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This paper presents an overview of the state of the
art of core transport studies in JET. It covers in various
sections the topics of heat transport, particle and impu-
rity transport, momentum transport, internal transport
barrier physics and integrated core and edge modeling.
For each topic, a brief summary of older results obtained
under the JET Joint Undertaking and a review of recent
results obtained under the European Fusion Development
Agreement are presented and discussed in view of the
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possibility of extrapolating to ITER plasmas. A final out-
look of future developments of core transport studies in
JET concludes the paper.
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I. INTRODUCTION

Core transport studies have always been an impor-
tant topic of investigation in JET experimental work pro-
grams, as well as in many other tokamaks. The basic
drive of such studies has been and still is to dig out
sufficiently detailed experimental information to eluci-
date the basic transport mechanisms at work and validate
existing theoretical transport models in order to achieve
confidence in predictions of ITER temperature, density,
impurity, and rotation profiles, rather than relying only
on empirical global scaling laws. This goal, although not
yet met, is certainly much nearer now due to increasing
interaction between theory and experiment and more and
more specific transport experiments performed in a co-
ordinated way in a number of tokamaks, with an impor-
tant contribution of JET related to the good quality of its
diagnostics and to its size, which makes it the machine
with parameters nearest those of ITER among the exist-
ing tokamaks.

Several areas of transport have been investigated in
JET, namely, electron and ion heat transport, particle and
impurity transport, and momentum transport. In each
area, some basic questions regarding extrapolation to ITER
have somehow constituted a focus for research. For ex-
ample, will ITER temperature profiles be strongly lim-
ited by stiffness maintaining them close to marginality,
and what will be the temperature critical gradient length?
Consequently, will the pedestal height necessary to achieve
the required core parameters be incompatible with limi-
tations in wall loads? Will ITER density profiles be
peaked? Will there be heavy impurity accumulation; will
He ash accumulation be a problem? What level of toroi-
dal rotation is to be expected in ITER? After years of
work, a basic understanding of plasma core transport as
driven by electrostatic turbulence, i.e., mainly by ion
temperature gradient and trapped electron modes, has
emerged and the answers to these questions start to be
hinted at, although not yet consolidated.

This chapter reviews the progress achieved in JET
in understanding core transport in the various channels,
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focusing on conventional L- and H-mode scenarios:
Sec. II deals with heat transport (written by P. Man-
tica), Sec. IIT with particle and impurity transport (writ-
ten by H.Weisen and M.Valisa), and Sec. IV with
momentum transport (written by T.Tala). Then, the
progress made in understanding the formation and sus-
tainment of internal transport barriers (ITBs), which
makes full use of the understanding achieved in the
three above areas, is reviewed in Sec. V (written by T.
Tala and X. Garbet), to provide a basis for possible
advanced tokamak operation in ITER. Finally, the need
for a comprehensive modeling of tokamak plasmas that
accounts in a consistent way for the link between core
and edge behavior is discussed in Sec. VI, and recent
work done at JET in this area is reviewed (written by V.
Parail, A. Taroni, G. Corrigan, F. Imbeaux, J. Lonnroth,
and T. Tala.). In Sec. VII a final outlook on future de-
velopments of core transport studies in JET concludes
the chapter.

Il. CORE HEAT TRANSPORT STUDIES IN JET

Il.A. Introduction

Since early operation, core heat transport studies have
been present in the experimental work programs of JET,
either as parasitic studies gathering information from the
database of JET discharges or through dedicated exper-
iments, such as systematic scans of plasma parameters or
power deposition profiles and, more recently, power mod-
ulation experiments.

The basic issues that have been tackled by such work
can be summarized as follows:

1. to investigate experimentally the parametric de-
pendences of the core heat diffusivity on the main
dimensional or dimensionless parameters

2. to propose and test heat transport models, either
empirical or from basic theory, capable of explain-
ing all available experimental observations
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3. to investigate how temperature profiles react to
changes in power deposition profiles, i.e., whether
transport is local and diffusive

4. to check consistency of findings on local core
heat transport with global confinement scaling
laws.

