
Lecture 3:
The H-Mode

AP 4990y Seminar
Columbia University

Spring, 2011

1Thursday, February 10, 2011

References
• Wagner et al. “Regime of improved confinement and high beta in 

neutral-beam-heated divertor discharges of the ASDEX Tokamak.” 
Phys Rev Lett (1982) vol. 49 (19) pp. 1408-1412

• Wagner et al. “Development of an edge transport barrier at the H-
mode transition of ASDEX.” Phys Rev Lett (1984)

• Keilhacker et al. “Confinement studies in L and H-type Asdex 
discharges.” Plasma Physics and Contr. Fusion (1984) vol. 26 pp. 49

• Keilhacker, et al., “The ASDEX divertor tokamak.” Nuclear fusion 
(1985) (9) pp. 1045

• Doyle et al. “Chapter 2: Plasma confinement and transport.” Nucl 
Fusion (2007) vol. 47 pp. S18-S127

2Thursday, February 10, 2011



THE ASDEX DIVERTOR TOKAMAK

M. KEILHACKER and the ASDEX TEAM
Max-Planck-Institut fur Plasmaphysik,
Euratom Association, Garching,
Federal Republic of Germany

ABSTRACT. ASDEX is a large tokamak (R = 1.65 m, a = 0.4 m, Ip < 500 kA) that started operation in
1980. Its distinctive features are a double- (or single-) null poloidal divertor, the capability for long-pulse
operation (up to 10 s) and high.power neutral-beam (4.3 MW), ICRH (3 MW) and LH (2.4 MW) heating systems.
Several highly significant experimental findings have been obtained, facilitated by the large flexibility of the
machine. The high-recycling divertor regime is considered the most viable solution for handling the large power
fluxes envisaged for the next generation of tokamak devices. Studies of impurity transport in the bulk plasma
led to the postulation of an additional inward particle drift, while gas puffing experiments revealed the
importance of thermoelectric forces along field lines for impurity retainment by the divertor. The high-
confinement regime (H-mode) of neutral-beam-heated plasmas, discovered on ASDEX, is also intimately
connected with the divertor configuration. The H-mode.confinement, in turn, enabled the investigation of
/J-limits resulting in the experimental scaling / 3 ^ ^ 2.8 Ip/(a Bj) [%; MA, m, T], in excellent agreement with
theoretical predictions. The most important results from recent experiments with RF heating and current drive
include the recharging of the OH transformer at constant plasma current, and the observed high heating effi-
ciency obtained with combined second-harmonic ICRH and neutral-injection heating.

1. INTRODUCTION: OBJECTIVES AND DESIGN
CONSIDERATIONS

ASDEX, with major radius R = 1.65 m, small
plasma radius a = 0.40 m, toroidal magnetic field
B j < 2.8 T and plasma current Ip < 500 kA, is one
of the large second-generation tokamak experiments
that were constructed in the 70s [1]. It was conceived
as a divertor tokamak with the objective to test the
potential of this scheme for controlling the particle
and energy fluxes to the walls and for reducing
impurities to a tolerable level. This called for a
design that made the divertor physics as clear as
possible but also facilitated comparison with a
conventional limiter tokamak. The choice was a
double-null poloidal divertor preserving the axi-
symmetry of the tokamak configuration (Axially
Symmetric Divertor Experiment).,

Aiming at a high exhaust efficiency, the ASDEX
divertor (Fig. 1) was designed with well separated
divertor chambers (narrow divertor slits, flux surfaces
compressed) and with a high divertor pumping speed
(Ti-gettering on liquid nitrogen-cooled panels). As a
primary benefit this allowed operation in the
favourable high-recycling divertor mode.

The magnetic configuration was designed to enable
comparison between divertor and limiter discharges
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FIG. 1. Cross-section of ASDEX (upper half).

of equal plasma size and cross-section. Additional
design criteria were the requirements to keep the
plasma column positionally stable without active or
passive stabilization measures and to break down the
gas in a fully excited divertor field. These features
later proved a great help in carrying out the experi-
mental programme.
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Fig. 1. ASDEX, ASDEX Upgrade and INTOR ( - l/2 scale) in comparison. 

which require active vertical stabilization (fig. 1) The 
poloidal flux tubes fan out in the stagnation point area 
such that a closing of the divertor chamber is hardly 
possible. A relevant investigation of the plasma 
boundary requires a line density of the boundary layer 
aqual to that of a reactor. In order to model the temper- 
ature and energy flux density through the boundary, a 
sufficient temperature is required. 

ASDEX Upgrade was designed to meet these reactor 
requirements as closely as possible; this turned out to be 
achievable with a physical size essentially not bigger 
than ASDEX. The important differences are the config- 
uration change by locating the poloidal field system 
coils outside the TF magnet, and the extension of the 
plasma boundary parameters to reactor-equivalent val- 
ues. This yields equal properties with respect to binary 
collision perpendicular to flux surfaces. The parametric 
requirements were shown to be satisfied by a suffi- 
ciently large plasma current. 

The aims of ASDEX Upgrade cover essentially all 
plasma boundary and first wall problems which can be 
investigated by discharges without thermonuclear heat- 
ing. In particular they encompass: 
(a) the study of plasma boundary problems of a fusion 

reactor associated with the 

@I 

(c) 

- reactor-relevant poloidal field configuration, 
- transfer of the energy flux to the walls, 
- control of wall-produced impurities, 
- helium pumping; 
the utilization of the improved impurity and plasma 
density control of divertor configurations 
- to study the confinement properties of clean, 

separatrix-bound plasmas in the high current reg- 
ime, 

- to study long pulses and current drive; 
the provision of a sound basis for the final decision 
on the NET concept, in particular whether a pump 
limiter solution suffices or whether a divertor is 
needed. 

The following section summarizes the ASDEX Upgrade 
tokamak system parameters and the accessible opera- 
tional regimes. The optimization of the poloidal field 
configuration with regard to multipole currents and 
stabilization requirements are described in section 3. 
Section 4 deals with the present understanding of the 
boundary layer and divertor function especially with 
respect to the role of the plasma line density. Section 5, 
finally, describes the present status of the ASDEX Up- 
grade project and the time schedule for construction 
and completion. 
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Figure 4.1 Cross-section of the ITER-FEAT tokamak
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o r i g i n a l  ohmic l e v e l s .  Another i n d i c a t i o n  i n  t h i s  d i r e c t i o n  i s  t h e  f a c t  t h a t  t h e  H- t rans i t ion  
i s  o f t e n  t r igge red  by an i n t e r n a l  sawtooth t h a t  t r a n s p o r t s  energy i n t o  t h e  pe r iphe ra l  plasma 
zone. 
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Fig. 2 Var i a t ion  of e l e c t r o n  temperature Te a t  d i f f e r e n t  r a d i i  a t  t he  plasma boundary dur ing  
t h e  N I  phase (from 1 . 1  t o  1 .3  s ) .  
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Fig. 3 Radial  p r o f i l e s  of e l e c t r o n  temperature Te and d e n s i t y  ne a t  t h e  plasma boundary f o r  
t h e  3 d i f f e r e n t  confinement regimes OH,  L and H .  rs i s  che s e p a r a t r i x  r ad ius .  (The 
unce r t a in ty  i n  de f in ing  rs i s  ind ica t ed  by t h e  h o r i z o n t a l  e r r o r  b a r s ) .  
I = 300 kA, iie = 4 x lO:3 cm-3, PNI = 2.85 MILT. P 

Accordingly, t h e  observed changes in t h e  scrape-off l a y e r  and d i v e r t o r  plasma a t  t h e  H-transi-  
t i o n  a r e  no t  a cause,  buc r a t h e r  a consequence of t h e  improved confinement p r o p e r t i e s  of t h e  
main plasma: The r educ t ion  i n  i o n  o u t f l u x  from t h e  main plasma l eads  t o  a corresponding r e -  
duc t ion  of r ecyc l ing  i n  t h e  main plasma and d i v e r t o r  chambers t h a t  mani fes t s  i t s e l f  i n  a sharp 
drop of t he  ~ / D c ,  i n t e n s i t i e s  (main chanber and d i v e r t o r )  and of t he  atom f l u x  (from t h e  
c o l l e c t o r  p l a t e s ) .  The n e u t r a l  gas p re s su re  i n  t h e  d i v e r t o r  and the  d i v e r t o r  l i n e  dens i ty  a l s o  
decrease .  As a r e s u l t  of t h e  improved energy confinement of t h e  main plasma, on t h e  o t h e r  hand, 
l e s s  power i s  t r anspor t ed  i n t o  t h e  d i v e r t o r  - both  t h e  d i v e r t o r  r a d i a t i o n  and t h e  hea t  flow t o  
the  c o l l e c t o r  p l a t e s  a r e  reduced - and t h e  energy conten t  of t h e  plasma inc reases .  

The enhanced t r a n s p o r t  dur ing  t h e  L-phase and i t s  r educ t ion  a t  t he  H- t r ans i t i on  occur over 
t h e  whole plasma c ross - sec t ion  ( a s  w i l l  be  d i s c w s e d  l a t e r )  and even extend i n t o  t h e  scrape- 
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ABSTRACT 

The characteristics of neutral-beam-heated ASDEX discharges exhibiting either low (L)- or 
high @)-confinement are described. H-mode discharges, which are by now observed over a wide 
range of operating conditions, show a spontaneous imnroverrlent in particle and energy confine- 
rent after a short i-phase at the beginning of neutral injection. Y-discharges yield high R 
values comparable to the aspect ratio A ( R p  5 2.65 - 0.65 A). The most important parameter 
for transition to the H-node seems to be 2 high edge electron temperature: Te values of -600 e17 
only a few centimeters inside the separatrix with radial gradients of -300 eV/cm are measured. 
This requirement of high edge temperatures explains the lack of success in obtaining the H-re- 
gime in limiter discharges. Numerical simulation of the broad ne and Te profiles typical of 
H-mode plasmas indicates a reduction in electron thermal diffusivity by a factor of typically 
2 over the entire plasma. H-mode energy confinement times are found to scale linearly with 
current, but to have little dependence on ?lama density and absorbed beam power (P~~<3.4Mld). 
The confinement is degraded by a fast growing mode localized at the plasma edge that may be 
identified as a kink or tearing mode driven unstable by the high current densities at the edge. 

