distribution (subjects of this section),
characteristics of the redeposition of ELM-eroded material,
behaviour of shallow melt layers (for W), CFC thermo-
mechanical behaviour at high temperatures, etc. In addition
to evaporation and melting, larger scale erosion mechanisms
could arise after repetitive high thermal loads. Local stresses
in the near surface could lead to deterioration of material
properties and subsequent ejection of chunks/droplets of
material [161].

2.2.2. Transport of ELM energy and particles from the confined
plasma to PFCs. A major concern about the proposed Type
I ELMy H-Mode scenario for ITER is the magnitude of the
energy release from the pedestal region towards the divertor
and first wall during Type I ELMs and the resultant surface
effects described in the previous section. To estimate the ELM
energy arriving at the divertor we rely on the characterization
of several aspects of Type I ELMs: time scales for the ELM
energy flux to divertor PFCs, the area of the divertor subject
to ELM transient loads and the asymmetry between the inner
and outer divertor ELM energy fluxes. These are determined
mostly by infrared measurements with high spatial (∼mm) and
time (∼100 µs) resolution of the surface temperature of PFCs
in present experiments.

2.2.2.1. Temporal evolution of the ELM divertor power
deposition. An example of the time evolution of the derived
power flux during a Type I ELM at the JET Mk IIGB divertor
is shown in figure 8 [162]. These measurements are typical of
experimental results for Type I ELMs in all divertor tokamaks.
τIR is defined as the time required for the surface temperature
to rise from 10% to 100% of the total increase during the
ELM [162] (390 µs in figure 8) which typically lasts ∼0.1–
1 ms in the present experiments. A small, pre-ELM, increase
in the power flux to the divertor is frequently observed over
relatively long time scales (larger than 1–2 ms) in JET and DIII-
D [162, 163] and not discussed here, being not very relevant
to the issues discussed in section 2.2.1 for ITER. The total
duration of the ELM power flux is indeed much longer than
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Figure 8. Temporal evolution of the divertor surface temperature,
deposited ELM power and energy onto the JET outboard divertor
target for a typical Type I ELM [162].

τIR, with significant power fluxes arriving at the divertor during
time intervals of several ms after the maximum power flux has
been reached (i.e. after τIR).

The total amount of deposited energy due to the ELM,
"W

target
ELM , can be estimated by integrating the power during an

ELM that exceeds the inter-ELM value, as shown in figure 8.
Using this procedure the divertor ELM energy flux can be
separated into two parts: (a) the ELM energy that reaches
the divertor in short timescales (i.e. [0,τIR]), which is most
important for evaluating divertor erosion by ELMs in ITER
and (b) the ELM energy which reaches the divertor in longer
time scales (i.e. ∼[τIR, ∼ τIR + 3 ms]), which contributes to
the total energy loading of the divertor by ELMs but not to
the peak surface temperature rise and, thus, to the proximity
to the threshold for material damage (section 2.2.1). The
ratio of the divertor ELM energy flux in short timescales to
the total divertor ELM energy flux estimated in this way is
typically in the range 15–40% for a series of JET Type I ELMy
H-modes [31, 164], as shown in figure 9. This ratio is seen to
depend on pedestal plasma collisionality, which is correlated
with the total ELM energy loss from the bulk plasma and the
dominant transport mechanism for ELM energy flux out of the
confined plasma ( convection versus conduction) as discussed
in sections 2.2.4 and 2.2.5.

The characteristic timescale τIR of the ELM power
deposition at the (outer) divertor target is correlated well with
the transient time of fast ions to flow along the field line from
the pedestal to the divertor target (τ conv

‖ = 2πRq95/cs,ped,
where cs,ped is the sound speed calculated with pedestal plasma
parameters). This is shown for Type I ELM measurements
from JET, ASDEX-Upgrade, JT-60U and MAST in figure 10
[15, 31, 165–167].

The good correlation between τIR and τ conv
‖ is in agreement

with PIC-simulations [168, 169], in which the sheath plays
a major role in limiting the energy flux from the pedestal
plasma to the divertor during the ELM power pulse. This
physics picture has been further documented by ELM-resolved
Langmuir probe measurements in various divertor tokamaks
[3, 163, 170, 171] and by measurements of the soft x-ray
emission from the JET divertor target [172], which can resolve
the different responses and timescales for the impact of hot
electrons and ions at the divertor target.
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the efficiency of the fuelling methods in tokamak devices and
the value of plasma density at the separatrix (which in turn
influences the divertor conditions) as described in section 2.7.
This has led to the development of fuelling methods which can
be effective in the plasma edge conditions expected in ITER,
of which the injection of frozen pellets from the inner side of
the torus seems to be the most promising one. These studies
have provided the physics basis for carrying out the studies for
the fuelling required to achieve ITER reference performance,
which are described in section 3.2.