The purpose of this section is to present an overview
of how the answers to these questions have been evolv-
ing at JET with time, following the refinement of exper-
imental techniques and diagnostic capabilities and the
evolution of the theoretical views on heat transport.

Major steps forward on the diagnostic side have been
the availability of ion temperature profile measurements
and fast time resolution electron temperature profile mea-
surements. On the theory side, the notion of the existence
of a threshold in the inverse temperature gradient length
for the onset of electrostatic turbulence has finally al-
lowed us to understand within a single frame several
existing observations and has driven ideas for further
experimental work. Last, but not least, a significant change
in the experimental methods to investigate core heat trans-
port has taken place. In the past, most dedicated heat
transport experiments in JET were done in steady-state
conditions. Few attempts were made to gain some addi-
tional insight using the available perturbative techniques
at the time, i.e., sawteeth-generated heat pulses and cold
pulses from laser ablation of metallic impurities in the
edge. Substantial progress in the understanding of core
heat transport was somehow hindered by the absence on
JET of a localized direct electron heating source such as
electron cyclotron heating, which was instead available
on other major devices such as ASDEX Upgrade, DIII-D,
JT-60U. Power modulation using neutral beam injection
(NBI) or ion cyclotron resonance heating (ICRH) in mi-
nority heating turned out to be unsatisfactory for trans-
port studies due to very broad power deposition profiles
and the mediation of fast ions with long slowing-down
times. Starting in 2001, however, a new scheme for [CRH
absorption was optimized in JET D plasmas with a 3He
component, based on mode conversion of the launched
waves into ion Bernstein waves at the ion-ion hybrid
layer, which generates short-wavelength electrostatic
waves damped directly on electrons in a localized region
(see Chapter 9 of this issue). This scheme has proved able
to achieve power modulation results of quality similar to
that of ECH modulation, although much more cumber-
some to use. It was then possible to verify on JET some
of the latest findings concerning electron heat transport
obtained in ASDEX Upgrade and to carry out a compar-
ative study between the two devices, which has added
valuable information for electron heat transport under-
standing. A recent upgrade of the ion temperature diag-
nostics will soon enable us also to tackle with similar
methods the ion channel, using modulation of ICRH with
a 3He minority scheme, which has rather a narrow ion
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deposition profile and short fast ion slowing-down time.
Therefore, a major component of recent heat transport—
dedicated experiments on JET has been (and will remain
for the next years) focused on perturbative techniques to
get the most complete physics picture of heat transport in
both electron and ion channels. This provides a challeng-
ing set of experimental results for the validation of var-
ious first-principle theory models in view of extrapolation
to transport prediction in future machines.

1I.B. Core Heat Transport Studies in the JET Joint
Undertaking Phase

Earliest heat transport analyses at JET as reported in
Refs. 1 and 2 used a one-fluid approximation due to lack
of ion profile measurements to ensure separation of ion
and electron channels. Starting from the general repre-
sentation for the total heat flux q

q= _nXVT+ Qfiow > (1)

where 7 is the density, T is the temperature, and y is the
heat diffusivity, they aimed at distinguishing on the basis
of JET data between a “heat pinch or excess temperature
gradient model” (in which g, could be interpreted ei-
ther as a thermal flow or as a critical gradient term
Qrow = + nxVT,) and a nonlinear y model in which
Qnow = 0 and y ~ VT2, It was pointed out that both
models would be consistent with the finding from saw-
tooth heat pulse propagation that the perturbative y ( x)
is larger than power balance y (x*2). It was also re-
marked that although neither model implies rigorously a
stiffness of temperature profiles, still, due to the fact that
temperature is a double integral of the heating profile,
temperature reacts weakly to changes in power deposi-
tion. The two models were found to describe equiva-
lently well the local heat transport data. However, by
deriving global scaling laws from the models, it was
found that the heat pinch model yielding an offset linear
law for the total stored energy W versus input power P;,
described better the overall JET data set. In Ref. 2 the
dependence of heat flux on local parameters was inves-
tigated and a clear dependence on plasma current was
identified:

q= _C/Ii’lVT + Qfiow (2)

in which Cis a constant and / the plasma current enclosed
by the magnetic surface.

