OVERVIEW OF TOKAMAK RESULTS

Bernhard Unterberg and Ulrich Samm
Institut fiir Plasmaphysik, Forschungszentrum Jiilich GmbH?} Association EURATOM-FZ Jiilich
D-52425 Jiilich, Germany, phone: 449 2461 61 4803, email: B.Unterberg@fz-juelich.de

Keywords : Tokamak, confinement scenarios, DT- ex-
periments, power exhaust, edge operational diagram

ABSTRACT

An overview is given of recent results obtained in
tokamak devices. We introduce basic confinement sce-
narios as L-mode, H-mode and plasmas with an internal
transport barrier and discuss methods for profile con-
trol. Important findings in DT- experiments at JET as
a- particle heating are described. Methods for power
exhaust like plasma regimes with a radiating mantle
and radiative divertor scenarios are discussed. The
overall impact of plasma edge conditions on the gen-
eral plasma performance in tokamaks is illustrated by
describing the impact of wall conditions on confinement
and the edge operational diagram of H-mode plasmas.

I. INTRODUCTION

The tokamak has emerged as the leading concept
to confine high temperature plasmas [1] (cf. also [2] for
an overview of experimental results from Tokamaks).
The progress of this research can be illustrated by the
fusion product npr7gT;, which represents a figure of
merit for plasma performance and which could be in-
creased by several orders of magnitude (Fig. 1) dur-
ing four decades of research on magnetic confinement.
Most of this progress is based on building successively
larger devices rather than on improvements of the ther-
mal insulation (energy confinement) caused by the mag-
netic field. The largest and most powerful tokamak
devices, JET and JT-60U, have reached plasma pa-
rameters (only D-fuelling) equivalent to ”break even”
(Q = Ppus/Pauz = 1) [3] [4]. With DT-fuelling in JET
and TFTR hot plasmas producing a fusion power of up
to 16.1 MW [5] and 10.7 MW [6] have been obtained.

The experience gathered so far has now resulted in
the design of a next step device (ITER [8]) to achieve a
significant fusion gain of Q=10. This device shall pro-
vide the necessary physics and engineering information
for the development of a demonstration tokamak power
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Figure 1: Fusion triple product (adapted from [6] in-
cluding results presented in [4] [7])

plant (DEMO). The plasma regime foreseen for this
device is the ELMy H-mode, an improved confinement
regime with a transport barrier at the edge, where peri-
odic bursts of particle and energy flow (”edge localised
modes”) ensure quasi- stationary operation without im-
purity or helium ash accumulation. The extrapolation
of this regime to the next step is based on empirical scal-
ings obtained from a multi-machine data base. These
projections satisfy the constrains to describe the energy
confinement time in terms of dimensionless physics pa-
rameters ("wind tunnel approach” [9] [10]).
Alternative confinement regimes have been found
in recent years and are now subject to detailed investi-
gations. Most interesting are those which rely on non-
inductive current drive resulting in reversed (negative)
or flat magnetic shear profiles. The magnetic shear is
the change of the helical twist of field lines with the mi-



nor radius defined as S = (r/q)(dq/dr) where g is the
safety factor. Internal transport barriers are created in
the plasma core leading to substantially improved con-
finement (2-3 times higher than in ELMy H-mode dis-
charges) and improved stability (increased normalised
pressure By ). These so called ”advanced tokamak con-
cepts” open the prospect to both more compact and
steady- state tokamak power plants [11] [12].

However, stationary operation in a fusion device re-
quires more than plasma current drive. The issues of
helium exhaust, power exhaust and erosion from plasma
facing components are of paramount importance for ex-
tended burn in a fusion plasma. All confinement sce-
narios envisaged have to be compatible with the con-
strains resulting from these issues. The plasma edge
plays a two- fold role in this context: on the one hand
the physical processes in the edge determine exhaust
and erosion properties, on the other hand they influ-
ence the global plasma performance in a crucial way.

