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ABSTRACT

The objective of advanced tokamak scenario research isto provide a candidate plasma scenario for
continuous operation in afusion power plant. The optimisation of the self-generated non-inductive
current by the bootstrap mechanism up to alevel of 50% and above using high plasma pressure and
improved confinement are the necessary conditions to achieve this goal. The two main candidate
scenarios for continuous operation, the steady state scenario and long duration (up to 3000s) high
neutron fluency scenario (the hybrid scenario), both face physics challengesin terms of confinement,
stability, power exhaust and plasma control. Resistive Wall Modes (RWM) and Alfvénic fast ion
driven instabilities are the main limitation for operating the steady state scenario at high pressure
and low magnetic shear. In addition, this scenario demands a high degree of control over the plasma
current and pressure profile and the steady state heat |oad on in-vessel plasma facing components.
Understanding the confinement properties of hybrid scenario isstill an outstanding issue aswell as
itsmodelling for ITER in particular with regard to the H-mode pedestal parameters. This scenario
will also require active current profile control although less demanding than for the steady state
scenario. To operate advanced tokamak scenario, broad current and pressure profile control appears
as a necessary request to ITER actuators, in addition to the tools required for instability control
such as error field coils or Electron Cyclotron (EC) current drive.

1. INTRODUCTION

Inthe period leading up to the recent decision on the construction of ITER, the programmes of existing
tokamaks have strengthened the preparation of rel evant plasmascenariosleading to the design definition
of the systemsrequired to operate those scenarios. Inductive operation of ITER relieson the so-caled
standard H-mode scenario (H for high confinement) [ITER physics basis, 1999] to demonstrate a
fusion power amplification Q of 10 for typicaly 500s [Green 2003]. However inductive current
drive uses atransformer, thus making this scenario inherently pulsed.

Thework to develop different types of plasma scenario that could operatein steady state (i.e. non-
inductively) at levels of fusion performance comparable to the conventional H-mode has become
known as advanced tokamak research [Sips 2005]. In the past fifteen years tokamak programmes
acrosstheworld havetherefore devoted important technical and experimental effortsto the devel opment
of means to achieve steady state operation [Janeschitz 2005], [Kishimoto 2005], [ Takanaga 2006],
[Doyle & Wade 2006], [ Sips 2002], [Litaudon 2007]. For this purpose externa current drive systems
areproposed for ITER [Bora2007], [ Jacquinot 2007] such astheinjection of: electron cyclotron (EC)
waves (105 to 170GHz); lower hybrid (LH) waves (3 to 5.7GHz); lon Cyclotron (IC) waves (MHz);
and Neutral Beam (NB) of high energy particles (up to 1IMeV). However, the main component of the
non-inductive current drive in advanced tokamak scenariosis actually provided by the plasmaitself
through the so-called bootstrap mechanism [Bickerton 1971] generated by the pressure gradientsin
the magnetic geometry of a tokamak. This “free” source of non-inductive current is maximised at
high plasma pressure and low plasma current. On the other hand, the observation that energy



confinement degradeswith decreasing plasmacurrent providesthe additional constraint that the energy
confinement must be enhanced with respect to a standard H-mode scenario (i.e. H>1, where H isthe
confinement time normalised to an established H-mode scaling). In this case, an equivalent fusion
yield could be achieved with aplasmacurrent smaller than would be necessary in H-mode. In addition,
increasing the plasma pressure and reducing the plasma current can also change the M agneto-Hydro-
Dynamic (MHD) behaviour of the plasmaand instabilities can be encountered in these conditionsthat
are otherwise not limiting in the standard H-mode scenario.

This paper is organised asfollows: the first section develops, in more detail s, the motivations and
key factorsthat have led to the steady state scenario concept and research and a so definesthe physical
guantities used in the rest of the paper. Then examples of typical advanced scenarios so far devel oped
in present devicesare presented, namely the steady state non-inductive scenario for continuous operation
and the so-called “hybrid” stationary scenario for long pulse operation (1000 to 3000 seconds in
ITER). This more recent scenario uses a significant non-inductive current drive to provide longer
pulse duration and high Q operation. In the third section, key physics and operationa challenges for
the advanced tokamak scenarios are introduced. These issues are important factorsfor ITER and the
conclusions are directed towards defining technical requirements for steady state operation of ITER.

2. THE ADVANCED TOKAMAK CONCEPT

2.1. MOTIVATIONS

A tokamak usesatransformer such that the secondary current (the plasmacurrent) isdriveninductively
by increasing continually the current in the primary circuit aso called the Ohmic poloidal coils. This
design effectively limits the pulse length to the time for the Ohmic coils to reach their maximum
achievable currents. For this reason, the H-mode scenario is envisaged to operate for a duration not
exceeding 500 secondsin ITER at aplasmacurrent of 15MA [Green 2003]. Hereaplasmascenariois
defined as the sequence of operational events applied to the fusion device to prepare and then initiate
the plasma, raise the plasma current to the required value, apply the auxiliary hesting during the
burning phase and finally estinguish the plasma discharge safely (figure 1). The H-mode scenario is
characterised by a transition to a higher confinement state compared with L-mode (L for low
confinement) produced by the presence of alayer of reduced transport at the plasmaedge (also called
the pedestal) when sufficient additional heating is applied on [Wagner 1984].

2.2. EXTERNAL CURRENT DRIVE REQUIREMENTS

Thelimited duration of inductive pul ses could be adisadvantage for afuture power-plant which hasto
generate el ectricity on acontinuousbasis. To achieve continuous (steady state) operation, theexclusive
use of external driven current is however not an economic solution. The current drive efficiency (ncp
= lep RNn./Pp Where | isthedriven current, R the plasmamajor radius, P, the power injected by
the current drive system, n, the plasmadensity and R the plasmamajor radius) of NB and LH current
drive systemsis projected to be of the order of 0.3t0 0.4 1020MA/M W/m?inITER. EC current drive



efficiency ismorein therange of 0.2 to 0.IMA/MW/m? in the central half of the discharge. Therefore
even with 33MW and 20MW of NB and EC power as planned in the ITER baseline start-up [Bora
2007], a maximum of 2.8MA of current drive can be produced in ITER (assuming n, = 10 m™).
Using an additional 20MW of LH current drive power (asis being considered) would raisethisvalue
to AMA. At alower density of 6x 10" m™, this combination with LH current drive would generate
6.5MA non-inductive current. Such acurrent of 6.5MA would not support aplasmagenerating 500MW
of fusion power and a fusion gain factor Q = 6.8 in this case (here, Q=P 4P,y Where P s is the
fusion power and PIN the auxiliary input power).