A heuristic model based on the assumption that tur-
bulence in the magnetic topology was the cause for anom-
alous transport was proposed in Ref. 3 in support of the
concept of a critical gradient in the heat flux. Chains of
islands would form around rational magnetic surfaces
and chaos (inducing transport enhancement) would occur
when islands overlapped radially. This would take place
when a critical value of the electron temperature gradient
FUSION SCIENCE AND TECHNOLOGY
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was exceeded. Therefore, the electron temperature gra-
dient would determine both the electron and ion trans-
port. Specific expressions for the threshold and for the
electron and ion diffusivities were derived heuristically
and tested rather successfully against data from various
tokamaks and plasma regimes (Ref. 3 and references
therein). An offset linear scaling for the total electron
energy was also derived, whose numerical coefficients
were obtained by fit to JET data.

Further detailed experiments to demonstrate the local
character of transport made use of a systematic compar-
ison of on-axis and off-axis ICRH heating.*> As shown
in Figs. 1 and 2 (Ref. 4), it was found that the electron
temperature profile responds to the heating profile and
there was no need to invoke nonlocal features to explain
the profile evolution. By inducing a large core thermal
sink with pellet injection, it was also possible to exclude
the existence of a substantial thermal pinch (Fig. 2), fur-
ther confirming that Eq. (1) should always be interpreted
in terms of a critical gradient concept. In those studies,
however, a nonlinear model for the heat flux was pre-
ferred, i.e., a quadratic or cubic dependence of the heat
flux on ¢'7>n,VT,, where q is the safety factor.* The
possibility of varying the temperature gradient by vary-
ing the heat flux led also to the conclusion that in JET,
temperature profiles are not stiff. This conclusion will be
discussed further in the next sections in light of present
understanding.

No pellet pulses (a)
8 5.55
On axis ICRH
Pulse No: 27588

o Off axis ICRH
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Fig. 1. (a) Radial electron temperature profile from ECE mea-
surements at different times for on-axis (solid line) and
off-axis (dotted line) heating cases with gas fueling. (b)
Total volume integrated heating power (ICRH + ohmic)
for both cases (from Ref. 4). Discharge parameters are
By =28T,1,=3.3MA, and (n.) ~ 3 X 10" m~3.
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Fig. 2. (a) Radial electron temperature profile from ECE mea-
surements at different times for on-axis (solid line) and
off-axis (dotted line) heating cases with pellet injec-
tion. (b) Total volume integrated heating power (ICRH +
ohmic) for both cases (from Ref. 4). Discharge param-
eters are By = 2.8 T, [, = 3.3 MA, and (n.,) ~ 4 X
10 m~3,

The dependence of core heat transport on isotope mass
was also investigated in JET H-mode plasmas with H, D,
D-T, and T isotopes.® It was found that core heat transport
increases with mass in approximate agreement with
theoretical models of the gyro-Bohm type ( x/B ~ p*3,
where p* is the normalized ion Larmor radius).

In addition to steady-state studies, perturbative stud-
ies using sawteeth heat pulses indicated that the heat
pulse propagation was consistent with diffusive trans-
port but with a measured perturbative diffusivity y* 2
to 10 times larger than the power balance one, y’8
(Refs. 7 and 8). This evidence is in accordance both
with a critical gradient idea giving an offset linear de-
pendence of the heat flux on the gradient and with a
nonlinear dependence of heat flux on the gradient, so it
did not help to discriminate between the two models.
Cold pulses from edge instead showed an immediate
reaction of plasma core to edge perturbations,” which
brought into discussion the idea of nonlocal transport,'®
apparently in contrast with the observations from the
ICRH profile shaping experiments described above. The
fast reaction of the core to edge variations was ob-
served also in L-H transitions.!!!?