P 

1. Introduction 

Up to about a year ago all major tokamak experiments showed a deterioration of energy con- 
finement with strong neutral beam heating. It was therefore a great relief Khen in ASDEX 
divertor experiments a new type of beam-heated discharge with confinement times comparable 
with those in ohmic discharges was found /1,2/. In addition, discharges with poor confinement, 
as in limiter discharges, were also observed. These two classes of discharges were called 
H-type (for "high") and L-type (for "low"). In the meantime, high-confinement discharges have 
also been obtained in Doublett 111 (when operated In the expanded boundary mode) /3/ and in 
PDX (after modification of ics divertor to a more closed geometry) l 4 / .  

Two features make ASDEX (P. = 1.65 m, a = 0.40 m, BT 5 2.8 T, Ip 5 500 U) /5/ particularly 
suitable for studying particle and energy confinement: its poloidal divertor, which produces 
a clean plasma and allows control of the plasma boundary, and its long-pulse capability, which 
allows the plasma to be studied under quasi-stationary conditions. In addition, the ASDEX 
facility includes a neutral injection system consisting of two co-injection beam lines 
(HO, 40 kV, 200 ms pulse length) that inject a power P ~ I  of up to 3.4 MW into the torus. 

1 2Centre d'Etudes Nucliaires de Grenobie, France 
3Massachusetts Institute of Technology, Cambridge, USA 
4?rinceton Plasma Physics Laboratory, Princeton, USA 
Institute of Fundamental Technological Research, Warsaw, Poland 
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off layer. The latter is demonstrated by measurements of the density profiles in the scrape- 
off layer (using a 60 keV lithium beam / 9 / ) ,  which show clear changes in the density fall-off 
length 
OH phase, increases to -5 cm in the L-phase and resumes approximately the ohmic values after 
the H-transition. 

As indicated above, the critical parameter for the development of the H-regime seems to be 
the edge electron temperature (or the plasma resistivity). In order to surpass the required 
temperature threshold, the negative effects of cooling must be overcome by sufficient heating. 
This hypothesis has been checked by a number of experiments which are described in Ref. /6/. 
Here we only summarize the main results: 
- The transition into the H-mode can be triggered by a sawtooth. In that case the heat pulse 
- If impurities are injected into the plasma, the resulting impurity radiation reduces the 

related to variations in perpendicular transport: A is typically -3 cm during the 

connected with the sawtooth increases the edge electron temperature above the critical value. 

edge temperature and suppresses the H-mode (other cooling mechanisms, such as convection by 
enhanced recycling or heat conduction along a short connection length, e.g. to a limiter, 
have the same effect). 

cycling) and suppresses the H-mode. 

The deleterious effect of a limiter is clearly seen from Fig. 4 ,  which compares the variation 
of the edge electron temperature Te  (r = 3i cm) with the beam power PNI in limiter discharges 
(poloidal carbon limiter) and divertor discharges (of the L and H-type). In the divertor confi- 
guration the edge temperature evolves without constraints, increasing linearly with PNI. In 
limiter discharges, however, Te (31 cm) is clamped to i50 - 200 eV, almost independently of 
the beam power. This shows why neutral-beam-heated limiter discharges are always of the low- 
confinement type. 

Finally, a few words on impurity radiation and Zeff in neutral-beam-heated plasmas. Bolometri- 
cally measured power losses from the main plasma generally increase in proportion to the 
power input, amounting to roughly 20 % of it (for both OH and NI). At the transition from the 
L to the H-phase the main plasna radiation typically increases by 30 to 50 % although the im- 
purity influx seems to decrease !io/ .  It has not yet been analyzed in detail to what extent 
t h i s  increase in radiation reflects longer impurity confinement times. Soft-X-ray pulse height 
analysis indicates that Zeff decreases from the L to the H-phase. Judging from other measure- 
ments Zeff should stay well below 2 during the whole NI phase. 

- A material limiter also reduces the edge temperature (owing to impurity radiation or re- 

* 
A H - type IDivertorl 
t L- type (Divertrrri / L-tvoe l t imiterl  

P 

1 
0 2  

0 1 2 3 
PN, [MWI 

Fig. 4 Variation of edge electron temperature Te with beam power PYI inlimiter, L and H-type 
discharges. Ip = 380 kp.; ne 2 3 x loi3 cm-3 (H), 5 2 x 10i3'cn-3 (L) and -5 x 1013cm-3 
(limiter) 
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Fig .  9 Cen t ra l  s o f t  X-ray s i g n a l s  

I+-- 140 ~ I S  ___ -- 
showing t h e  evo lu t ion  o f  m = 1 modes and sawtee th  du r ing  

N I  a t  d i f f e r e n t  beam powers PNI. 

The t y p i c a l  MHD-behaviour of an  H-discharge i s  shown i n  F ig .  10. P l o t t e d  a r e  t h e  s i g n a l s  of a 
near  c e n t r e  s o f t  X-ray d e t e c t o r  (because of  l i m i t e d  da ta  s t o r a g e  two rep roduc ib le  s h o t s  a r e  
necessary  t o  show t h e  SX-diode s i g n a l  over  t h e  f u l l  NI-phase), an  o u t s i d e  Mirnov loop ,  and, 
f o r  r e fe rence ,  t h e  s i g n a l  of  an  H,/D, d e t e c t o r .  A s  i n  t h e  L-discharge,  t h e r e  i s  a s i n g l e  saw- 
too th  e t  t h e  beginning o f  t h e  X I  p l s e  and then  l a r g e  coupled m = 1 and m 2  2 modes. The figure 
c l e a r l y  i l l u s t r a t e s  t h e  mode coupl ing:  t h e  exponent ia l  r i se  of t h e  m = 1 and m 2 2 modes p r io r  
t o  the  sawtooth and 
m = I ,  m 1. 2 modes d isappear  i n  course  of  t h e  H-phase and t h e  edge mode, which gi-.,es r i s e  t o  
sharp  sp ikes  on the  Mirnov loop and s o f t  X-ray s i g n a l s ,  can be observed. The m = 1 mode d i s -  
appears presumably because qo r i s e s  above 1 (which i s  supported by t h e  a n a l y s i s  of t h e  Te pro- 
f i l e s  a s  measured by W E ) .  

t h e i r  d i sappearance  a t  t h e  sawtooth. Unlike t h e  L-discharge,  t h e  coupled 

m = l . m ' L  Uuring the H-phase 

# 8477 I 

2 8 5 m 5  -4 
Y 

Fig. 10 Signa l s  of a nea r  c e n t r e  s o f t  X-ray d e t e c t o r  (SX), an  o u t s i d e  Mirnov loop (Bo) and an 
H,/D, d e t e c t o r  ( f o r  r e fe rence )  showing t y p i c a l  ?!HD behaviour (m = 1 ,  m 1 2  modes; 
sawteeth) du r ing  t h e  H-phase. 
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These results show that gross MHD behaviour, structured by the m = 1 mode, does affect neither 
global confinement nor the H-transition: L-type behaviour is found without large modes being 
present (see Fig. 9a), whereas the H-phase can carry a large mode. The only obvious connec- 
tion between MHD effects and the H-regime with good confinement is that the H-mode can be 
triggered by a sawtooth, as already discussed. Sawtooth-initiated H-transitions mostly occur 
at high plasma current (I 

The requirement for an H-tranSitiOn, however, is not q, > 1 as is temporarily realized after 
a sawtooth. The transition can also occur with qo < 1 and a fully developed m = 1 mode pre- 
sent. At high plasma current and low injection power in deuterium discharges or up to the 
highest available power in hydrogen, sawteeth are also observed during the H-phase (c.f. Fig.8) 
which means that q, varies periodically between values above and below 1 .  

TO sumarize, we conclude that the H-transition does not depend on qo or qa. The superior con- 
finement properties of the H-phase rather allow broad electron temperature profiles with the 
consequence of broad current density profiles and qo > 1 .  Such profiles are very stable 
against all internal modes. 

= 400 kA, qa < 3)  and low injection power. P 

8. Edge Localized Modes 

As already discussed in Sec. 2 and in the previous section, the H-phase is repeatedly inter- 
rupted by a new MHD phenomenon which severely limits the plasma temperatures and 13 values 
attainable during this high-confinement mode. (The existence of this mode was already reported 
in ref. / l / . ) .  Since the location of this MHD-phenomenon - as we will see - is at the plasma 
periphery, we call it the edge localized mode (ELM). 

A first indication to the location of this mode is given in Fig. 1 1 .  Plotted is the ECE-mea- 
sured electron temperature at the plasma centre (r = 1 cm) and halfway to the edge (r = -24cm) 
during the NI phase, preceded and succeeded by ohmic phases. During the ohmic phases, the 
central Te is periodically modulated by sawteeth. During NI the centre is unaffected, but - during the E-phase - rather similar relaxation phenomena show up as modulations on the outer 
Te-channel. Thespatial variation of ATe/Te shows that this mode affects the plasma roughly in 
the range from a/2 to a. 

To study whether an ELM is located at a resonant q-surface, we investigated the radial distri- 
bution of the ELM amplitude, as measured by soft X-rays and shown in Fig. 12. For reference, 
we compare the ELM distribution with the familiar pattern of a sawtooth. Contrary to the saw- 
tooth, no inversion point is observed in the soft X-ray signals. The lithium beam diagnostic, 
which probes the local density around the separatrix during an ELM, shows an inversion point 
very close to the separatrix: during an ELM the density in the boundary layer increases 
at the expense of the density inside the separatrix / 9 / .  The soft X-ray emission profile shown 
in Fig. 12 exhibits amaximum at r = 36 cm. This maximum did not shift, when qa (cylindrical 
definition) was varied between 2.4 and 5 . 6 .  It is therefore tentatively concluded, that ELMS 
are not located at a fixed resonant surface (such as q=2 or 3) but rather very close to the 
plasma boundary. 

2 

v 
Y 

0 
1.0 1.: 1.2 1.3 1.4 1.5 

t lsl 
Fig. I 1  ECE-measured electron temperature Te at the plasma centre (r = 1 cm) and half-way to 

the edge (r = -24 cm) showing that the bursts observed during the H-phase are local- 
ized in the outer part of the plasma. 

?? 26:lA-E 
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Fig. 12 Radial distributions of soft X-ray fluctuations connected with an edge localized mode 
and a sawtooth, respectively. The measurements indicate that the bursts are localized 
at the plasma edge. 