The steady state scenario envisaged for I TER takes advantage, therefore, of the tokamak geometry
and plasma pressure gradients to maximise the bootstrap current drive while maintaining sufficient
confinement and stability to provide the necessary fusion yield.

2.3. BOOTSTRAP CURRENT

The bootstrap current in a tokamak is now a well considered and proven effect. First identified in
1971 [Bickerton 1971] [Galeev 1970], the evidence of the presence of bootstrap has been observed
experimentally in several devices[Kikuchi 1995]. Morerecently areview [Peeters 2000] hasdiscussed
the specific role of this current to modify the total current profile for advanced tokamak scenarios.
Thebootstrap current derivesfrom theinhomogeneoustoroidal field present in atokamak (thetoroidal
field decaysin the vacuum like 1/R) creating amirror which can trap plasma particles asthey follow
the magnetic field lines. In the presence of aradial pressure gradient in the plasma, adjacent trapped
particle orbits provide a momentum imbalance that can be transferred to the passing particles by
collisions. Thebootstrap current isparallel to the magnetic field and by definition, requiresthe presence
of trapped particles and a pressure gradient. For estimation purposes, the scalings of the bootstrap
current with global plasma parameters have also been derived [Wilson 1992], [Hoang 1997], [Andrade
2006] . Typically the fraction of the plasmacurrent driven by the bootstrap mechanism scalesas: 1,/
l,=fas=C.e"“.B, ~ CasBr-Gos: Here B, = 2u,<p>/p,” is the ratio of the volume averaged plasma
pressure <p> to the poloidal magnetic field (8,) pressure. By = B[%0].am].B[T] /I [MA], where f3;
is the averaged plasma pressure normalized to the toroidal field By ;= 2u0<p>/|3T2. C (~0.45) and
CBS are parameters depending weakly on current and pressure profile parameters. Many experiments
across the world have demonstrated experimentally that alarge bootstrap fraction can be achievedin
a tokamak plasma by increasing the normalised pressure [Challis 1993], [Hobirk 2001], [Politzer
2005], [ Takase 2007].

Animportant property of the bootstrap current isthat it isnot pesked in the plasmacentre. Therefore,
when maximized (at high plasma pressure and low poloidal field or plasma current) it is capable of
changing the current profile shape and the toroidal magnetic field winding g, =rg/RB,, (Wherer isthe
minor radius coordinate) significantly from peaked to reversed in the plasma core. At high plasma
pressure i.e. higher By, the current can become hollow and the q profile can change from monotonic
(low at the plasmacentre and high at the edge) to acase with an off-axisminimum q vaue (q,,,,,) (figure



2). This creates a zone of negative magnetic shear s (where s=r/q dg/dr). With amoderateratio of the
plasma pressureto the current the g profileflattensin the plasmacore giving amagnetic shear closeto
zero. Changing the magnetic shear in thisway can have dramatic effects on the transport and stability
properties of the discharge. The consequences on transport are briefly reviewed in the next section.

2.4. CONSEQUENCES OF THE BOOTSTRAP CURRENT ON CORE TRANSPORT

Therole played by the details of the current profile shape in determining the transport properties of
tokamak plasmaswereintensively studied theoreticaly very early [ Kadomtsev 1967]. Experimentally,
a decrease in magnetic shear can be achieved by ramping up the plasma current while applying
additional heating to delay the penetration to the plasmacentre. Reduced energy and particletransport
have been associated with acoreregion of negative (or reversed) magnetic shear in many experiments
[Hugon 1992], [Litaudon 1996] [Bell 1998], [Wolf 2001], producinginthisregion amarked temperature
and density peaking also called an interna transport barrier (ITB). Recently the dependence of the
magnetic shear on electron heat transport was demonstrated experimentally in the TCV tokamak
[Sauter 2006] (figure 3). Thisbehavior isinlinewith theoretical predictions (seefor example[Wakatani
1998], [Antonsen 1996]) showing the dependence of the growth rate of electrostatic potential
fluctuations or ballooning-like radia structure on the magnetic shear asit is scanned from strongly
positive to negative.

Another important factor thought to play arole in the stabilization of plasma turbulence is the
shear inthe plasmarotation. Aswith the effect of reversed magnetic shear, thereisasubtantial literature
describing how 1TBs can be produced through the stabilization of turbulence eddies by ExB sheared
velocities[ Terry 2000] [Hahm and Burrell 1995]. The most unstablelong wavel ength turbulent modes,
the ion temperature gradient and trapped electron modes [Horton 1999] [Weiland 2000], can be
stabilized linearly by an imposed external sheared flow (for example, through the injection of
momentum) when the ExB flow shear exceeds the linear growth rate of these modes [Hahm and
Burrell 1995] and produces an a layer with reduced transport (e.g. ITB) by turbulence stabilization
[Beyer 2006]. Oncean I TB isformed, apositive feedback |oop can be established where thereduction
in momentum due to the I TB transport (i.e. the pressure gradients) acts to increase the ExB shearing
rate. It should be pointed out that this stabilizing mechanism is strongly dependent on the magnetic
shear itself since the ExB shearing rate is a so dependent on the magnetic field structure (i.e. on the
magnetic shear ). These two effects are thus not independent.