II. TOKAMAK CONFINEMENT SCENARIOS AND
PROFILE CONTROL

Since the early days of tokamak research it has
turned out that radial transport cannot be explained by
Coulomb collisions in toroidal geometry (so called neo-
classical theory). Instead ”anomalous transport” has
been found where turbulent processes of various kinds
are responsible for enhanced transport. In recent years
tremendous progress has been made to describe the tur-
bulent transport theoretically (see e.g. [13]), in particu-
lar with the help of complex computer codes which cal-
culate the growth rates of the underlying instabilities
and allow to deduce the resulting transport coefficients
(see e.g. [14] [15] [16] [17]).

However, so far none of these models describes
anomalous transport properly in accordance with all
the various experimental results over the whole plasma
cross section. Therefore, experimental findings are still
categorised according to their empirical signatures into
confinement "modes”. Sudden transitions between such
regimes are often observed. Fig. 2 illustrates qualita-
tively the characteristic temperature profiles of three of
these regimes [5].

The L-mode ("low” confinement mode) is the most
common mode of tokamak operation when auxiliary
heating is applied. The inner part of the discharge is
generally affected by periodic, crash like turbulent re-
arrangements of the temperature, density and current
profiles (?sawtooth” crashes) connected with the forma-
tion of a helical m=1/n=1 mode [18] and the flattening
of the profiles inside the q=1 surface. Although on av-
erage the sawtooth instability reduces the stored energy
it is beneficial for expelling impurities which otherwise
could accumulate in the plasma core. Active profile
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Figure 2: Tokamak temperature profiles for a number
of modes of operation (adapted from [5])

control by current drive [19] can be used to tailor the
sawtooth frequency and its amplitude.

The H-mode ("high” confinement mode), which has
first been observed in the divertor tokamak ASDEX
[20] and later in other divertor and some limiter toka-
maks, is characterised by an improvement of the en-
ergy confinement time by a factor of about 2 com-
pared to the standard L-mode. Empirically it has been
found that the transition to H-mode takes place above
a certain threshold of the heating power. The H-mode
is characterised by a transport barrier building up at
the plasma edge with large gradients of the plasma
pressure. Above a critical pressure gradient MHD in-
stabilities develop leading to events called ”edge lo-
calised modes” (ELMs), which reduce the edge pres-
sure periodically by expelling energy and particles out
of the plasma. While the H-mode is transient in na-
ture without ELMs ("ELM-free H-mode”) and charac-
terised by an uncontrolled impurity accumulation, H-
mode discharges with ELMs ("ELMy H-mode”) can be
maintained under quasi-steady state. Recently, regimes
without ELMs have been found in a few devices where
other MHD fluctuations in the edge lead to a particle
transport across the edge barrier sufficient to maintain
stationarity (”Enhanced D, mode” in Alcator C-mod
[21], ”Quiescent H-mode” in DIII-D [22]). So far, the
ELMy H- mode is the first choice for the operating
regime in the next step device. The quality of con-
finement in the H-mode is very much depending on the
ELM frequency (confinement decreases with higher fre-
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Figure 3: Reversed shear discharge in JT-60U [7]: a)
plasma current I, neutral beam power Pypr, lower hy-
brid power Pr p, surface loop voltage Vo0p, diamagnetic
energy Wy, and normalized beta Sy, b) radial profiles
of safety factor before and during the application of
the LH waves and c) electron density and temperature
profiles

quencies), and the height of the "edge pedestal” (i.e.
temperature/ pressure at the top of the transport bar-
rier). As a consequence, the plasma edge conditions
influence strongly the global confinement as further de-
scribed in section V.