As already mentioned in Sect. 2 ,  the edge localized modes severely deteriorate the good part- 
icle and energy confinement of the H-phase, as can be seen on the density and Bpi traces 
(c.f. Fig. 1 ) .  At each ELM the rise in density and Rp' is terminated: the gain in particle 
and energy content between ELXs is lost at the ELY. This i s  similar to the effect of a saw- 
tooth. While a sawtooth, however, is an internal mode which redistributes the energy in the 
plasma core thereby affecting global confinement only indirectly by shifting the gradients to- 
wards the plasma edge, an ELM is an external mode with a deteriorating effect on global con- 
f inement , 

A further indication, that ELMs are localized at the plasma periphery comes from the observa- 
tion that during an ELM cross-field transport at the plasma edge is enhanced giving rise to a 
larger density fall-off length in the boundary layer / 9 /  and broader particle and energy de- 
position profiles at the collector plates /IO/. 

Measurements using an infrared camera show, that during the H-phase the energy flow to the 
collector plates comes in bursts (Fig. 13): during the quiescent phase between ELYs practi- 
cally no power is deposited at the collector plate, whereas about 1 1Tw of power is deposited 
during the ELM. The total energy deposited during an ELH (pulse iength - 0 . 2  ms) onto all 
four collector plates (x factor of -3) is roughly equal to that contained in a plasma annulus 
with radius 40 cm and a thickness of a few cms. 

The conditions for ELMs to occur seem to be realized only after the '+transition. ELMs are 
always present in H-discharges, sometimes with a high repetition rate immediately after the 
H-transition. Otherwise the ELM period can vary between a few ms and up to 80 ms. As we can 
operate the H-phase in a wide parameter range, we have observed ELMs at Rp values ranging 
from 0.5 to almost 3. It can therefore tentatively be concluded that ELMS are primarily not 
pressure driven modes, 

ELMs appear during the H-phase when go is still smaller than one and the m = 1 node and its 
coupled modes are present, but also during phases with go > 1 and no modes. (Both cases are 
shown in Fig. 10). In cases where ELYs appear without modes, their inherent structure can be 
studied in more detail. Figure 14 shows signals from a lfirnov loop and a near centre soft 
X-ray channel during an ELK Although the sensitivity and time resolution of the two diagno- 
stics are high and sufficient, for example, to show the growing m = 2 mode preceeding a major 
disruption or the m = 1 precursor to a sawtooth, no similar oscillation is observed as pre- 
cursor to an ELM. An ELM causes a sudden signal rise with a rise time faster than 20 ps (the 
present time resolution) out of the quiet background level indicating that an ELM is an ideal 
M I D  mode. 
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Fig. 13 Profiles of deposited power density onto anouter collector plate during different 
NI-phases: ( 1 )  L-phase, (2) quiet H-phase between bursts, and (3) at a burst. 
For comparison, the %/D,-divertor radiation is shown. C Z  is the distance from 
the intersection of separatrix and collector plate. Ip = 320 kA, Ee = 4 x 1013 ~ m - ~ ,  
PNI = 2.85 NJ. 
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Since the repetition of ELMs is erratic it is difficult to study the cause of their appearance, 
We find that their repetition time has the tendency to increase with qa indicating that ELMS 
might be correlated to the q-profile in the range of the steep Te-gradient at the edge: As an 
ELY reduces the edge electron temperature it might flatten the current profile there; between 
ELXs, the current profile steepens again, finally causing the next ELM. in the course of the 
H-phase, the q = ! surface shrinks, which can be followed by the soft X-ray array, and finally 
disappears. The shrinkage of the q = 1 surface, which reduces the current density gradients at 
the edge, reduces the repetition rate of the ELMs. 

The qualitative correlation between the occurrence of ELXs and the q-profile at the edge is 
further supported by the observation that the repetition time of ELMs is higher in hydrogen 
discharges or with excessive gas puffing necessary to reach higher density or in pumped diver- 
tor discharges. in all cases, the q-profile is changed on a faster time scale because of the 
higher electron transport in hydrogen discharges or the enhanced cooling at the edge. 

To summarize, we conclude that ELMs are MHD surface modes. Current density distributions cor- 
responding to H-discharge temperature profiles are expected to be unstable to current driven 
(kink or tearing) modes with a resonance surface close to the outer edge of the strong gradient 
region. As this holds even for modes with relatively high m and n numbers (which are densely 
packed in q-space) these instabilities cannot easily be eliminated by a proper choice of the 
boundary q-value. The resonance surface will be in or close to the vacuum region, so that the 
growth rate of these modes might approach the kink time scale. 

9. Conclusions 

We have shown that in divertor discharges Si does not necessarily lead to a deterioration of 
plasma confinement. In ASDEX, plasmas with improved particle and energy confinement have been 
obtained over a wide range of operating conditions (hydrogen, deuterium and helium discharges; 
CO- and counter injection; single and double null divertor configuration) and for periods of 
up to 500 ms (limited by the present pulse length of the beams). This high-confinement (H) 
mode is always preceded by a phase of low-confinement (L) during which the plasma profiles 
evolve to the form favourable for good confinement. The most important profile parameter for 
the transition to the H-mode seems C O  be a high edge electron temperature (or plasma conductiv- 
ity). This explains the experimentally observed power threshold for the H-transition and its 
sensitivity to all cooling mechanisms such as impurity radiation or enhanced recycling. The re- 
quirement of high edge temperatures is obviously also the reason why the high-confinement re- 
gion has so far not been observed in limiter discharges: as shown experimentally, a limiter 
imposes a severe constraint on the plasma edge temperature keeping it almost independent of 
heating power, whereas in divertor discharges the boundary temperature increases linearly with 
power. 

H-mode plasmas are chzracterized by broad density and temperature profiles accompanied by broad 
current density distributions (often, although not necessarily, q, is above 1 and there are no 
sawteeth). Numerical simulation of the measured ne- and Te-profiles indicates that the improved 
energy confinement (compared to the L-phase) results from a reduction in electron thermal dif- 
fusivity by typically a factor of 2 over the entire plasma cross-section. 

Energy confinement times are found to scale linearly with plasma current, but to have little 
dependence on. plasma density except for the effect that gas puffing and the resultant changes 
in recycling have on the edge profiles. A. discharge quality factor, defined as T"~/I?, is 116 
for ASDEX H-discharges and shows no degradation with total absorbed power (POH f ?NI,abs) up 
to the highest powers available (PNI L 3.4 XW). 

No clear correlation between gross MHD behaviour and global plasma confinement was found. On 
the other hand, during the H-phase, a new MHD phenomenon was observed that degrades confine- 
ment and limits the attainable plasma pressure. This mode is localized at the plasma edge and, 
as a consequence, shows up as sharp spikes on all edge diagnostics. This relaxation phenomenon 
may be identified as a surface (kink or tearing) mode with a resonance surface close to the 
outer edge of the strong gradient region driven unstable by the high current densities there. 
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One of the scientific success stories of fusion research over the past decade is the development of
the E�B shear stabilization model to explain the formation of transport barriers in magnetic
confinement devices. This model was originally developed to explain the transport barrier formed at
the plasma edge in tokamaks after the L �low� to H �high� transition. This concept has the
universality needed to explain the edge transport barriers seen in limiter and divertor tokamaks,
stellarators, and mirror machines. More recently, this model has been applied to explain the further
confinement improvement from H �high� mode to VH �very high� mode seen in some tokamaks,
where the edge transport barrier becomes wider. Most recently, this paradigm has been applied to
the core transport barriers formed in plasmas with negative or low magnetic shear in the plasma
core. These examples of confinement improvement are of considerable physical interest; it is not
often that a system self-organizes to a higher energy state with reduced turbulence and transport
when an additional source of free energy is applied to it. The transport decrease that is associated
with E�B velocity shear effects also has significant practical consequences for fusion research. The
fundamental physics involved in transport reduction is the effect of E�B shear on the growth, radial
extent, and phase correlation of turbulent eddies in the plasma. The same fundamental transport
reduction process can be operational in various portions of the plasma because there are a number
of ways to change the radial electric field Er . An important theme in this area is the synergistic
effect of E�B velocity shear and magnetic shear. Although the E�B velocity shear appears to have
an effect on broader classes of microturbulence, magnetic shear can mitigate some potentially
harmful effects of E�B velocity shear and facilitate turbulence stabilization. Considerable
experimental work has been done to test this picture of E�B velocity shear effects on turbulence;
the experimental results are generally consistent with the basic theoretical models. © 1997
American Institute of Physics. �S1070-664X�97�93605-3�

I. INTRODUCTION

One of the scientific success stories of fusion research
over the past decade is the development of the E�B velocity
shear model to explain the formation of transport barriers in
magnetic confinement devices. This model was originally
developed to explain the transport barrier formed at the
plasma edge in tokamaks after the L �low� to H �high� tran-
sition. As has been discussed previously,1 this concept has
the universality needed to explain the edge transport barriers
seen in limiter and divertor tokamaks, stellarators, and mirror
machines. More recently, this model has been applied to ex-
plain the further confinement improvement from H �high�
mode to VH �very high� mode seen in some tokamaks,2–4
where the edge transport barrier becomes wider. Most re-
cently, this paradigm has been applied to the core transport
barriers formed in plasmas with negative or low magnetic
shear in the plasma core.1,5–8

These examples of confinement improvement are of con-
siderable physical interest; it is not often that a system self-
organizes to a higher energy state with reduced turbulence

and transport when an additional source of free energy is
applied to it. In addition to its intrinsic physics interest, the
transport decrease that is associated with E�B velocity
shear effects has significant practical consequences for fu-
sion research. For example, the best fusion performance to
date in the DIII-D9 and JT-60U10 tokamaks has been ob-
tained under conditions where transport reduction through
E�B velocity shear decorrelation of turbulence is almost
certainly taking place.11,12 The performance of these dis-
charges represents a revolutionary step forward in the control
of plasma turbulence and transport. In the DIII-D case, for
example, the ion thermal transport is at the minimum level
set by interparticle collisions over the whole discharge.11 In
other words, at least in the ion channel, it appears that
anomalous transport is much smaller than collision-induced
transport.