The onset of an ITB or reduced transport through the reduction of the magnetic shear creates a
feedback loop due to the bootstrap current. Theincrease of thelatter (through the increase of pressure
gradients) tends to reduce or reverse the magnetic shear further and so can amplify the pressure
gradients changes. For the operation of steady state scenario, this important feedback mechanism
implies that, for the operation of a steady state scenario, active control of the current profile will be
required in order to maintain the scenario at agiven operational point. Thisaspect will be discussedin
further detail in section 4.3,



2.5. ROUTE TO CONTINUOUS TOKAMAK OPERATION

Given the above consideration, the advanced tokamak operation requires the optimisation of the
fusion power while minimising at the same time the amount of power required to supply the current
non-inductively. For stationary conditions with the ion temperature around 10keV, the fusion power
can be estimated as:

Prus = Crus<P>tg HPgss ¢ Cpys H BN/ q295 (1)

where P, ogs o <p>/Hrg isthe plasma power exhausted from the plasma, T the energy confinement
time. Assuming steady state (i.e. fully non-inductive) and using the current drive efficiency hCD the
non-inductive power P can be written as [Luce 2005]:
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wheref isthe density normalised to the Greenwald value: f = ma’nV p (Whereaistheminor radiusat
the plasma boundary in meter, n expressed in unit of 10°m™ and I, in MA). It can be seen from
expressions (1) and (2), that the fusion power PFUS is maximised and the current drive power PCD
minimised when bN is maximized. In addition, increasing g5 iS very efficient for minimizing PCD
but also reduces P™° by asimilar amount. In expression (1), this could be compensated if the H factor
could be increased significantly above unity.

To summarise this section, the advanced tokamak scenario defines a mode of operation for a
tokamak where a large fraction of plasma current is driven non-inductively with a large fraction
(>50%) provided by the self-generated bootstrap current. At the same time, improved confinement
(H>1) isrequired to compensate for the lower plasma current (i.e. higher gg5) and reach Q above 5 as
envisaged for the TER steady state demonstration. By varying the g profile shape through the pressure
increase (i.e. through the bootstrap current) or other external current drive means, a large variety of
plasma scenarios can be obtained with different stability and transport properties. Consequently,
advanced tokamak research has so far resulted in the development of several aternative approaches
all using the bootstrap current as atool to extend the discharge duration and modify the properties of
the discharge with respect to the standard H-mode scenario. Experiments have focused on the
devel opment of the two scenariosintroduced above; the non-inductive scenario for continuous operation
and the hybrid stationary scenario for long pulse (up to 3000 seconds in ITER) and high neutron
fluency. These specific scenarios are now described in the next section.

3. EXAMPLES OF ADVANCED SCENARIO DEVELOPMENT

3.1. STEADY STATE SCENARIO.

Inthe envisaged steady state non-inductive operation of I TER scenario [ Green 2003], the plasmacurrent
during the current flat top phaseis generated non-inductively by external current drive (suchasLH, EC
and NB) with alarge fraction of bootstrap current (approximately 50%). The plasma current would be



9MA with abroad g profile with low magnetic shear (close to zero) in the plasma core. This scenario
would havethefollowing parameters: ggs =5, f~2.9, H>1.6 and f s ~ 0.8 and would produce typically
350MW of fusion power, resulting in afusion gain factor of Q = 5 [Green 2003].

Figure 4 showsaprototype of asteady-state scenario runinthe DI11-D tokamak with | ;= IMA, dgs
= 5and adensity closeto 30% of the Greenwald value [Murakami 2006]. The q profilewasflat in the
plasma core with gmin ~1.7. The non-inductive current is close to 100% with a bootstrap current
contribution of 60%, 30% of NB current drive and 8% of EC current drive located at about r/a=0.4.
The normalised pressure reaches By = 3.4 and the H factor was above unity (H~1.4) making this
scenario relevant in many respects to the steady state I TER targets for reaching Q = 5. The increased
H factor could be explained by the broadly elevated ion temperature at r/a<0.6 possibly dueto ExB shear
substantialy reducing ion temperature gradient turbulence. Steady state scenarios are aso currently
developed in other devices such as JET [Chdllis 2007], [Litaudon 2007] or JT-60U [ Sakamoto 2006].

3.2.“HYBRID” SCENARIO

Inthismorerecently devel oped mode of operation, theexterna current drive systemsand the bootstrap
current provide a substantial fraction (~50%), but not al, of the total current. The burntimein ITER
would be significantly increased with respect to the dominantly inductive H-mode scenario to reach
up to 3000s. For thisregime, the value of g in the plasma core would bein therange 1.0- 1.5 with the
magnetic shear closeto zero. The benefit of the dightly raised centra g value compared with astandard
H-mode is the avoidance of significant sawtooth activity that can trigger deleterious tearing mode
instability (so-called neoclassical tearing modes [Guenter 2003]) in standard H-mode plasmas. In
ITER, this scenario would be operated at dightly lower plasma current (I,~13MA) and ggs = 4, By
~2.0-2.3 and H ~1.0 and f5 = 0.85 to produce a Q = 5 and 350MW to 500MW of fusion power for
1000 to 1600 seconds [Green 2003].

An example of atypica hybrid scenario runin the ASDEX Upgrade tokamak with 1,= IMA, ggs
= 3.8, and moderate density (f;~0.4) isshowninfigure5 [Staebler 2005]. Please notethat in publications
from ASDEX Upgrade, the hybrid scenario is often referred to as “improved H-mode”. In ASDEX
Upgrade, the g profile was preformed to provide q greater or close to unity by early NBI heating
starting 0.3 seconds after plasma initiation, during the current ramp phase in order to reduce the
current diffusion by increasing the electron temperature. The NBI power was stepped up to 5SMW at
the beginning of the current flat-top (t = 1 s), which immediately leadsto the formation of an H-mode
scenario. In the example shown in figure 5, the NBI power was increased to amost 10MW in two
successive power ramps. After the first ramp, B, rose to avalue close to 3. At the same time, the H-
factor increased with the increasing input power from H=1.1 to 1.4 dunring the high 3, phase. Such
behaviour has often been observed in hybrid scenario discharges in this device. No sawteeth were
observed during this phase but at 4.9sasmall amplitude (3, 2) tearing mode devel oped, which affected
the confinement only dlightly. In this discharge about 30% of the current was driven non-inductively
by the bootstrap mechanism and by the beam driven current. Scenarios of this type have been run



routinely in ASDEX Upgrade, JET [Joffrin 2005], DII1-D [Wade 2005] and JT-60U [Oyama 2006]
with performance in close agreement with the ITER target [Imbeaux 2005].