Improved confinement can also be obtained by tai-
loring the current density profile to realise weak or neg-
ative magnetic shear (weakly hollow current density
profiles) with ¢ > 1 everywhere in the plasma. The
stabilising effect on both MHD and micro- turbulence
driven instabilities can lead to internal transport bar-
riers (ITBs) characterised by steep gradients of plasma
profiles in the core. It became possible to optimise the
magnetic shear profile by controlling the current diffu-
sion during the current ramp-up phase of the discharge
together with current drive by lower hybrid waves. The
resulting current density profile may be aligned to the
intrinsic bootstrap current in the tokamak (driven by
the radial pressure gradient) with the potential of fully
non- inductive and steady state plasma operation. An
example of creating an internal transport barrier by ac-
tive profile control in JT60-U is given in Fig. 3 [7]. In
this discharge the plasma current is non- inductively
driven (zero loop voltage!) with a bootstrap fraction
of 23% while the remaining 77% is driven by lower hy-
brid waves. The reversed shear profile and the inter-
nal transport barrier seen at r/a = 0.5 could be main-
tained for 1.6 s. Fully non-inductive current drive has

Figure 4: Ion thermal diffusivity vs p (square root of
the normalised toroidal flux) in a negative central shear
discharge in DIII-D [23]. The solid lines are the exper-
iment, the dashed lines are the calculated neoclassical
values. a) L-mode phase, b) H-mode phase

also been obtained with electron cyclotron waves in the
tokamak TCV [25]. In ITER non- inductive operation
at @ =5 is envisaged [8].

Best performance is obtained if an internal trans-
port barrier is combined with a H-mode transport bar-
rier at the edge. Under these conditions the confine-
ment (of ions) can be close to neoclassical predictions
over the whole minor plasma radius as shown in Fig.
4 [23] where the ion thermal diffusivity is depicted for
the L-mode and the H-mode phase of a negative central
shear discharge in DIII-D. The neoclassical ion diffusiv-
ity x°* has been calculated according to the formula of
Chang-Hinton [24]. With a H-mode edge stability is im-
proved with respect to ITB discharges with a L-mode
edge owing to broader pressure profiles. Therefore,
higher normalised plasma pressure Gy can be achieved
in general (B = 4 for the discharge shown in Fig. 4).
Recently, the combination of an internal transport bar-
rier with a H-mode edge barrier could be shown under
conditions where MHD oscillations at the edge instead
of ELMs allow particle control (so called ”quiescent
double barrier H-mode” in DIII-D [26]). However, the
operational domain of this regime is so far restricted to
discharges with additional heating by neutral beams in
direction opposite to the plasma current and to plasmas
with low edge density [27] not favourable with respect
to power exhaust in a future reactor.

Moreover, for the application of such a scenario in
a fusion reactor it is important to investigate internal
transport barriers under conditions where the electrons
are predominantly heated as it will be the case with
heating by alpha particles. In ASDEX Upgrade inter-
nal transport barriers under conditions of T, ~ T; could
be achieved using electron cyclotron resonance heating
[28]. ITB discharges are often found to suffer from im-
purity accumulation [29] [27], which can be attributed
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Figure 5: Fusion power development in the DT cam-
paigns of JET and TFTR (adapted from [5])

to neoclassical inward drifts driven by steep gradients
of the fuel ion density. This is a serious problem to be
solved.

III. DT- EXPERIMENTS

After the closure of TFTR, JET became the only
tokamak worldwide capable of operating with a fuel
mix of Deuterium and Tritium. In JET a maximum
fusion power output of 16.1 MW has been obtained in
an ELM-free hot ion H-mode with an edge confinement
barrier in a DT- plasma and a resulting fraction Q of
fusion power with respect to the total input power of
0.62 (trace I in Fig. 5). A quasi steady state ELMy
H-mode discharge with plasma shape and safety fac-
tor q similar to that of ITER produced 4 MW fusion
power for 5s corresponding to a total fusion energy of 22
MJ (trace III). An advanced tokamak regime using op-
timised magnetic shear configuration with an internal
transport barrier has produced 8.2 MW (trace II).