The fundamental physics involved in transport reduction
is the effect of E�B velocity shear on the growth of and
radial extent of turbulent eddies in the plasma. Both nonlin-
ear decorrelation13–17 and linear stabilization18–23 effects
have been considered. The basic nonlinear effect is the re-
duction in radial transport owing to a decrease in the radial
correlation length and the change in the phase between den-
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participates in a number of feedback loops in which changes
in transport lead to changes in Er . One way to test causality
for the spontaneous H-mode transition is to look for cases
where the Er evolves significantly prior to the L to H tran-
sition. Over the past two years, the DIII-D group has pub-
lished several papers showing that the E�B shear changes
prior to changes in the turbulence and transport.90,98–100 This
observation is consistent with causality.

Another way to approach the causality question is to
look at H modes produced by biasing the plasma.75,78,79,91,92
In these cases, the experimenter controls Er and causality is
easier to determine, since the Er can be varied at will. The
existence of a biased H mode itself is a strong argument for
E�B shear causing turbulence reduction and transport im-
provement, since it is the E�B shear that the experimenter
is changing. A recent experiment on TEXTOR �Tokamak
Experiment for Technology Oriented Research�101 has pro-
duced some very clear evidence that E�B shear influences
transport. In this experiment, the electrode bias is increased
slowly over a period of 2 s. The typical radial current bifur-
cation of the biased H mode occurs after about 1 s. However,
even prior to this, there is clear evidence that the density
gradient in the plasma edge has local maxima where the
radial derivative of Er is maximum. These density gradient
maxima become higher after the radial current bifurcation,
since the Er gradient increases further at that time. The fact
that these maxima are seen even prior to the radial current
bifurcation shows that it is the Er change, not the current
bifurcation itself, which leads to reduced transport. Changes
in the fluctuation level95,102,103 and in the radial correlation of
turbulence95 have also been seen during direct biasing of the
scrape-off layer in a tokamak95 and during direct biasing of
the main plasma in a mirror machine.102,103 All of these re-
sults are consistent with E�B velocity shear causing
changes in turbulence.

IV. E�B VELOCITY SHEAR EFFECTS IN THE
PLASMA CORE

In addition to evidence of E�B velocity shear effects in
the edge of H-mode plasmas, there is also evidence that these
effects are active in the core plasma in tokamaks. There are
data here both from discharges in which the E�B shear
effects appear to grow in from the H-mode edge and in oth-
ers in which the transport improves first near the magnetic
axis. Most important, the evidence from the plasma core is
also consistent with the E�B shear causing changes in tur-
bulence and transport.

A. VH-mode and high li discharges
The VH mode, an improved confinement H mode, has

been identified on both DIII-D2,104–107 and the Joint Euro-
pean Torus �JET�.2,108,109 A key feature of the VH mode is
the penetration of the H-mode edge transport barrier deeper
into the plasma. Although a magnetic configuration giving
second stable ballooning access at the plasma edge facilitates
formation of the VH mode,2,108 it is clear from the experi-
mental results that the region of improved confinement is
much wider than the second stable region.106,107 Indeed, in
DIII-D,106,107 the width of the second stable region changes
little between the L mode, H mode, and VH mode. The
wider transport barrier in the VH mode occurs naturally at
high power once the local bifurcation condition is satisfied.30

Initial work on the VH mode on DIII-D106,107,110 estab-
lished a spatial and temporal correlation between the change
in the E�B velocity shear and the change in local thermal
transport. The region where the local thermal diffusivity
changes most is between ��0.6 and 0.9, which is the same
region where the E�B velocity shear changes the most. This
is also the region where density fluctuations, measured by
FIR �far infrared� scattering,111,112 change the most. Further-
more, there is evidence110 that the change in the E�B ve-
locity begins 20–40 ms prior to the first change in thermal
transport.

FIG. 5. Comparison of L-mode and H-mode edge profiles in DIII-D near the
time of the L to H transition. The L-mode time is about 25 ms prior to the
start of the dithering transition while the H-mode time is 50 ms later in the
quiescent H-mode phase. In �a�, the Er profiles are shown; notice the char-
acteristic Er well at the plasma edge in H mode. In �b� the E�B shearing
rate from Eq. �2� is compared to the intrinsic turbulence decorrelation rate.
Because of the need to use several phase contrast chords to obtain the radial
correlation length, the value is plotted as the average value over the region
sampled. Plasma conditions are 1.5 MA plasma current, 2.2 T toroidal field,
8.6 MW injected deuterium neutral beam power, and 3.6�1019 m�3 line
averaged density. Plasma is a double-null divertor operated in deuterium.

FIG. 6. Comparison of the change in the E�B shearing rate and the local
single fluid thermal diffusivity inferred from power balance analysis in shots
with and without magnetic braking. The magnetic braking was used to di-
rectly alter the E�B shearing rate. �a� VH-mode discharges with plasma
conditions 1.3 MA plasma current, 1.7 T toroidal field, 4.7 MW injected
deuterium neutral beam power, and 5.2�1019 m�3 line averaged density.
�b� Elongation-ramp, high l i discharges with plasma conditions 1.0 MA
plasma current, 1.4 T toroidal field, 6.0 MW injected deuterium neutral
beam power, and 6.0�1019 m�3 line averaged density. At the times pre-
sented, all discharges are double-null divertors operated in deuterium.
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I. INTRODUCTION

One of the scientific success stories of fusion research
over the past decade is the development of the E�B velocity
shear model to explain the formation of transport barriers in
magnetic confinement devices. This model was originally
developed to explain the transport barrier formed at the
plasma edge in tokamaks after the L �low� to H �high� tran-
sition. As has been discussed previously,1 this concept has
the universality needed to explain the edge transport barriers
seen in limiter and divertor tokamaks, stellarators, and mirror
machines. More recently, this model has been applied to ex-
plain the further confinement improvement from H �high�
mode to VH �very high� mode seen in some tokamaks,2–4
where the edge transport barrier becomes wider. Most re-
cently, this paradigm has been applied to the core transport
barriers formed in plasmas with negative or low magnetic
shear in the plasma core.1,5–8

These examples of confinement improvement are of con-
siderable physical interest; it is not often that a system self-
organizes to a higher energy state with reduced turbulence

and transport when an additional source of free energy is
applied to it. In addition to its intrinsic physics interest, the
transport decrease that is associated with E�B velocity
shear effects has significant practical consequences for fu-
sion research. For example, the best fusion performance to
date in the DIII-D9 and JT-60U10 tokamaks has been ob-
tained under conditions where transport reduction through
E�B velocity shear decorrelation of turbulence is almost
certainly taking place.11,12 The performance of these dis-
charges represents a revolutionary step forward in the control
of plasma turbulence and transport. In the DIII-D case, for
example, the ion thermal transport is at the minimum level
set by interparticle collisions over the whole discharge.11 In
other words, at least in the ion channel, it appears that
anomalous transport is much smaller than collision-induced
transport.

The fundamental physics involved in transport reduction
is the effect of E�B velocity shear on the growth of and
radial extent of turbulent eddies in the plasma. Both nonlin-
ear decorrelation13–17 and linear stabilization18–23 effects
have been considered. The basic nonlinear effect is the re-
duction in radial transport owing to a decrease in the radial
correlation length and the change in the phase between den-
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es the rapid gyromotion of a charged particle
about the magnetic field line. By use of low-
noise numerical algorithms (6, 7) and massive-
ly parallel computers, we were able to repro-
duce key features of turbulent transport ob-
served at the core of tokamak plasmas.

Previous toroidal gyrokinetic and gy-
rofluid (8) simulations of instabilities driven
by the ion-temperature gradient (ITG) in a
local geometry, which follows a magnetic
field line (8–10), have indicated that turbu-
lence-driven zonal flows play a crucial role in
regulating nonlinear saturation and transport
levels. However, global gyrokinetic simula-
tions, which treat the whole plasma volume,
either did not include (11) or did not observe
(12, 13) substantial effects of these self-gen-
erated flows in steady-state transport. Be-
cause local simulations are restricted to a
flux-tube domain of a few turbulence decor-
relation lengths with radially periodic bound-
ary conditions and assume scale separation
between the turbulence and equilibrium pro-
files, the key issues of transport scaling and
effects of steep pressure profiles in transport
barriers can be most effectively studied in
global simulations.

We developed a fully three-dimensional
(3D) global gyrokinetic toroidal code (GTC)
(7) based on the low-noise nonlinear !f
scheme (6) for studying both turbulence and
neoclassical physics. The code uses a general
geometry Poisson solver (14) and Hamiltoni-
an guiding center equations of motion (15) in
magnetic coordinates (16) to treat both ad-
vanced axisymmetric and nonaxisymmetric
configurations with realistic numerical mag-
netohydrodynamics equilibria. This global
code takes into account equilibrium profile
variation effects and has low particle noise.
Furthermore, a single code can simulate both
a full poloidal cross section and an annular
box to provide a connection between global
and local simulations. The GTC code was
implemented as a platform-independent pro-
gram and achieved nearly perfect scalability
on various massively parallel processing
(MPP) systems (for example, CRAY-T3E

and Origin-2000 supercomputers). This scal-
ability enables us to fully use the rapidly
increasing MPP computer power that present-
ly allows routine nonlinear simulations of
more than 108 particles to treat realistic plas-
mas parameters of existing fusion experi-
ments. Nevertheless, a more than two orders
of magnitude increase in computing power
will be required to assess turbulent transport
properties of reactor-relevant plasmas with
additional key features such as nonadiabatic
electron response, electromagnetic perturba-
tions, and larger system size.

The GTC code was benchmarked against
earlier analytic and computational models for
neoclassical transport (17) and toroidal ITG
simulations (7). Linear ITG growth rates and
real frequencies agree well with results from
linear gyrofluid code (8) calculations, and
steady-state transport results are consistent
with those from global gyrokinetic Cartesian
code (11) nonlinear simulations when turbu-
lence-driven E " B flows are suppressed. We
tested convergence by varying the size of
each time step, the number of grid points, and
the number of particles in nonlinear simula-
tions. The convergence of the ion heat con-
ductivity #i and fluctuation energy level with
respect to the number of particles was dem-
onstrated in nonlinear simulations with 20
million grid points with representative plas-
ma parameters from tokamak experiments.
The ion heat conductivity remained un-
changed when the number of particles was
increased from 32 million to 80 million. Sim-
ilar convergence of the fluctuation energy
was obtained with 80 million particles.