As will be discussed in next section, hybrid scenario experiments [Sips 2002] in ASDEX Upgrade
and also in DIII-D [Wade 2005] have found an H factor greater than unity. This suggests that this
scenario could have the potentia to increase its fusion gain. However, as indicated above, ITER
performance assessments are assuming H=1 in all their simulations.

4. KEY PHYSICSISSUESFOR STEADY STATE AND HYBRID SCENARIOS

4.1. CONFINEMENT AND TRANSPORT

The standard H-mode scenario confinement scaling law IPB98(y,2) [I TER physics basis 2007] has
been derived on the basis of alarge database from 18 different tokamaks of different sizesand plasma
shape and can be expressed in terms of dimensionless parameters as.
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Where p* isthenormalised Larmor radius, v* thenormalised collisonality, ¢ = a/R and k theelongation.
This scaling provides a basis for estimating the energy confinement properties of next step devices
such as ITER. Most of the 3762 discharges used to derive this scaling are H-mode scenarios. So the
guestion arises asto whether such ascaling appliesto advanced tokamak scenarios, which can operate
in a different range of parameters in particular at higher normalised pressure. Global performance
analyses have shown that the ITER operational space isindeed sensitive to the b dependence of the
confinement scaling used in the extrapolation from present devices. Given the strong negative
dependence of the present IPB98(y,2) scaling with b, confinement extrapolation for advanced tokamak
scenariosis particularly affected.

It is then interesting to review the parameter space covered by database in terms of § and p*
[McDonald 2007]. Figure 6 presents the extent of the H-mode database in the By-p* spacest low
ITER relevant p*. It can be seen that the present database, does not cover high values of 3 wherethe
advanced tokamak scenario would be expected to operate. Thislack of dataat high normalised pressure
introduces an uncertainty when one uses the confinement scaling to extrapolate the performance of
advanced tokamak scenarios to the ITER values of p* and f.

With the development of advanced tokamak scenarios and in particular with the stationary hybrid
scenario developments, new data have been produced at higher normalised pressure (up to 3y = 3.2)
than those in the present H-mode database. In the hybrid scenario, DII1-D has shown a confinement
improvement factor up to 1.6-1.7 [Wade 2005 & Luce 2005]. The ASDEX upgrade hybrid scenario
also shows improved confinement with a factor up to 1.4-1.5 [Sips 2007]. However, JET does not
observe improved confinement with respect to the H-mode scaling. This difference could be due to
thelower values of therma normalised pressurerangein JET experiments (not exceeding 2.2 compared
with3.2inASDEX Upgradeand 2.7 in DIl1-D). Itispossiblethat different g profiles or ExB shearing



ratesare produced inthelast two devices, thus creating improved transport conditions. The b dependence
of confinement in the H-mode scenario (i.e. at bN around 2) has been investigated in all three devices
[McDonald 2003] [Vermare 2007] [Petty 1998]. However, no firm conclusion on the b dependence
has yet been drawn. Nevertheless, it is certain that the increase of the hybrid scenario database does
providethe possibility to further refine the confinement scaling and extend the B-p* Space so that the
b dependence can be better understood. This issue is crucial for the extrapolation of the advanced
tokamak scenariostowards I TER.

The contribution of the H-mode edge pedestal to the global confinement has been investigated
in advanced tokamak scenarios and compared with that of the H-mode scenario. The scaling of the
pedestal energy for the H-mode scenario has been inferred from the above multi-machine database
mentioned above [McDonald 2007]. Experimental analyses of advanced tokamak discharges have
not shown any clear difference in the pedestal confinement with respect to the H-mode in JT-60U
[Kamada 2006], in contrast to ASDEX Upgrade where the confinement improvement seems to
originate from the pedestal in the hybrid scenario [Maggi 2007] and DIl1-D where this appears to
originate from the core[Maggi 2007, Groebner 2006]. The prediction of advanced tokamak scenario
performance for ITER by modelling uses the pedestal temperature as a boundary condition and is
therefore very dependent on pedestal parameters such as the pedestal temperature. Figure 7 shows
the sensitivity of the ITER performancein the hybrid scenario predicted using the GL F23 transport
model to the edge temperature assumed at the top of the H-mode edge pedestal [Kessel 2005]. Itis
apparent that core confinement uncertainties make aminor contribution to the global confinement
and plasma performancein thismodelling compared with the prediction of the pedestal parameters.
A substantial effort [Connor & Wilson 2000] has been devoted to this question, but so far, the
variety of pedestal observations cannot be encompassed by a single theoretical framework. The
other related issue here is the dependence of the edge bootstrap current generated on the pedestal
gradient at the pedestal. In the absence of areliable prediction of the edge pressure gradients, and
thus of the bootstrap current, it is also difficult to confidently infer the value and evolution of the
current density in the plasmacore. The three cases marked by apoint onfigure 7 show the variation
in q stationary profile as the pedestal temperature or the input power is varied (different values of
the central g value qo and the radius of the g=1 surface are shown). The H-mode edge pedestal has
also alarge impact on the modelling of the g profile in hybrid scenarios. Thisisacrucia issue for
the determination of the current drive sources required to maintain the optimum g profile (i.e. with
g closeto or above unity) in ITER.

Asdescribed in section 2.4, internal transport barriers provide aninteresting tool to simultaneously
improve the confinement and increase the bootstrap current in advanced tokamak scenarios. In this
respect, it isavery attractive feature for achieving steady state operation. Many experimental studies
and reviews have examined the origin, physicsand potential use of internal transport barriers[Connor
2004] [Wolf 2002] [Challis 2004] [Litaudon 2006]. What follows, is a discussion of just two of the
key operational issues related to ITBs. The first relates to the so-called bootstrap alignment and the



second to impurity accumulation and particle transport in ITB plasmas.