2. Experimental basis

2.1. Steady-state transport in the SOL and its implications
for divertor and wall interactions

2.1.1. Steady-state divertor power deposition profiles. A sig-
nificant part of the heating power in divertor tokamaks is lost
by conductive and convective heat transport across the sepa-
ratrix into the SOL. Having crossed the separatrix, this power
is primarily transported along field lines in the SOL to the
divertor. In present machines, the parallel heat flux in the SOL
can reach above 500 MW m−2 [2] and in ITER it is expected to
be ∼1 GW m−2. At the divertor surfaces this must be reduced
below the technologically feasible, maximum perpendicular
heat flux for actively cooled structures, typically 10 MW m−2

normal to the surface in steady state or up to 20 MW m−2 during
transients. Several strategies are employed in present machines
to reduce the peak divertor heat flux; poloidally inclining
the divertor tiles, increasing the magnetic flux expansion and
broadening the SOL heat flux width through increased perpen-
dicular transport all act to maximize the area over which power
is deposited. In addition optimizing the divertor geometry can
increase the capability of the divertor to radiate power [3, 4]
and good tile alignment or tile imbrication (‘fish-scales’) can
minimize toroidal peaking at leading edges. The aim of these
strategies is to achieve the conditions for partially detached
divertor operation [5], the reference regime for ITER, for which
modelling predicts tolerable peak heat fluxes [5].

The dependence of the steady-state divertor heat flux
profiles on both global and local parameters has been measured
in many tokamaks and for a variety of divertor configurations
[6, 7]. Heat fluxes are typically derived using data from
infra-red cameras (IR), Langmuir probe arrays (LP) and
thermocouples (TC), all of which have interpretation issues
(e.g. IR thermography is subject to the effect of surface
layers and localized hot-spots [8–11], Langmuir probes only
measure the electron component of the heat flux [12] and
thermocouples rely on slow sweeping of the strike point [13]
or shot repetition [14]). A comparison of IR, LP and TC
time-averaged heat flux profiles for a typical ELMy H-mode
on JET is shown in figure 1. Profiles are usually time-
averaged in ELMy H-mode (in part because few diagnostics
have the necessary time resolution to distinguish ELMs) but
observations from fast diagnostics indicate that ELMs either do
not significantly modify the inter-ELM profile (outer divertor)
[15–17] or dominate it (typical of the inner divertor) [3, 9].
The outer target receives the majority of the divertor heat
load, concentrated in a narrower profile than at the inner target
(typical out:in power asymmetry ∼2.5 : 1 and out : in peak heat
flux asymmetry ∼5 : 1).

16

14

12

10

8

6

4

2

0

18

0 5 10 15 20-5 25

JG
04

.5
47

-1
3cr-rsep (mm-omp)

Outer Target

TC
IR
LPx4

H
ea

t L
oa

d  
(M

W
/m

2 )

2 4

Ti ρθi

Inner Divertor

Mid-plane radius (mm)

Outer Divertor

100 eV
300 eV

1000 eV
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TC (histograms, ELM-averaged) derived heat flux profiles on the
JET outer divertor target for a plasma with 16 MW NBI,
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Scalings for the dependence of the peak heat flux, qmax,
and heat flux profile width, λq , with key discharge parameters
have been developed on a number of experiments. The depen-
dence on total target heat load, Ptarget, or the closely related
power to the divertor, Pdiv, are summarized in table 1 for a
number of these scalings. Ptarget (and Pdiv) will increase by
more than an order of magnitude from current experiments
to ITER, much larger than the extrapolation in other parame-
ters such as toroidal magnetic field or density. The scatter in
the power dependence from the various studies is large, even
for different studies on a single device, and indeed both posi-
tive and negative dependences are reported for the λq scalings.
Several of the scalings are more pessimistic than that assumed
in the ITER Physics Basis [1]. Even the most extreme scal-
ing, however, yields λq for ITER of 3.7 mm ± 1.1 mm [19],
not dissimilar to the value of λq ∼ 5 mm obtained from fluid
modelling of the ITER SOL [20], which is consistent with the
currently envisaged ITER operation. The scatter in the scal-
ings may result from the difficulties in diagnostic interpretation
referred to earlier, from poorly constrained data sets (e.g. inclu-
sion of partially detached plasmas or ELM averaging over both
Type I and Type III ELMy periods) or from subtleties in the
profile shape (e.g. the width is ill defined for a non-exponential
fall-off). All that can be strongly concluded from table 1 is that
there is a need for improved experimental measurements and
a theory-oriented approach for making extrapolations for the
target heat flux in ITER (see section 2.1.2).

A change in the profile shapes was indicated on JET by
measurements at low densities. For low ion collisionality,
ν∗

i ! 5(ν∗
i ≡ L‖/λii, where L‖ is the connection length and λii

is the ion–ion collisional mean free path), TC measurements of

S207
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Summary
• Fusion cross-sections determine the scale 

(Ba ∼ 14 T⋅m) of burning plasma experiment

• β/χ ∼ 0.027 s/m2 is based upon existing 
data

• βN and nG are conservative limits

• ITER’s size scale necessitates state-of-the 
art engineering and technology.
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