Turbulence-generated zonal flows in toroi-
dal plasmas are driven by the flux-surface–
averaged radially local charge separation and
mainly in the poloidal direction for high–aspect
ratio devices. Rosenbluth and Hinton (18)

showed that an accurate prediction of the un-
damped component of poloidal flows is impor-
tant in determining the transport level in non-
linear turbulence simulations and provided an
analytical test for predicting the residual flow
level in response to an initial flow perturbation.
We reproduced this test in gyrokinetic particle
simulations by solving the toroidal gyrokinetic
equation (19) with an initial source that is con-
stant on a flux surface and introduced a pertur-
bation of the poloidal flow. This flow was
relaxed through the transit time magnetic
pumping effect (20) followed by a slower
damped oscillation with a characteristic fre-
quency corresponding to that of the geodesic
acoustic mode (21). The residual level of this
flow measured from the simulation agrees well
with the theoretical prediction (18).

Turbulence-driven zonal flows are now
self-consistently included in the nonlinear
simulations of toroidal ITG instabilities. The
flows are generated by the Reynolds stress
(22) and can be considered as a nonlinear
instability associated with inverse cascade of
the turbulent spectra (23). Our global simu-
lations produced fluctuating E " B zonal
flows containing substantial components with
radial scales and frequencies comparable to
those of the turbulence. These results are in
qualitative agreement with flux-tube simula-
tions (8, 10) and demonstrate the possible
existence and the importance of such fluctu-
ating flows. These simulations used represen-
tative parameters of DIII-D tokamak high
confinement mode core plasmas, which have
a peak ion-temperature gradient at minor ra-
dius r $ 0.5a with the following local param-
eters: R0/LT $ 6.9, Ln/LT $ 3.2, q $ 1.4,
(r/q)(dq/dr) $ 0.78, Te/Ti $ 1, and a/R0 $
0.36, where R0 is the major radius, LT and Ln

are the temperature and density gradient scale
lengths, respectively, Ti is the ion tempera-

Fig. 1. Time history of ion heat conductivities
with (solid) and without (dotted) E " B flows
in global simulations with realistic plasma
parameters.

Fig. 2. Poloidal contour plots of fluctuation potential (e%/Ti) in the steady state of nonlinear global
simulation with E" B flows included (A) and with the flows suppressed (B). The dominant poloidal
spectrum k& $ 0 mode is filtered out to highlight the differences in the turbulent eddy size.
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Figure 7. Characteristic contour lines of the electrostatic potential in the outboard x–y plane for toroidal ETG turbulence: formation of
streamers (radially elongated structures). Reprinted with permission from [135]. © 2000 American Institute of Physics.

induced transport level. The observed agreement between
this model and gyro-kinetic simulations is quite good [47].

• Recently, the above ETG work has been extended to
include trapped electron effects. Based on results from
non-local PIC simulations, Lin et al [137] argued that
in this case, the ETG instability saturates via non-linear
toroidal coupling. In such non-linear interactions, the
wave energy at the unstable high toroidal mode number
domain cascades towards the more stable lower toroidal
mode number domain via scatterings off the driven low
mode number quasi-modes. The transport level still
exceeded the corresponding ITG level, but not by as
much as in the simulations without trapping by Jenko
and Dorland [47]. However, Nevins and co-workers
showed that the transport at late times is very likely to
be determined by numerical noise [108].

• To address the issues of ITB physics, ETG turbulence has
also been studied by means of radially non-local gyro-
kinetic simulations [138]. In this system, streamers are
absent, and zonal flows—formed around (but not directly
at) the qmin (minimum safety factor) surface—tend to
become more prominent as the magnetic shear goes to
zero. Zonal flow saturation is found to be caused by a
Kelvin–Helmholtz-like instability.

• Recently, this line of research triggered interest in the
non-linear coupling of various kinds of plasma micro-
turbulence. In [48], it was shown that linear ITG
modes can be suppressed by strong, ETG-scale zonal
flows. Using non-linear gyro-fluid simulations, it could be
demonstrated that a complex interplay of ITG turbulence,
ITG-scale zonal flows and (externally imposed) ETG-
scale zonal flows can lead to a general reduction and a
pronounced burstiness of the ion heat transport [44, 139].
The first self-consistent numerical simulations of cross-
scale coupled turbulence have been presented in [140].
Therein it was demonstrated explicitly that, in general,
transport on ion and electrons scales does not obey the
superposition principle (see figure 8). In particular, it was
shown that the residual level of electron heat transport in
a transport barrier can be set by ETG turbulence.

2.2.3. Comparisons with experiments. Direct numerical
simulation of plasma micro-turbulence is gradually reaching
a level of maturity that allows quantitative comparisons
with experiments. Supercomputers are becoming ever more
powerful, and the codes are getting more comprehensive.
Several codes now include non-adiabatic electrons (both
trapped and passing) as well as electromagnetic effects. In
addition, many of them may be run in general tokamak

L-mode

H-mode

Figure 8. Gyro-kinetic simulations of tokamak edge turbulence
without (‘L-mode’) and with (‘H-mode’) imposed !E × !B shear
flows: the superposition principle for the electron heat diffusivity is
violated, and ETG turbulence provides a floor in H-mode. Reprinted
with permission from [140].

geometry, taking flux surface shaping into account. Instead
of getting the required geometrical information from MHD
equilibrium codes, one can also use a local solution of the
Grad–Shafranov equation, which generalizes the well-known
ŝ − α model to finite aspect ratio, elongation and triangularity
[141]. Both PIC and Vlasov flux tube and full torus gyro-
kinetic codes have been developed and complement one
another very nicely (see table 1). To uncover systematic errors
and numerical artefacts in models or codes, it will be vital to
maintain a healthy variety of turbulence codes. This allows
for cross-checking, which will help to reach a consensus on
important issues and to build confidence in the results obtained.

There is much literature on comparisons between linear or
quasi-linear theory and experiments. This approach, although
limited, has proven to be very useful. For example, one can
determine the expected presence or absence of certain micro-
instabilities, critical gradients, linear growth rates (which can
then be compared with measured !E × !B shearing rates),
mixing length or quasi-linear estimates of transport coefficients
and general trends as the plasma parameters are changed.
However, there are many examples of situations in which
(quasi-)linear theory is known to be misleading or even wrong.
For example, it is well established that drift waves in a
sheared slab geometry—although linearly stable—are non-
linearly unstable [142]. Moreover, electron thermal transport
induced by ETG modes can exceed quasi-linear estimates
by more than an order of magnitude [47, 135]. And ITG

S30

18Thursday, February 10, 2011



NSTX PAC-29 – Results from FY10, start of FY11 Runs (Jan 26-28, 2011)!

High k!

12!

Turbulence level lower in H-mode at low-k (BES), !
and for k!ρs < 10 (High-k scattering)!

Spectral power for k!"s >10 similar for L 
and H-mode. 

Large differences, more than 2 orders of 
magnitude, in spectral power found at 
k!"s <10 between L and H-mode. 

k spectra of normalized 
density fluctuations in beam-

heated L and H-mode plasmas!

Drop in fluctuation power is ≈ 10db at 
lower frequencies."

Reduction in fluctuations not just at 
plasma edge, extend into plasma."

BES!

19Thursday, February 10, 2011

E.J. Doyle et al

Figure 52. Schematic radial profile of plasma pressure.
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Figure 53. Integrated plasma performance required for a
steady-state operation in ITER.

a range of qmin values). With regard to extrapolation to reactor
conditions, progress has been made with regard to obtaining
reduced core transport with Ti ∼ Te, low momentum input and
at high density, though in all the cases further investigation
and experimental demonstration of robust high confinement
operation are desirable.

4. Pedestal transport and dynamics

This section reviews recent progress in the research on the
H-mode edge and pedestal physics. The edge pedestal
parameters are essentially important for burning plasma
performance because they determine the boundary conditions
for the core plasma as well as the source of heat and
particle flows into the SOL and divertor plasmas (figure 52).
For example, projections for ITER show that its fusion
gain depends strongly on the pedestal ion temperature.
Furthermore, the H-mode pedestal plays a central role in
achieving integrated plasma performance: in order to sustain
burning plasmas in tokamak power plants, we need to sustain
high values of the energy confinement improvement factor
(the H-factor), normalized beta (βN), bootstrap and non-
inductively driven current fractions, plasma density, fuel
purity and radiation power simultaneously (figure 53) [489].
The roles of the pedestal in each of these are as follows.
Because of the stiffness in the temperature profile, the energy
confinement and the fusion gain are strongly affected by the
pedestal temperature. The pedestal temperature decreases with
increasing pedestal density, because the pedestal pressure is
limited by ELMs to be a nearly constant value. Therefore,
in order to achieve high confinement enhancement at a high
density, improved pedestal pressure is essentially important.

For MHD stability at high βN, we need to increase the pedestal
pressure so as to achieve a broad pressure profile, since a
moderate pressure gradient in the core region is needed to
stabilize global ideal low n modes and neoclassical tearing
modes. In order to sustain the current profile with an optimum
shape for high confinement and stability, distribution of the
edge bootstrap current has to be controlled at an optimum
level. The pedestal temperature, density and ELMs determine
the shielding and pumping of impurities, thus the pedestal
characteristics are a key to particle control. In addition, the
ELM heat load on the divertor plates should be reduced to a
tolerable level. The data show that the energy loss in a Type I
ELM crash tends to increase with increasing pedestal pressure
(or both the energy loss and the pedestal pressure increase with
decreasing collisionality). We have to develop techniques for
Type I ELM mitigation, or access to small/no-ELM regimes,
by keeping a favourable pedestal pressure at an ITER-relevant
low collisionality.

From the physics point of view, the H-mode pedestal is
a complex system. The pedestal structure and its dynamics
are determined by both the plasma physics (transport, MHD
stability) and the atomic physics. The scale length of the
pedestal parameters is of the same order as the ion orbits and
the penetration depth of the neutrals. Furthermore, the spatial
distribution of the pedestal parameters and their temporal
behaviour show two or three-dimensional structures. The time
scales of the leading phenomena span from the growth time
of ideal MHD/turbulence to the wall saturation time, with the
parallel and perpendicular transport times and the edge current
growth time in between.