ITB formation is closely linked to the details of the g profile shape and in particular to plasma
regions with zero magnetic shear point and to low order rational q surfaces [Joffrin 2003, Austin
2006]. But thereis so far no evidence that the maximum bootstrap current (i.e. located at the maximum
plasma pressure gradient) is naturally aligned with the position of the minimum of the q profile,
which would be a necessary condition for sustaining the q profile in steady state conditions. Some
experimental evidence in JT-60U [Takase 2006] suggests that the outer edge of the ITB islocated at
the same position asgmin or a alow order rational q surface in the negative region. In this case, the
bootstrap current would peak inside the g,,,, |ocation and hence, expected to reduce the shear reversal
of the current profile. This potentia problem may beless severefor scenarioswherean I TB islocated
in the positive magnetic shear region of the plasma as in this case the pressure gradients would be
better aligned with the minimum q value. Nevertheless, some external driven current is likely to be
needed in either scenario to maintain the q profilerequired for the sustainment of the I TB in stationary
conditions. Experiments in JT-60U [Fujita 2002], Oikawa [2000] have managed to operate stable
ITBsat high pressure by finding the appropriate bootstrap current and external non-inductive current
combination. However, sofar it isnot clear yet how much power isrequired to achievethisin ITER.
Ontheother hand, it isexpected that the externally driven current would berequired at relatively large
plasma radius (r/a>0.7) in order to sustain a wide ITB encompassing at least half of the plasma
volume in order to maximise the resulting confinement enhancement.

The second issuerd ating to steady state I TBs, isthe behaviour of particletransport in such plasma.
Several experiments[Dux, 2003] [ Takenaga, 2003] [Giroud 2005] [Burrell 2003], have demonstrated
that impurities such as neon, argon, carbon, helium and even deuterium accumulate inside the ITB
region. The particle confinement appearsto correl ate with the normalised temperature gradient strength
(fig.8), which is a measure of the energy transport reduction caused by the ITB. This observation
would be consistent with astrong inward convection velocity for al speciesat the I TB. Thereisaso
evidencethat the particletransport insidethe I TB depends on the magnetic shear through the curvature
pinch as described in the following review on transport physics. [ Garbet 2004]. In JT-60U [ Takenaga
2005], EC hesating has been tried as atool to increase the turbulent transport inside the ITB and thus
degrade particletransport for driving impurities out of the ITB. ASDEX Upgrade has reported results
showing, in particular the control of the tungsten concentration in the core of H-mode discharges
[Neu 2006]. Also, there is some evidence that maintaining the temperature gradient of the ITB and
the degree of shear reversal of the g profileto moderate values also can a so hel p to prevent impurities
accumulation. It should be noted here that in the context of a burning plasma the alpha particle
heating might be expected to provide acentrally peaked el ectron power deposition profilefavorable
for impurity transport.

To provide the required improvement in the confinement of advanced tokamak scenario, there
appear to be asignificant advantage in the use of moderate ITBs at large plasmaradius, whilst being
optimised in terms of bootstrap current alignment and impurity accumulation.



4.2. STABILITY

The modification of the g profile has the effect of substantially changing the stability conditions of
the advanced tokamak plasmas. In the hybrid scenario, the increase in g in the plasma core by the
off-axis non-inductive current drive results in areduction of the size of the g=1 surface size which
isresponsible for the sawtoothing instability. In high normalised pressure scenarios, sawteeth can
trigger by non-linear toroidal coupling topological rearrangements of the magnetic field linesthrough
magneti c reconnection also called Neoclassical Tearing Modes (NTM) [Guenter 2003]. Thereduction
or elimination of sawteeth prevents this coupling and has a beneficial effect on stability in hybrid
scenario. However, in the hybrid scenario, m=2 n=1 modes and m=3 n=2 NTM mode activity can
still be observed [Wade 2005] [Staebler 2005] [Joffrin 2005]. The first is generally the most
deleterious one as it can lead sometimes to a disruption. The second mode is often present in
hybrid regimes but only causes a degradation of the confinement of 10% to 15% when its radial
extent reaches 1/10 of the minor radius in size. In both cases techniques have been developed in
ASDEX Upgrade [Maraschek 2005], DIII-D [Prater 2006] and JT-60 [Isayama 2006] to control
actively theisland size using localised EC current drive in the O-point of the island to replace the
missing bootstrap current that destabilises the island. In the latter case, an active control method
has been devel oped to control both the 2/1 and the 3/2 islands using steerable mirrorsto control the
power deposition profile of the EC current drivewaves and tracking theisland location. Thisstrongly
suggeststhat g profile control will berequired in the hybrid scenario both to stabilise NTMsand to
prevent the onset of sawtooth instabilities by controlling the g=1 surface. It should be pointed out
here that in JET the onset of the m=2, n=1 mode israrely observed in the hybrid scenario [Buttery
2007]. This difference might be due to factors such as the machine size or differences in the q
profile shape, but further analysisis required to identify the underlying cause.