The physics of alpha particles born in fusion reac-
tions is one of the most important issues for DT exper-
iments as the success of magnetic confinement reactors
crucially depends on efficient alpha particle heating.
Uncontrolled loss of alpha particles could diminish the
heating power and furthermore lead to severe damage
of plasma facing components. Alpha losses can occur
as a consequence of first orbit losses of trapped alphas
or imperfect axisymmetry (toroidal ripple losses). Fur-
thermore, they can be caused by collective effects such
as alpha particle induced instabilities (e.g. alpha driven
fishbones and Alfén waves) which can be predicted as
a function of the fast alpha velocity in relation to the
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Figure 6: Central electron temperature versus al-
pha particle power in JET and TFTR DT discharges
(adapted from [5], see text for details)

Alfén velocity and the fast alpha pressure [30] [31]. The
resulting confinement time of the fast alpha particles
has to be compared to the time needed to thermalise
with the background plasma as a result of Coulomb
collisions (the classical slowing down time for alphas in
a fusion plasma with 7, = 15keV and n. = 102%m =3
is about 0.7 s [32]). Present D-T experiments can al-
ready provide important conclusions on alpha particle
physics as alpha particle density and pressure depend
on the local plasma parameters and not on the fusion
gain Q. It has turned out that alphas are well confined
and slowing down is classical as concluded e.g. from
the energy spectrum of alphas measured at TFTR and
compared with code calculations [33].

Alpha particle heating has clearly been identified in
D-T experiments in spite of the limited Q (Fig. 6). For
this purpose at JET a DT- mixture scan has been per-
formed with otherwise similar discharge parameters and
with constant heating power by neutral beam injection
(Pnpr = 10.5MW). A clear increase of the electron
temperature is seen when the mixture approaches the
optimum 50:50 ratio as expected.

IV. POWER AND PARTICLE EXHAUST

The duration of a burning fusion plasma will de-
pend largely on the physics of the plasma at the bound-
ary and in contact with the wall elements. The first wall
has to withstand and exhaust the a- particle heating
power and the helium ash must be removed (pumped)



from the plasma. Wall erosion will affect the lifetime
of wall elements and impurities are released into the
plasma, which then cause fuel dilution and power loss
owing to radiation from the plasma centre. In this con-
text all kind of impurities have to be considered: eroded
and injected impurities as well as the helium ash born
in the plasma centre. The criterion for helium exhaust
has been defined by introducing an effective helium ex-
haust time 7, ;.. For a steady state burn it has to be at
least smaller than 15 energy confinement times 75 (cf.
also [34]). With additional impurities this upper limit
becomes smaller. In divertors values for p = 7 1 /78
as low as 5 have already been achieved [35].

This burn condition is necessary but not sufficient
for steady state operation. The integrity of plasma fac-
ing components will crucially depend on the avoidance
of overheating of plasma facing components and on the
balance between erosion and deposition of wall mate-
rials. The lifetime of plasma facing components will
ultimately govern the availability of a fusion reactor,
an important factor for its economics. The problem
of overheating of small areas like the divertor strike
zone or the limiter edge can be solved by distributing
the power on large areas. In the high density divertor
charge-exchange processes could provide this to a cer-
tain extent [36]. A distribution of the heat on the whole
vessel wall can be achieved by radiation from injected
impurities. Feed-back control of the seeded impurities is
an important requirement [37]. Up to 90% of the heat-
ing power can be radiated from a rather thin belt at the
periphery of the confined plasma (cf. also [38]). In the
limiter tokamak TEXTOR it was found that the energy
confinement with seeded impurities can be substantially
improved to values comparable with ELM-free H-mode
discharges in divertor tokamaks. This regime has been
name Radiative Improved Mode (RI-mode) [39] (cf. also
discussion in [38]). The RI- mode represents a scenario
in which many crucial issues are solved simultaneously:
power exhaust to large surfaces, high energy confine-
ment and highest plasma densities. The confinement
improvement has been attributed to the suppression of
so called ion temperature gradient (ITG) driven modes
[40]. However, at reactor relevant collisionalities the im-
purity content to obtain a confinement transition may
be unacceptably high [41].