In the latest phase of the JET Joint Undertaking, an
empirically based model for core heat transport was pro-
posed and validated against a wide range of JET dis-
charges. This model features a heat diffusivity that is the

sum of a Bohm and a gyro-Bohm term!'3:
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Xe.i = Xpe,i T Xae,i - (3)

Here, ypis a Bohm diffusivity that becomes dominant in
the outer part of the plasma:

e

= L*7] 2 ,
XBe B €BT pe q
Pe
Ly, = ;
alVp,|
and
XBi = 2XBe » (4)

with By being the magnetic field, p, the electron pres-
sure, and a the minor radius.

X_p 1s the gyro-Bohm diffusivity, equal for ions and
electrons, which contributes to transport mainly in the
plasma core:

XgB — gp eBeT L’}le*
and
Te
Ly, = avT| (5)

To account for fast cold pulse propagation from the
edge while still maintaining regular diffusive sawteeth
propagation from the core, the model has been comple-
mented by the addition of a nonlocal term into the Bohm
part, which sets a dependence of y on the value of the
electron temperature gradient length in the edge region
08 < p <)

Xe,i = XBe,i(’Te(pZO.S) - ’Te(pZI))/Te(pZI) + XgBe,i .
(6)

In the case of H-mode, the edge temperature is taken at
the top of the pedestal rather than at the separatrix.
This model was shown to be capable of satisfactorily
reproducing temperature profiles from a large number of
JET discharges in both L- and H-mode and also sawteeth
heat pulses and fast edge cold pulses and L-H transitions
with a unique choice for the values of the coefficients:

a=35%X10" and az=8X107° .

The g dependence in the Bohm term, which dominates
volume integrals, guarantees the reproduction of the ob-
served experimental scaling of global confinement with
plasma current. It is important to note that this model
does not feature a threshold in the value of the tempera-
ture gradient length, so it belongs to the class of the
nonlinear rather than offset linear models for the heat
flux.
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The apparent impasse due to the impossibility of
discriminating between a nonlinear or offset linear (thresh-
old) model on the basis of steady-state data or even saw-
tooth heat pulses and edge cold pulses was overcome
during recent years, mainly due to a progress in the theo-
retical understanding of transport and also to the avail-
ability on JET of a tool to perform electron temperature
modulation studies. Sections II.C and II.D give brief de-
scriptions of these two theoretical and experimental tools,
respectively, which have allowed us to make a step for-
ward in the understanding of JET core transport.

I1.C. The Concept of Critical Temperature Gradient Length
in the Electrostatic Turbulence Framework

Progress in theoretical understanding of plasma tur-
bulence has led to the hypothesis that, at least in low-
plasmas, most of the heat transport in the core is carried
by electrostatic microinstabilities, namely, the ion tem-
perature gradient (ITG) mode, the trapped electron mode
(TEM), and the electron temperature gradient (ETG)
mode. This assumption should hold if the plasma 8 =
2uop/B? (where p is the total pressure and B the mag-
netic field) is lower than the instability threshold of ki-
netic ballooning modes. Given that the level of transport
carried by ETGs even in the presence of streamers (i.e.,
radially elongated structures) is much smaller than that
driven by fully developed ITG/TEMs (Ref. 14), in Sec. I
dealing with plasmas that are above ITG/TEM thresh-
olds along most of the radius we avoid proper modeling
of the ETG component of electron transport, regarding it
rather as a residual transport level that plays a role only
near the magnetic axis, where the TEMs are stabilized.