In the case of the reversed shear q profile and high pressure commonly present in the steady state
scenario, the plasmais subject to ideal pressuredriven n=1 kink MHD instabilities. Duetoitsideal
nature, this activity can grow very quickly with the Alfvén time (~10""s) when it exceeds the so-
called “no-wall” limit. However the conducting wall of atokamak provides astabilising effect by
the mirror currents generated within it and the mode continues to grow with the time scale of the
vessel skintime (generally afew milliseconds) thus allowing accessto higher pressure. In addition,
the misalignment of the tokamak coils can produce an intrinsic error of the radial magnetic field.
Plasmas operating above the no-wall limit tend to amplify this error field. It has been found that
plasmainduced rotation by neutral beams[Strait 2007] and the correction of theintrinsic error field
by external coils [Okayabashi 2006] are two possible ways to stabilise these modes above the no-
wall limit. One of these techniques is routinely used in DIII-D in their steady state scenario
experiments where the mode suppression is achieved by active control of the error field correction
using measurements of the mode growth. InITER, preliminary estimation indicatesthat the rotation
created by the IMeV beams would be sufficient to stabilise resistive wall modes [Oikawa 2007].
In JET, the* no-wall” limit has been determined experimentally using external error field correction
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coilsasadiagnostic. An imposed oscillating (10 to 20Hz) error field is created by the coilsand the
plasma response was recorded during the high b phase of advanced tokamak scenario experiments.
When the pressure exceeded the “ no-wall” limit thisimposed error isamplified so that the moment
when the limit is exceeded can be determined [ Gryaznevitch 2007]. This experimental technique
has been applied to alarge number of discharges where the q profile has been scanned from q,,,;,>2
to q,,,~1 while keeping the edge g identical (i.e. at the same plasma current) [Challis 2007]. The
normalised pressure achieved at the time of the error field amplification is shown in figure 9 asa
function of the time when the NB power has been applied. The neutral beam timing isasignature of
OminJduring the main heating phase: when the NBI timing is advanced in the current ramp up, the
current density profile penetration isstopped earlier at ahigher g, value. Thisexperiment illustrates
the sensitivity of the“no-wall” limit to the q profile. The actual limit in the presence of aconducting
wall has been al so estimated from the DCON code [Glasser 1997] and istypically 30% higher than
the no-wall limit. More experiments of thistype are required to identify the dependence of the no-
wall limit with the detailed shape of the q profile and other aspects of the plasma configuration
[Turnbull 1998] to be able to operate the advanced tokamak scenario reliably and significantly
above the no-wall limit and increase its performance. It should be noted that broad current density
and pressure profiles are thought more favourable for RWM stability [Bondeson 1999]. This gives
another incentive for operating advanced tokamak scenarios with a large radius ITB and broad
current density profile. Nevertheless, the control of RWM could provide greater margins in
normalised pressure to expand the operating domain of the steady state scenario. In ITER, this
suggests that error field correction coils and possibly rotation control would be a valuable asset in
the machine capability to achieve steady state at high (3.

In a burning advanced tokamak scenario plasma, fast particle driven instabilities are likely to
become a key issue. Energetic a pha particles are expected to transfer their energy by collisionsto
the thermal plasmaand provide central electron plasma self-heating. Thesefast ions at afew MeV
are close to the Alfvén speed and can resonate with magnetic field lines and therefore be lost by
fluctuations in the Alfvén mode frequency range. Evidence of rapid transport has already been
reported in several devices [Testa 2002] [Shinohara 2004] and simulation studies indicate that
energeticion redistribution takes place because of these Alfvénic modes[Zonca2002] [V1ad 2006].
An important property of these modes is their sensitivity to the q profile shape. Therefore, the
prediction and experimental confirmation of their presence and rolein the steady state scenario and
hybrid scenario is crucial for the validation of these scenarios for ITER. Recently, the stability of
Alfvenic instabilities has been simulated for these two scenarios using the MHD-gyrokinetic code
(HMGC) [Vlad 2006]. This calculation includes also the most relevant damping mechanisms for
these modes such astheion and trapped el ectron Landau damping. Figure 10 showsthe growth rate
of theAlfvénicinstabilitiesin both hybrid and steady-state scenario for different modesasafunction
of thefast ion central pressure. It appears that the modes are more unstable for the steady state than
for the hybrid scenario confirming that the q profile shape playsasignificant role. Asaconsequence,
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thefast ionslosses are also different in the two scenarios. Typically the steady state scenario would
be expected to lose 3% of itsfast ion population, i.e. about 2MW of the alpha power. For the hybrid
scenario, no significant loss of fast particleis predicted. If the fast ion pressure were doubled then the
losswould beincreased to ~10% (i.e. BMW) and less than 1% (i.e. ~ 1MW) respectively. It isnecessary
to validate these estimations experimentally, since they do not consider all possible damping processes.
However, they aready suggest that fast particle losses could become a challenge particularly for the
steady state scenario due to the potential lossesto the first wall of the vacuum chamber.

4.3. PROFILE CONTROL AND EXHAUST

As mentioned earlier, active control is an essential requirement for the operation of advanced
scenarios [Joffrin 2003] [Humphreys 2006]. Examples have already been provided in the previous
section for the control of NTMs with EC current drive and RWM using error field coils. More
importantly the feedback loop between the pressure and the current profile at high by_ illustrates
the need to devel op profile control techniquesto establish and sustain the scenario. A difficulty that
has been identified is the different time scales for the evolution of the g and pressure profiles.
Without significant MHD activity, the first evolves with the resistive time scale (typically ~100sin
ITER) and the second with the confinement time (~3sin ITER). Thismeansthat the response of the
control loop cannot be of the same time-scale for both quantities. The second challenge is the
highly non-linear character of an ITB whenitiscreated. Thereisin general no method to takeinto
account such non-linearitiesin the design of acontroller. Asaresult, existing controllers have been
built on the basis of alinear response models around the target state to be controlled. Using this
principle, successful experiments have been carried out to control the q profile together with the
plasmatemperature gradient in JET using three actuators (namely ICRH, NBI, and LHCD) [Mazon
2003]. Also, ITB active control has been achieved in JT-60U with the LH current drive [Suzuki
2006] and current profile control with EC current drive in the current ramp-up in DIII-D [Ferron
2006]. In addition, a two-time scale model for current and pressure control has been developed in
JET to perform profile control experiments [Moreau 2006] [Laborde 2005]. In the future, it is
necessary to validate this procedure in plasmas with high normalised pressure and, due to the
uncertaintiesin transport model s[ Tala2005], determine the appropriate control matrix by dedicated
open loop experiments.