On ASDEX Upgrade it could be shown that with
an appropriate divertor geometry even intrinsic impu-
rities (carbon) can provide a significant radiation level
inside the divertor [42]. Fig. 7 shows that the radiation
level can reach nearly 100% of the power flowing into
the edge plasma with a very closed divertor configura-
tion (Lyra divertor). The rather high level of intrinsic
carbon providing this radiation level points to the prob-
lem of erosion (predominantly chemical erosion in the
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Figure 7: Power radiated in the divertor of ASDEX
Upgrade as a function of the power flow into the scrape-
off layer in neutral beam heated discharges - Divertor
I (open symbols) and Divertor II (Lyra divertor, full
symbols) (adapted from [42])

Lyra divertor) and deposition. Erosion of graphite is
considered to be a severe problem in view of accept-
able life times of plasma facing components. On the
other hand also areas with significant deposition rates
are observed. Thick layers of 100 — 200um of carbon
deposit are found. These layers may accumulate signif-
icant amounts of tritium, which might be unacceptable
for reactor operation. Thus, an outstanding issue of
research is to control erosion and deposition processes,
such that a maximum of eroded material is transported
back to its origin where it is re-deposited (see [43]).
Extensive studies have been performed at JET to
establish a radiating divertor by using nitrogen [44].
Here it was possible to radiate up to 90% of the heat-
ing power mainly from the divertor. At the high radi-
ation levels, the ELMs are of type- III (see discussion
in the next section) and the divertor is detached from
the target plates. The heat flux density is reduced to
2MWm~2 under these conditions. However, the en-
ergy confinement time is reduced by about 25% by the
degradation of the edge pedestal (see next section).

V. PLASMA EDGE AND GLOBAL CONFINEMENT
PROPERTIES

The overall impact of plasma boundary conditions
on the general plasma performance and the operational
limits of tokamaks has been manifested in many ex-
perimental findings. E.g. wall coatings have extended
the density domain of tokamak discharges significantly
via the reduction of oxygen and material erosion [45].
Furthermore, wall conditioning has turned out to be an
important tool to optimise various regimes of improved
confinement (limiter conditioning [46]/ Lithium pellets



[47] in TFTR in the case of so called ”super shots”).
Some regimes have been discovered in the course of ap-
plying new conditioning schemes (VH- mode in DIII-D
after boronisation [48]) or active control of plasma edge
parameters (RI-mode at TEXTOR with impurity seed-
ing to form a radiating mantle [49]). On the other hand,
during experiments to study the issues of power and
particle exhaust and the underlying physical processes
it has become evident that optimum plasma parameters
for exhaust may not be optimum for core confinement
(e.g. the influence of impurity seeding and high plasma
density by gas fuelling in ELMy H- modes). As a conse-
quence the non-linear interplay between edge and core
plasma has been identified as a key issue in present
tokamak experiments. The link between plasma edge
characteristics and global confinement properties shall
now be illustrated using the example of the H-mode.

Evidence for the importance of plasma edge prop-
erties was found in the first experiments showing that
careful wall conditioning and low recycling are prereq-
uisites to access the H-mode [50]. The build-up of neu-
tral particles has been made responsible for the dete-
rioration of confinement with increased recycling flux
[51]. For a long time the conditions to access the H-
mode have been described in terms of a threshold power
through the separatrix as a function of global discharge
parameters. Multi- machine scalings have been made
to establish the dependence of the threshold power on
the machine size (cf. [52] for a recent scaling). Never-
theless, a significant uncertainty remains, e.g. for the
projection of the H-mode threshold power in ITER. As
a consequence of improved diagnostics at the plasma
edge, it has become possible to describe the operational
boundaries for the H-mode in terms of local edge pa-
rameters. Fig. 8 shows such an edge operational di-
agram [53]. Shown are the temperature and density
on the top of the H-mode pedestal. The simplifying
assumptions are made, that the electron temperature
and density are comparable to the respective ion fea-
tures and that the pressure at the top of the pedestal is
large compared to the pressure at the separatrix, such
that with a fixed width of the pedestal the pressure
can be linked to the pressure gradient in the H-mode
transport barrier.