The main research issues were raised and categorized
in the excellent review reports [490–493]. Since then, by
revealing the above mentioned physics through experimental,
theoretical and numerical approaches, recent pedestal research
has shown significant progress, particularly in achieving
high confinement at high density, Type I ELM mitigation
and development of small/no-ELM regimes, and predictive
capability for burning plasmas. In the following subsections,
we will review recent progress and remaining issues for
pedestal research: enhanced confinement at high density,
the pedestal structure, turbulence suppression and the L–H
transition, pedestal transport theories, integrated modelling,
Type I ELMs and their mitigation, small/no-ELM regimes,
pedestal MHD stability theories and pedestal control schemes.

4.1. Regimes of improved H-mode confinement at high
density and operational limits

One of the main physics issues identified in the ITER Physics
Basis document [1] was an observation that it is difficult
to maintain H-mode confinement in tokamak experiments at
high plasma density with gas puff fuelling. While regression
analysis of the Type I ELMy H-mode confinement database
was indicative of τE increasing with plasma density, τE ∝ n̄0.41

e
[1], the density scans with gas puff fuelling in individual
devices revealed a saturation or even decrease of τE , as initially
shown in JET [494] and later reproduced in other devices.
Figure 54(a) shows that the HH98(y,2) factor decreases with
increasing density as reported from JT-60U [294]. In the Type
I ELMy H-mode, the pedestal pressure is limited by ELMs.
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Figure 54. Type I ELMy H-mode in JT-60U [294]. (a) Density dependence of the HHy2-factor for the Type I ELMy H-mode discharges
(low-δ(= 0.16), high-δ(= 0.45)). (b) Pedestal electron temperature as a function of pedestal electron density (δ = 0.16). (c) Relationship
between pedestal and central values of Te and Ti. (d) Pedestal ion temperature dependence of confinement enhancement factors based on the
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Under this limitation, when the pedestal density increases,
the pedestal temperature decreases (figure 54(b)) and the core
temperature also decreases due to the profile stiffness effect, i.e.
Tcore ∝ Tped as seen in figure 54(c) (see also section 3.3). As a
result of this linkage, the stored energy does not increase with
increasing density and the confinement enhancement factor
decreases because the scaling has a positive dependence of
the confinement time on density. Figure 54(d) shows that
the core confinement enhancement factor relative to the offset
non-linear scaling [495] decreases with decreasing pedestal
ion temperature. Therefore, the basic factors determining the
confinement degradation at high density is the limitation of the
pedestal pressure by ELMs and the profile stiffness.

Based on this knowledge, in recent years several methods
have been discovered that allow H-mode operation with a
good confinement at densities close to and even higher than
so-called the Greenwald density. These methods include the
increase of triangularity in the plasma cross-section [494], deep
pellet fuelling, strong gas puff at plasma midplane combined
with intense pumping from the divertor [365], low steady gas
puff allowing density peaking [355] and controlled impurity
injection [370].

4.1.1. Effects of plasma shape on global and pedestal
confinement. At high triangularity, δ, a good confinement
enhancement factor can be kept at higher density [496, 497]
because of the improved stability against ELMs [498] (see
section 4.8). At high triangularity, the edge pressure is
higher than that in low δ discharges and thus the pedestal
and core temperatures are higher at a given pedestal density
(figure 54(e)), and the confinement enhancement factor
becomes higher as shown in figure 54(a) [499]. Figure 55
illustrates the behaviour observed in JET [370] and ASDEX
Upgrade [248] at different, fixed values of the plasma
triangularity δ. The confinement improvement factors relative

to the H-mode confinement scalings [1] decrease with n̄e/nG
at constant δ and increase with δ at fixed n̄e/nG. In highly
shaped plasmas (δ = 0.35–0.45), the HH98(y,2) factors reach
!1 at n̄e/nG ≈ 1.1 in both devices. In JET at high triangularity
(δ > 0.4), a good confinement (HH98(y,2) = 0.9–1.0) at high
density (n̄e/nG ! 1) is linked with access to the mixed Type I/II
ELMy regime characterized by higher pedestal pressure at high
density than with Type I ELMs (figure 56) [500].

Another favourable effect of high triangularity was
reported from JT-60U [501]. Figure 57(a) (δ = 0.44–
0.48) shows that the pedestal pressure (∼ne,pedTe,ped) remains
roughly constant for the standard ELMy H-mode with Type I
ELMs (open circles). While in the high βp ELMy H-mode
(small closed circles), the pedestal pressure can be higher
than that of the standard H-mode. This enhanced pedestal
pressure is due to improved edge stability enhanced by high
βp values: figure 57(b) shows the pedestal βp (βp,ped) increases
with increasing total βp at high δ = 0.44–0.48 (circles). This
relationship between βp,ped and the total βp seems independent
of existence of the ITBs (open symbols: without ITB, closed
symbols: with ITB), which means that this relation does not
come from the profile stiffness. On the other hand, βp,ped is
almost constant at low δ (squares). One candidate explanation
for this improvement is that a larger Shafranov shift improves
the pedestal stability at high triangularity.

A range of plasma parameters (δ ! 0.4, βN ∼ 3, q95 ! 3.6
and q(0) ∼ 1 at a near double-null configuration) has been
found in ASDEX Upgrade, where the ‘improved’ H-mode with
HH98(y,2) = 1.2–1.3 and small (Type II) ELMs is observed at
densities up to n̄e/nG ≈ (0.8–0.9) [468]. Similar regimes
with somewhat different characteristics have been obtained
in DIII-D [469, 470], JT-60U [366, 479] and JET [478, 485].
The physics of these favourable regimes and prospects for an
‘improved hybrid’ scenario in ITER based on such regimes
are discussed in section 3.8 of this chapter and section 3.3 of
chapter 6 of this issue [199].
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Figure 81. (a) Stability calculation for a JET discharge using the MISHKA code [670]. Shaded areas are unstable, numbers indicate the
most unstable toroidal mode number calculated and the two curves indicate the n = ∞ ballooning stability boundary at two flux surfaces. α
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possible interpretations of large (I) and small (II and III) ELM cycles [666, 669].

can be stabilized, providing access to higher pressure gradients:
the so-called second stability. The destabilizing effect of the
pressure gradient is a consequence of the fact that the mode
localizes on the outboard side, where the curvature is bad.

The second ideal MHD instability is the peeling mode,
which can be thought of as an edge-localized kink mode
[664]. The instability is driven by the current density (or its
gradient) in the pedestal region. However, because it is
approximately poloidally symmetric, it experiences the good
average curvature of the tokamak so that pressure gradient is
stabilizing for this mode. The stabilizing effect of the pressure
gradient is less effective when the shaping is weak, and then
one finds that the current density required to stabilize the
ballooning modes destabilizes the peeling mode. The result
is that there is no access to the second stability regime
referred to above. Increasing the shaping both reduces the
current density required to stabilize the ballooning mode and
increases the current density required to destabilize the peeling
mode, so access to the second stability can then be achieved.
Nevertheless, the pressure gradient is ultimately limited by
ideal MHD modes with an intermediate n, typically n ∼ 6–12,
where both the pressure gradient and current density play a
role in destabilizing the modes. In these situations, where
both drives are operative, the modes have become known as
the (coupled) peeling–ballooning modes [665–669].

In summary, the three factors that have most influence on
the ideal MHD stability of the pedestal are current density,
pressure gradient and shaping. These can therefore all
influence the pedestal characteristics.

The importance of the current density is particularly
interesting. For modern tokamaks, where the collisionality
is relatively low, the bootstrap current is the dominant
contribution in the pedestal, and this depends sensitively
on the individual density and temperature profiles, not just
the pressure profile. Thus, the ideal MHD stability can be
significantly influenced by varying the plasma density.

Because of the importance of their role in determining the
pedestal characteristics, significant effort has been invested
in developing computer codes for quantitative ideal MHD
stability analyses. MISHKA [670] can in principle deal
with a range of toroidal mode numbers from n = 1 up

to n ∼ 20–30 but becomes increasingly computationally
demanding at the higher n; it also has the capability to
explore diamagnetic effects [668]. KINX can cope with a
similar range of toroidal mode numbers but has the unique
capability to treat the separatrix geometry [671, 672]. ELITE
has been developed specifically to treat intermediate to high n

modes (typically accurate for n > 5) efficiently at the plasma
edge [673]; it has been used for extensive parameter scans.
As well as these ‘purpose-developed’ codes, the advances in
computing capability have meant that the low n codes, such as
GATO/ERATO [674], can now access toroidal mode numbers
as high as n ∼ 8. Extracting the fast variation through a phase
factor permits even higher mode numbers to be explored [675].
As an example of the use of these codes, we show a stability
diagram for a JET discharge, obtained using MISHKA in
figure 81. Results from KINX show that when a separatrix
is included, the results are broadly similar [672], but a higher
current density is typically required to trigger a peeling mode.

4.8.2. Links of MHD stability calculations to ELM types.
The proximity of the pedestal parameters to the ideal stability
boundaries in the cases where Type I and Type II ELMs are
observed has led to the suggestion that these ELMs are a
consequence of the ideal MHD instabilities (figure 81(b)).
However, Type III ELMs typically occur at a pressure gradient
significantly below the critical value for ballooning instability.
While it has been suggested that peeling modes could be
responsible in some situations, it is unlikely that all Type III
ELMs can be interpreted in this way. One possibility is that
resistive ballooning modes play a role here [676]. A challenge
to this idea is to explain why such instabilities would lead to
a large transient heat flux, rather than simply contribute to the
steady turbulent transport.

It is now generally accepted that large Type I ELMs
are triggered by intermediate n peeling–ballooning modes.
Figure 82 shows an example of a DIII-D discharge which is
found to be stable to ideal MHD modes throughout the ELM-
free period, but just prior to the ELM the plasma edge becomes
unstable to an n = 10 mode [669]. Allowing for the effects of
diamagnetism, the coincidence between the time of instability
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Figure 69. Example of a typical ELM cycle (Type I, JET). The time
evolution of the Dα emission from the divertor, the plasma stored
energy W , pedestal electron temperature Te and density ne are shown
in boxes 1 to 4. The fast collapse of Dα , Te and ne at the ELM crash
are highlighted by the arrow. Reprinted with permission from [497].