The development of plasma profile control techniquesislikely to provide new requirementsfor
the actuators on ITER in particular the current drive and heating systems. For example, current
drive systemssuch asNB will require avariable power control capability to provide profilefeedback
control [Oikawa2007]. Neutral beam injection isalso animportant actuator to deliver either rotation
for the stabilisation of RWM or to drive current in on- or off-axis locations. Both the beam energy
and geometry of the neutral beam system areimportant parameters. Moreover, there areindications
that LH current drive would be an important actuator for driving acurrent at large plasmaradius (at
r/a=0.7) since its current drive efficiency is significantly larger than for EC current drive at this
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location. Together with the neutral beams, LH current drive can play animportant rolein the control
of the current profile broadening. Since there are still significant uncertainties in the modelling of
the advanced tokamak scenariosit isimportant to ensure ahigh degree of flexibility in the design of
these systems, compatible with their technical and engineering requirements.

When using current drive heating system as actuators, the control has also to be compatiblewith
other limits such as heat loads on vessel components. For instance, fast electrons generated in the
fields near the LH-launcher can produce highly localised heating in location magnetically connected
to theantenna[Mailloux 1997] [ Goniche 2006]. The Tore Supraexperiencewith long pul ses operation
has demonstrated that active control of local heat |oads can be achieved in combination with profile
control [Joffrin 2006] by modulating the output power of the antenna.

The use of current drive and heating systems up to alevel of 73MW (20MW ECCD + 20MW
LHCD +33MW NBCD) inITER [Bora2007] at |lower density than in the standard H-mode scenario
(typically 6-7.10°m™ line averaged, instead of 11-12.10"°m™) also places more severe constraints
on the steady state power exhaust. In the advanced scenario more than 2100MW of |oss power will
cross the separatrix. In ITER, the required minimum density at the separatrix is predicted to be at
least 3.310™°m ™2 in the standard H-mode scenario in order to achieve acceptable power load on the
divertor target (<10M W/mz) [Janeschitz 2000]. In an X-point magnetic configuration, thispower is
generally conducted through the scrape off layer down to the target plate where it is convected by
elastic and charge exchange collisions. Because of the dependence of their cross-section on
temperature, these physical processes are optimum for a sufficiently low temperature of 5eV
[Stangeby 2000]. For alower core density, the edge density is decreased and the temperature in the
scrape-off layer higher. Thisleadsto amuch higher temperature that |owers the momentum loss by
charge exchange collisions at the divertor targets. Seeding the plasmain the divertor region with
impurities that dissipate a significant fraction of the conducted power by radiation before it can
reach the divertor targets, could mitigate this problem. Experiments have explored this possibility
in the hybrid scenario using nitrogen, argon or neon [Corre 2007], [Petrie 2006] [ Takenaga 2005]
and also in the steady state scenario [Litaudon 2007]. A key question here is whether it is possible
to radiate the power without contaminating the plasmawith the seeding impurity. Thisispossibleif
the ionisation length (mean distance travelled by a neutral particle before being ionised) of the
impurity isshort enough for it not to penetrate the plasma. Otherwiseit can beionised inside the H-
mode pedestal where it can affect the performance of the core plasma. Recent JET experiment
suggests that nitrogen is effective for radiating in the conducted zone of the scrape-off without
contaminating the plasma dramatically [Corre 2007].

Other solutions have successfully mitigated the steady state heat |oad on the divertor targets by
sweeping the strike point over the divertor target plates [Villone 2007]. Nevertheless, operation
with stable plasmaedge conditions, compatible with target heat |oad that satisfy engineering limits,
remains a significant challenge for future advanced tokamak scenarios experiments
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5. ADVANCED TOKAMAK SCENARIO REQUIREMENTSFOR ITER AND

CONCLUSIONS
In this paper, the motivations for the advanced tokamak concept have been stated and two such
scenarios have been discussed in detail: the steady state non-inductive scenario and the hybrid
stationary scenario. Important issues in the design of an advanced tokamak scenario have been
reviewed and the importance of operating these scenarios at high plasma pressure close to the
stability limits has also been stressed.

Considerable progress has already been made and advanced scenarios have been recently operated
on several devices ( JET, JT-60, ASDEX Upgrade and DII1-D) for time scales of the order of the
current diffusion time [Mikkelsen 1989] and with parametersrelevant to ITER. Key physicsissues
related to the advanced tokamak are still being investigated and have been discussed in this paper.
They indicate some of the main areas of research that are required for the further development of
the advanced tokamak scenarios and their validation for ITER. These pointsinclude:

— Thereisan outstanding confinement issue regarding the scaling of energy confinement with
[ for advanced tokamak scenarios.

— The sengitivity of the prediction of fusion power and current density profile to the presently
uncertain extrapolation of the pedestal parameters and structure.

— If ITBsareto be used for confinement improvement, broad current profileand ITB (r/a>0.7)
with moderate temperature gradient to avoid impurity accumulation and instability at high
pressure has to be demonstrated.

— Theimportance of NTM control has been demonstrated with ECCD in the hybrid scenario.
However, there is uncertainty concerning therole of the 2/1 NTM asitisnot limiting in JET
asin other machines.

— The control of RWMs for steady state scenarios has been demonstrated in DIII-D. The
optimisation of the g profile and plasmashapefor operation beyond the no-wall limit remains
an issue for the optimisation of this scenario.

— Therole of Alfvénic modesthat appear to be more unstable in the steady state scenarios than
inthe hybrid scenario from simulation. Therole of the q profile on the Alfvénic modesremain
to be validated experimentally.

— Thehandling of the steady state exhaust power |ossin advanced tokamak scenario isanissue.
Further edge characterisation and the development of techniques to mitigate the temperature
on the divertor target and on plasma facing components is necessary.

— Finally the control of the pressure and q profile is still a challenging issue but remains a
necessary objective. However, profile control techniques have not yet demonstrated their
potential at high normalised pressure.

Asdiscussed inthe paper, advanced tokamak devel opments have already identified essential technical
requirements for establishing long pulse or continuous operation in ITER.
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The table below summarizes the technical requirements and their potential functions for advanced
tokamak operation:

Systems Function Statusin ITER [Bora 2007]
Error field coils RWM stabilisation Considered
LHCD Current drive at large plasmaradius Considered: 20-40MW,

(r/a~0.7) for control of broad current Frequency: 5GHz
control operation.