Different boundaries can be identified in the edge
operational diagram. The limit for the pressure gradi-
ent building up and leading to type- I ELMs is given
by MHD stability and is linked to the onset of coupled
balloning / kink (or peeling) modes (see e.g. [54]). In
these models, both the edge pressure gradient and the
edge current density is taking into account as causes for
MHD instabilities. It is found experimentally that type-
I ELMy H-mode discharges are close to this limit with
respect to their edge pressure gradient (crosses in Fig.
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Figure 8: Edge operational diagram of ASDEX-
Upgrade (see text for details, adapted from [53])

8). Besides operation at higher plasma currents a fur-
ther possibility to increase the MHD limits is to shape
the plasma towards higher triangularity J to make the
plasma more D- shaped, such that the magnetic field
lines stay longer in the "good curvature” region at the
high field side where pressure and magnetic field gra-
dients are anti- parallel. As a consequence the critical
gradient is substantially increased with § [55].

The second important boundary is the L-H bound-
ary to be crossed to access the H-mode. Experiments on
ASDEX-upgrade have indicated a minimum edge tem-
perature needed for the transition from L- to H-mode
[53]. Later on, this finding has been confirmed on other
devices allowing to establish a multi- machine scaling
for the critical temperature [52].

Theoretically the existence of a critical edge tem-
perature has been linked to the existence of a mini-
mum temperature to stabilise drift Alfén waves which
are made responsible for anomalous electron transport
at the edge [56]. As a consequence of this transport re-
duction steep gradients of the electron temperature and
density develop which in turn lead to increased radial
electric fields and sheared ExB rotation. The latter fi-
nally stabilises also ion turbulence, resulting in the for-
mation of the H-mode barrier for electron, ion energy
as well as particle transport (cf. discussion in [57]).
However, the accuracy of the local edge measurements
in the different devices is presently not high enough to
rule out the possibility that additional instabilities are
important for the L-H transition (cf. [58]).

The boundary between ELM-free H-modes and so
called type- III ELMy H-modes is also found to be de-
fined by a characteristic temperature (type- IIT ELMs
are attributed to unstable peeling modes [59] and are
characterised by a reduction of the ELM frequency with
increasing power through the separatrix, see [60] for a



review of ELM characteristics). Finally the last bound-
ary is given by the onset of a thermal instability of the
edge plasma, a MARFE, leading to a localised radia-
tion and cooling and a disruption of the discharge if the
edge temperature is too low (cf. also [38]).

In the H-mode the height of the edge pedestal de-
termines the global confinement because the edge tem-
perature determines energy transport in the core as the
temperature profiles are ”stiff”, meaning that the core
temperature is proportional to the edge pedestal tem-
perature. Such a kind of behaviour can be expected if
the core transport is characterised by critical tempera-
ture gradient lengths [14]. From the viewpoint of power
exhaust the operational point desired for the ELMy H-
mode is at high densities. However, the rather small
gap between the MHD stability limits and the back
transition to L-mode makes a careful control of particle
fuelling and heating necessary. Generally, it is found
that the energy confinement in H-mode discharges sig-
nificantly deteriorates towards high densities where fre-
quent type- IIT ELMs prevail. Recent experiments with
increased triangularity allowed to improve H-mode con-
finement for high densities because the stability limits
are increased as mentioned above and type- I ELMs
can be maintained [61] [62]. This fact is illustrated in
Fig. 9 (from [62]), where the energy confinement time
normalised to the ELMy H-mode scaling (IPB98(y,2)
[2]) is shown as a function of the Greenwald number
(the line averaged central density normalised to the cur-
rent density [63]) for ELMy H-mode discharges at JET
with different 6. For a given density, the confinement
is clearly improved with increases J. Nevertheless, still
the confinement degrades with increasing density up to
the point where the type- I ELMs are replaced by type-
11T ELMs.

Under certain conditions (mainly at higher safety
factor at the edge) interesting regimes with very small
ELMs (labelled type- IT ELMs) are observed [64] [65]
[66] which are attributed to high n MHD modes with
a very narrow radial extend [59]. Intense research has
started to investigate such kind of scenarios which give
prospect for a combination of good energy confinement
at high densities with tolerable ELMs.
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