Figure 70. Perturbation of the electron temperature profile caused
by ELMs (normalized to its maximum) versus normalized major
radius, for a density scan at fixed plasma parameters in JET. With
Type I ELMs, the ELM-affected volume is constant for a variation
of "WELM ∼ 2–3, while it decreases with Type III ELMs. Reprinted
with permission from [591].

with bursts of ELM activity (Type III ELMs), while in JET
an increase in Jedge is invoked to explain the suppression of
Type I ELMs (in favour of Type III ELMs) in plasmas with
a non-monotonic q profile. In both the cases, the effects
are claimed to be consistent with the destabilization of edge
peeling modes. A possible control scheme, exploiting the
effect of edge currents on the MHD stability of the pedestal
and on ELM frequency (and size), has been investigated in
TCV [604]. In these experiments, square voltage perturbations
are applied to the poloidal field coils, on single null, Type III

Figure 71. Example of Type I ELM suppression by application of
an edge resonant magnetic perturbation by the ‘I coils’ in the
DIII-D: comparison of discharge115468 (I coils off, black) and
115467 (I coils on, red). In order from top to bottom: Dα recycling
at lower divertor for I coils off (first box) and on (second box);
plasma density and gas fuelling (box 3); plasma total stored energy
(box 4) and electron pressure at the top of the pedestal (last box).
The shaded region indicates the time when the ‘I coils’ are pulsed on
in discharge 115467 [749].

ELMy H-modes, with the frequency of the perturbation ∼2
times the natural ELM frequency of the plasma under study.
The resulting up/down movement of the plasma in an up/down
asymmetric field results in periodic variations of Jedge with
good correlation between the perturbation induced by the coil
(when in the direction of increasing Jedge) and the generation
of an ELM, with the average ELM frequency increasing by
upto a factor of two, compared with a control case. Further
work is required, for assessing the technical viability of this
technique for ITER, to quantify the achievable reduction in
the ELM size as well as the impact of such a control method
on plasma confinement. This technique has been applied in
the ASDEX Upgrade tokamak, and ELMs have indeed been
generated by plasma ‘jolts’, as described in [605].

The application of a magnetic perturbation resonant at the
edge of the plasma is another method that has been studied for
ELM control. Experiments in COMPASS-D [602] showed
that the application of a resonant field could increase the
frequency of Type III ELMs, as well as induce ELMs in
ELM-free H-modes. The same conceptual method has been
recently used in DIII-D [606], where the suppression of Type I
ELMs at constant plasma confinement has been demonstrated
using in-vessel magnetic field coils (figure 71). Further
experimental work is required to extend these promising results
to ITER. In particular, Type I moderation or suppression should
be extended to a range of relevant plasma parameters (and
possibly different devices), as well as to demonstrate the
compatibility of this control scheme with the overall plasma
MHD stability.

The possibility to control ELM frequency and size by
pellet injection was put forward in [607], observing that
pellets trigger ELMs and that those pellet-triggered ELMs may
be associated with a reduced power load onto the divertor
plates. More recently, ELM control by a repetitive pellet
injection was demonstrated in ASDEX Upgrade [608] (see
figure 89 in section 4.9). Pellet size and velocity were adjusted
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Figure 84. Eigenmode structures for a sequence of discharges with ASDEX Upgrade parameters, calculated using the GATO code [674].
High δ = 0.45 and q95 = 5 lead to narrower radial mode widths than low δ = 0.15 and q95 = 4.3, providing a possible interpretation of
Type II ELMs. Reprinted with permission from [656].

Figure 85. Eigenmode structures for the most unstable modes in
two JT-60U discharges, showing a correlation between ELM size
and radial eigenmode width [662].
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Figure 86. Observations of EDA and small ‘grassy’ ELMs in
Alcator C-Mod, showing EDA occurs at low pedestal temperature
(open circles). Stability analyses (squares and diamonds) are
broadly consistent with the EDA mode plasmas being stable to ideal
MHD modes. Reprinted with permission from [634].

route for the hot core plasma to escape into the scrape-off layer,
though the precise mechanism for this remains unclear. Direct
experimental evidence for such structures has been obtained
from MAST (figure 87) [555,679], and there are also signs of
such structures in BOUT simulations [680].

Figure 87. Filamentary structures observed in MAST during an
ELM, consistent with the predictions of flux-tube eruptions from
non-linear ballooning mode theory. Reprinted with permission
from [555].

4.8.4. Implications for ITER. Clearly the understanding of
ELM dynamics and associated phenomena have progressed
significantly since the ITER Physics Basis. Nevertheless, a
fully quantitative model for ELM size remains elusive. There
are clear trends which are observed experimentally and which
have an interpretation in terms of the linear mode width. Thus
we would expect smaller ELM sizes in discharges with higher
triangularity and higher edge q95. Flexibility to access these
regimes on ITER is clearly of importance. The role of the
flux-tube eruptions predicted by theory and observed in MAST
needs to be understood for tokamaks with close-fitting walls
to quantify the implications for ITER. These flux tubes would
carry a high power density if they connect directly to the core
plasma, so they could have significant implications if they
were to strike the vessel wall. On the other hand, the presence
of the wall itself may help to limit the radial extent of the
flux-tube eruption.

Of the regimes where density control is possible without
ELMs, it seems unlikely that the EDA will be a viable operating
regime for ITER because of the low temperature that is
apparently required. Nevertheless, the quasi-coherent mode
should continue to be studied to understand whether it has a
role for density control in ITER-like conditions. The QH-mode
offers more promise, having now been observed on a number of
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Figure 14. Comparison of ELM sizes obtained in this study for
19 Hz pellet triggered (P in filled black square) and 3 Hz (R in open
black diamond) and 20 Hz (R in filled black diamond) intrinsic
ELMs to values from a type-I ELM scaling for ASDEX Upgrade
and JET [28].

(and many representative algorithms) is already available for
ITER plasmas.

3.9. Particle control and power dispersal (chapter 4)

The heating power that the fusion plasma produces and
supplied externally needs to be eventually exhausted at the
edge. Since the wetted surface area is expected to be ∼4 m2 at
the target in ITER, 80 MW heat loss through the separatrix of
ITER would result in an average power density of 20 MW m−2

at the target. In order to keep the peak target power density
below ∼10 MW m−2, a substantial reduction of the heat load
is required. Also particle exhaust by divertor is required to
control the density and purity of the core plasma. At the
time of IPB writing, divertor code calculations suggested the
feasibility of radiative cooling enhanced by partial detachment
with ITER parameters. This provided optimism that inter-
ELM heat load handling and particle exhaust would not be a
problem for ITER. ELMs were expected to cause a serious heat
load on the divertor but a quantitative analysis was yet to be
made and an ELM mitigation scheme was yet to be developed.

Quantitative estimates based on experimental database
have shown that power fluxes on the ITER divertor targets
associated with type-I ELMs could be close to or above
marginal for an acceptable divertor lifetime, which has
motivated development of back-up scenarios. Potential
scenarios include those with more frequent, smaller ELMs
triggered by frequent pellet injection, edge ergodizaiton and
regimes with benign or no ELMs (type II or grassy ELMs).

The idea of ELM-pacemaking (chapter 4, sec-
tion 2.7.3 [29]) stems from the experimental observation that
the amplitude of intrinsic ELM decreases with ELM frequency
(figure 14) [28]. The ELMs induced by small pellets show sim-
ilar amplitudes as the intrinsic ELMs. Analysis with ITER
parameters suggests that reduction of ELM amplitude to a

level acceptable for divertor targets is possible with such ELM-
pacemaking at a frequency of 4 Hz or above. The ITER design
includes pellet injectors on the high field side for fuelling and
on the low field side for ELM-pacemaking. However, confine-
ment deterioration is observed at frequent pellet injection and
is a concern for ITER.

Magnetic perturbation induced by saddle coils can make
edge magnetic islands overlap with each other, which enhances
the transport in the pedestal, keeping the pressure gradient
below the critical level to induce ELMs at safety factors ∼3.7
[30], (chapter 2, section 4.9.2 [8]). The saddle coils located
inside the vacuum vessel are under study, but such in-vessel
coils are associated with engineering difficulties in ITER. ELM
suppression with out-vessel coils should be investigated. ELM
suppression at a safety factor ∼3 is yet to be demonstrated.
Possible triggering of NTM and consequences of elimination
of toroidal rotation also need to be investigated.

Furthermore, improved confinement regimes free of type-I
ELMs have been explored. For example, figure 15 shows
that highly shaped, moderate q (q95 ∼ 4) and high βp

(∼1.6) discharges are associated with benign ELMs (chapter 2,
section 4.7.5 [8]) [31]. The enhanced D-alpha (EDA) regime
(chapter 2, section 4.7.2 [8]) has been observed along with its
quasi-coherent modes. However, the viability of this regime
is unlikely in ITER because of the low edge temperature
that is required. The quiescent H (QH) mode (chapter 2,
section 4.7.3 [8]) shows ELM-free discharges with good
confinement. However, extrapolation to ITER is uncertain
without a reliable physics-based model. High impurity levels
of QH-plasmas are also a concern.

The plasma-facing components for the initial operation
consist of the following; the divertor targets are covered
by carbon-fiber-composite (CFC) graphite; tungsten is used
at the dome and baffle (upper target) regions for its low
yield of physical sputtering by neutral particles; beryllium
is used for the first wall for its small impact on the plasma
performance and high oxygen gettering. CFC targets are
commonly used as plasma-facing components in present-
day experiments due to its compatibility with a wide range
of plasma parameters. However, tritium retention control,
required with CFC targets, remains a key issue and more
efforts are called for to investigate retention mechanism and
develop efficient removal techniques. Early experiments with
a horizontal target and with a limiter configuration suggested
that ∼30% of tritium injected is retained in the vessel with C
walls and divertor targets. If we simply extrapolate this data to
ITER, the T retention reaches a project guideline (limit on the
amount of T) rather quickly. However, recent experiments with
vertical target show that ∼3% of injected tritium is retained in
the vacuum vessel: one order of magnitude reduction of the
build-up rate. Furthermore, it was shown that the build-up of
tritium retention could be significantly reduced by a factor of
∼1/5 by the coverage of carbon surface by beryllium. The
level of tritium retention predicted for ITER is thus reduced
but the uncertainties are large and the methods for its removal
need more development. The primary challenge is to remove
tritium from shadow areas, not accessible by plasma, as well as
from surfaces with mixed material deposition (e.g. Be/C/W).