NBCD On- or near-axis current drive (r/a r0.3) 33MW planned.
and plasma rotation for RWM 50MW considered.
stabilisation and shear plasma flow Beam Energy: 1IMeV
ECCD On- or off-axis current drive (r/ar0.5)  20MW planned,
2/1 & 3/2 NTM and sawteeth control 40MW considered.
and core impurity control Frequency: 170GHz
ICCD On-axis current drive for central q 20MW planned,
control. Low current drive efficiency ~ 40MW considered.
[ITER physics basis, 2000]. Frequency: 23-56MHz

Given the uncertainties in the modelling of advanced tokamak scenarios, it is not yet possible to
provide precise requirements for the heating systems and it is possible that the different scenarios
considered here may give rise to different and perhaps conflicting specifications in the future.
However, the need for control of broad current density profile for both improved confinement and
stability reasons appears to emphasize the role of lower hybrid current drive in ITER for both the
steady state and hybrid scenarios. NB and EC current drive also appear essential for the operation
of the hybrid scenario.

In conclusion, progress in advanced tokamak research has been considerable in the past fifteen
years. Many technical and physicsissues have been addressed in depth and are still being investigated.
Thisresearch hasled to the understanding of the importance of integrated operation and validation
of the candidate scenarios for steady state or long pulse operation. With the coming of ITER, this
research isnow in astage whereit hasto provide specifications for the actuator systems and define
the operationa marginsfor the advanced tokamak scenario. Thistask isessential inview of delivering
to afusion power plant an option for continuous operation [Galambos 1995].
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Figure 1: Example of a non-inductive H-mode run at JET with a plasma current of 3.5MA and a magnetic field
strength of 3.1T. The various phases of the scenario are indicated on the figure. In this JET discharge, the heating is
provided by Neutral Beam Injection (NBI). As the power isinjected, the H-mode is produced and characterised by a
transition to a higher confinement state produced by presence of a layer of reduced transport at the plasma edge
accompanied by strong spikes on the Ha emission. Thistype of discharge would berunin ITER for typically 400s and

produce a fusion power of 500MW.
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Figure 2: ITER simulation from the CRONOS|[ Basiuk 2003] code showing the role of the bootstrap current on the q
profile as By is increased and qy; decreased. The bootstrap current can alter significantly the q profile shape and
modify the transport and stability property of the discharge.
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Figure 3: Sharp increase of the electron pressure when
the magnetic shear isbeing varied fromslightly positive,
to zero and then strongly negative. This experiment
carried out in the TCV tokamak illustrates the effect of
the magnetic shear on the formation of internal transport
barriers [ Sauter 2006].

Figure 4: Typical steady state scenario runintheDIII-D
tokamak. This scenario meets simultaneously the ITER
steady state normalised targets indicated by horizontal
dashed lines. In this scenario, 60% of thetotal currentis
driven by the bootstrap current and the remainder is
delivered by EC and NB current drive. The q profile is
broad and weakly reversed with q,;,=1.7 located at r/
a~0.6. From[Murakami 2006] .
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Figure 5: Typical stationary hybrid scenario achieved in
ASDEX Upgrade. Inthisscenario, almost 35% of thetotal
current is driven by the bootstrap current and 25% by
NB current drive. The q profileis kept above unity for the
duration of the pulse with an improved H factor of 1.3-
1.4 during the high power phase. [ Saebler 2005].

Figure 6: By versus p* parameter space showing the
cover age of the DB3 H-mode database used to derive the
IPB98(y,2) scaling law [ McDonald 2007]. Note that the
database has very poor coverage at high normalised
pressure, making the extrapolation of the advanced
tokamak scenario confinement to ITER more uncertain
than for the standard H-mode.
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Figure 7: Dependence of the fusion gain factor with the
pedestal temperature as given by the simulation with the
GLF23 transport code from [ Kessel 2005]. Dashed lines
refer to the same calculation with the inclusion of the
ExB shearing rate stabilisation. Note the differences on
thetotal non-inductive current (fy,), central g values ()
and radius of the g=1 surface (r,-,) for the three points
indicated on the graph. The H-mode edge pedestal (such
as the temperature value) has a large impact on the
current profile evolution modelling for advanced tokamak
scenario.

Figure 8: Dependence of impurity density gradient (for
Argon in purple, Carbon in red and Helium in blue and
electronic density in green) with the ion temperature
gradient in reversed shear discharges with internal
transport barrier. From [ Takenaga 2005]
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Figure 9: Dependence of the normalised pressure at the no-wall limit with the neutral beam heating timein JET. The
no-wall B, is determined by MHD spectroscopy: the plasma response to an oscillating magnetic perturbation in the
error field coils is recorded as the plasma pressure is increased. The neutral beam timing is a signature of the
minimum value of g asthe NBI timing is advanced in the curent ramp up, the current density profile penetration is
stopped higher in g values by the temperature increase. The two vertical lines approximately indicate the observation
time of the g=2 and g=1 surface from MHD analysis. This illustrates the sensivity of the no-wall limit with the q

profile shape [ Gryaznevitch 2007].
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Figure 10: Growth rate of Alfvenic modes (n=2: circles; n=4 squares; n=6 diamond) for the steady state scenario (in
green) and for the hybrid stationary scenario (in blue) as function of the central fast ion pressure normalised to the
pressure of the hybrid scenario. This computation suggests that the Alfvenic modes are more unstable for q profiles
with q.,,>2 (steady state scenario) than for q profiles close to unity in the plasma core (hybrid scenario). [Vlad
2006].
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Figure 11: Example of the control of transient power load on an LH-launcher in Tore Supra. Asthe temperaturein the
indicated mask on the infra-red picture exceeds 950 deg, the control system startsto limit the power launched by the
antenna. The temperature increaseis caused by fast electrons accelerated by the high electric fieldsin the vicinity of
the launcher mouth. This protective action is executed in combination with the control of the LH-deposition profile
[Joffrin 2006] .
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