Elimination of graphite from the vessel would be attractive
from the viewpoint of tritium retention control. High
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profiles the pedestal parameters have a large impact on global
performance. In predicting pedestal parameters, the most
important unresolved issue is determining the pedestal width,
i.e. the width of the edge transport barrier. Multiple models
for the width, which have divergent predictions for ITER, have
been tested versus data from present devices, but this testing
has failed to discriminate between the models. It is hoped that
further inter-machine comparisons will clarify this issue. A
successful, quantitative theoretical model has been developed
for the pressure limit in Type I ELMs, in terms of the stability
of peeling–ballooning modes. However, a full understanding
of the ELM crash dynamics requires further clarification of
the non-linear evolution of the MHD instabilities. Several
successful methods have been demonstrated to either mitigate
or eliminate Type I ELMs, in order to avoid unacceptable
erosion of the first wall material (ELMs generate transient
pulsed heat and particle fluxes to the wall and divertor).
These mitigated and no-ELM regimes need to be extended
to reactor-relevant conditions. Also with regard to reactor
compatibility, high confinement at high density has now been
robustly demonstrated, as required for the ITER operating
point. However, extension of these results to lower, ITER-like
collisionality is desired.

Predictive capabilities for transport and confinement
projections to ITER have improved. Multi-machine
experimental scalar and profile databases for constructing
global confinement scalings and local transport modelling have
been expanded and are now administered under the auspices
of the ITPA. The three primary predictive techniques—global
scaling, transport modelling and non-dimensional scaling—
have each been refined and extended in scope since the
publication of the ITB. Empirical scaling, using parameter
fits to global experimental transport data from present
devices, was previously the primary predictive approach,
but it is now extensively complemented by theory-based
transport modelling. The capability and reliability of
transport models has been substantially increased, and the
models are benchmarked via comparison to both present
experiments and to more physically comprehensive transport
simulation codes. The non-dimensional scaling technique,
in which plasma parameters are matched in dimensionless
fashion across devices, leaving only a single parameter
extrapolation to be made to ITER, e.g. in ρ∗, has also
been refined, especially with regard to the beta scaling of
transport.

For the ITER base case or reference scenario (conventional
ELMy H-mode operation), all three predictive techniques
show that ITER will have sufficient confinement to meet its
design target of Q = 10 operation, within similar ranges of
uncertainties. Specifically, while several new global scalings
have been developed, the recommended scaling for ITER
remains the IPB98(y,2) scaling law [2]. For the ITER design
operating point this scaling predicts τth = 3.6 s. However,
the estimated 95% log-linear uncertainty interval for the ITER
projection has been significantly reduced; using a revised,
expanded database the interval is now (+14%/ − 13%), as
compared with (+25%/ − 20%) for the earlier ITER design
[1]. The non-dimensional scaling projection for ITER is very
similar, with a minimum τth = 3.3 s. However, the non-
dimensional and global scaling results differ with regard to

the beta scaling of transport, β0 versus β−0.9, respectively. At
the ITER design operating point of βN = 1.6 this different
scaling has little effect on confinement projections, but this
would become important for advanced operation at higher
beta, with the non-dimensional result being more optimistic.
This discrepancy is not currently understood and is under
active investigation. Other areas of current research with
regard to scaling projections include the effect of shaping
on confinement and whether collisionality or proximity to
the Greenwald density is more important in determining
confinement at high density. With regard to projections by
the transport models, a comparison of four leading models
(MM, IFS/PPPL, Weiland and GLF23) shows ITER achieving
Q = 10 operation for edge pedestal temperatures in the
range 3.5–5 keV, depending on the model. In general, the
predictions of the transport models have converged since
the publication of the IPB but still differ in detail due to
varying levels of ‘stiffness’ in the models. Also, these models
are more accurate in replicating ion thermal as compared
with electron thermal, particle or momentum transport, all
of which are critical to ITER performance, so caution is still
required in using these projections. In further extending the
applicability of these models the current focus is on developing
and integrating models of the edge pedestal with the core
plasma.

With regard to operation of ITER in regimes with
enhanced core confinement, such as with ITBs, none of the
predictive techniques are as yet in a position to make reliable
projections. For the global scaling approach the limitation may
be intrinsic, in that the development and sustainment of ITBs
depends on local plasma parameters (i.e. on detailed plasma
profiles), which are not captured in scalar databases. For the
transport models, while progress has been made in replicating
ITB formation and sustainment, further work is required before
projections can be made with confidence.

In an overall summary, it may be stated that both
experimental and transport modelling/simulation indicate that
ITER will meet its baseline design confinement requirements.
Advanced operation on ITER with enhanced core confinement
is becoming an increasingly realistic and attractive prospect,
but a major experimental emphasis is required to demonstrate
that such an advanced operation is compatible with reactor
operating conditions. Substantial advances have been made
in improving the physics content and reliability of transport
modelling and simulation codes, but a fully consistent and
integrated (core and edge) predictive capability which can
accurately describe all transport channels is still some way
in the future.
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which was highlighted in the IPB, has continued. They are
now viewed as a very strong complement to the global scaling
models and identity experiments in projecting to ITER. Since
the IPB, the theory-based models have converged somewhat
on their stiffness and thereby yield a narrower range of
projections when using a common set of boundary conditions
at the top of the pedestal. Narrowing the uncertainty in
the overall confinement projections will be heavily based on
integrating with improved models for the edge. Experimental
observations and theory also tell us to be cautious about the
present extrapolations with these models until we strengthen
them in the areas where they require the most extrapolation
to ITER. These include: (1) electron transport in plasmas
with predominant electron heating, (2) density peaking at low
collisionality in plasmas with small or negligible sources in the
core, (3) rotation in low torque plasmas and (4) the formation
and sustainment of ITBs. The ITB issue is of particular
relevance for the enhanced confinement that will be needed
for the steady-state and hybrid scenarios discussed in chapter
6 of this issue [199]. Although they appear to have many
characteristics in common with ETBs, their onset, location
and strength is much more variable than ETBs, and they
therefore present an even greater theoretical and computational
challenge.

6. Summary

Transport in tokamak plasmas is primarily governed by non-
linear turbulence processes, with multiple turbulence drives
and suppression mechanisms, occurring on multiple scales.
Despite this intrinsic complexity, very considerable progress
has been made in understanding, controlling and predicting
tokamak transport across a wide variety of plasma conditions
and regimes since the publication of the ITER Physics Basis
(IPB) document [1].

The understanding of fundamental transport processes
has been considerably advanced by analytic theory, numerical
turbulence simulations and neoclassical transport theory, as
well as by efforts to benchmark theory via direct comparisons
to turbulence measurements. A major step forward here
is in the capability of non-linear, gyro-kinetic turbulence
simulation codes. These codes can now treat large fractions
of the plasma radius, a, on relevant turbulence time scales
(100s of a/cs, where cs is the sound speed) and with
expanded physics content, such as non-adiabatic electrons
and electromagnetic effects. Consequently, such simulation
codes are now being used to model and interpret experimental
discharges, as well as to benchmark transport models which
contain simplified physics content. With regard to turbulence
regulation and suppression, the critical role of E × B sheared
flows and zonal flows, as well as the effect of magnetic shear,
is now generally accepted. Significant progress has been
made in quantitative comparisons of turbulence measurements
of fluctuation amplitude, spectra and correlation lengths
to theory and simulation predictions, showing reasonable
agreement, and essential features of the turbulence theory
such as zonal flows have been identified in multiple devices.
However, multiple outstanding issues still remain with regard
to fundamental transport understanding, such as obtaining a
successful physics description of electron thermal, particle and

momentum transport to match that which exists for ion thermal
transport.

Remarkable progress has also been made in developing
and understanding regimes of improved core confinement since
the publication of the IPB. Internal transport barriers and other
forms of reduced core transport are now routinely obtained in
all the leading tokamak devices worldwide. Reduced transport
has been achieved in all four transport channels (ion and
electron thermal, particle and momentum transport channels),
sometimes simultaneously, and ion thermal transport is often
reduced to neoclassical levels. A wide range of transport
dynamics in these reduced transport modes can be understood
in terms of the interplay between turbulence drive and
suppression mechanisms, the latter including E × B sheared
flows, magnetic shear reversal, α-stabilization and impurity
effects on turbulence growth rates. These mechanisms can
successfully explain regimes such as the radiation-improved
confinement (RI) mode, which were poorly understood at the
time of the IPB. This rapid progress in the development of
enhanced confinement modes of operation has contributed
to an increased emphasis on developing both hybrid and
steady-state operation modes for ITER. However, a concern
about these operating regimes on present devices is that
they are typically hot ion modes, at moderate density,
with high plasma rotation rates due to external momentum
input, i.e. they typically operate under non-reactor conditions.
Progress has been made with regard to extrapolation to
reactor conditions, though in all cases further investigation
and experimental demonstration of robust high confinement
operation are desirable. Ion thermal transport is now relatively
well understood and is believed to be regulated by ITG-
type turbulence. Theory-based modelling can qualitatively
replicate ion transport across a wide range of operating
regimes with quantitative agreement in many cases. However,
transport in the other channels (electron thermal, particle
and momentum) is relatively not as well understood as
ion transport, either experimentally or theoretically. In
particular, momentum transport and plasma rotation are less
well understood than the other plasma transport channels;
an ability to predict momentum transport and rotation for
ITER is currently lacking. Using non-dimensional scaling
techniques, significant new work on the scaling of energy
transport with β has been performed, showing a weak or
null dependence of the transport on beta, in contrast to both
theoretical expectations and global database scalings. This
discrepancy is an outstanding issue.

The critical importance of the edge H-mode pedestal
to overall plasma performance is increasingly recognized,
and H-mode access is of course essential for ITER. Theory
and modelling can now reproduce many aspects of the L–H
transition but have not yet produced a reliable quantitative
prediction for the power threshold. Consequently, global
scaling techniques employing fits to experimental multi-
machine data are still employed to project the L–H transition
threshold power. Using an improved and expanded database
the latest projection for ITER is a threshold power in
the range ∼40–50 MW, within the capability of the ITER
heating system (70 MW). Once in H-mode, global fusion
performance is strongly influenced by the height of the edge
temperature and density pedestals; with relatively stiff central
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