ITG/TEM modes are unstable in the limit of large
wavelengths such that k;, p; < 1, where k, is the perpen-
dicular wave number and p; is the ion Larmor radius
[ pi = (m;T;)"/?/eB, where m; is the ion mass and 7; is the
ion temperature]. In the nonlinear regime, they produce
particle, momentum, and heat transport. An important
feature of these micromodes is the existence of an insta-
bility threshold, given by a critical value of the inverse
temperature gradient length R/L; = R|VT|/T (where R is
the major radius) of ions for ITG and of electrons for
TEM. Such thresholds depend on the density gradient
length and on other plasma parameters such as 7,/7; and
the magnetic shear s, as discussed in Ref. 15. Figure 3
(Ref. 15) shows an example of a stability diagram in the
special case when the electron and ion temperatures are
equal, 7, = T;. Depending on the values of gradient lengths,
zero, one, or two modes may be unstable. A separate
treatment of ion and electron modes is usually an over-
simplification. Nevertheless, there exist experimental sit-
uations in which one branch is dominant, for instance,
when one species is hotter than the other, or depending
on the density gradient (i.e., ITGs tend to dominate for
flat density profiles and TEMs tend to dominate for peaked
density profiles).
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(ITG + TEM)

10

RIL;

lon mode
(ITG)

Electron mode
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Fig. 3. Stability diagram of ITG/TEM modes. Electron and
ion temperatures are equal (from Ref. 15).

A wide range of theoretical models based on elec-
trostatic turbulence is available, from one-dimensional
(1-D) quasi-linear transport models to three-dimensional
nonlinear fluid and kinetic turbulence codes. One of the
aims of the ongoing work related to core heat transport
understanding is to verify to what extent these models
can explain the available experimental evidence (for ex-
ample, see the review in Ref. 16). A brief account of work
done at JET in this direction is presented in Sec. IL.H.

In this section we rather describe a simple semiempir-
ical transport model developed for electron heat trans-
port,!”!3 based on the idea of a threshold in the inverse
temperature gradient length and used very successfully
for the analysis of electron heat transport experiments.
The model does not pretend to take into account the
complete transport physics, but it is a useful tool to in-
vestigate the validity of the threshold hypothesis and to
compare results from different plasmas and machines.

In this critical gradient model (CGM), the electron
heat diffusivity is written as

LT[R R R R
Xe=Xs0" | 7~ H| — —
eB R| Ly Ly, Ly, Ly,

T, ps
+X()__ ) (7)

where p, = (m;T,)/?/eB. This model is graphically illus-
trated in Fig. 4. We note that Eq. (7) implies a linear
dependence of y on R/Ly, and therefore a quadratic de-
pendence of heat flux, whereas recent theoretical predic-
tions (e.g., Ref. 19 for ITG turbulence and Ref. 20 for
FUSION SCIENCE AND TECHNOLOGY
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5 Turbulent
= branch
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transport

i Threshold .
RL +

Fig. 4. Schematic diagram of the dependence of the heat flux
on the inverse temperature gradient length in a critical
gradient—based model.

TEM turbulence) have found a linear dependence of the
heat flux on R/Ly. Because in the experimental range of
heat fluxes that characterizes the JET experiments pre-
sented in this paper the two dependences are indistin-
guishable, we have decided to continue to adopt Eq. (7)
in spite of its being in disagreement with the theoretical
linear dependence of the heat flux, in order to be consis-
tent with previous experimental work and thus be able to
compare results.

X. features an increase from a basic level, not nec-
essarily neoclassical, to a higher turbulent level, when a
critical value R/Ly, . 1s exceeded. H is the Heaviside
step function, which provides the threshold effect above
R/Ly, .. The residual transport term is quantified by the
dimensionless parameter y,, and y, quantifies the turbu-
lent term, which, being proportional to the slope of the
heat flux curve above threshold, yields the level of stiff-
ness of temperature profiles. For large y, values, an in-
crease of the heat flux drives a large increase in y, and
therefore does not result in a change of R/L; , thereby
leading to stiff temperature profiles. The coefficients y;,
and y( and the threshold are adjusted to fit the data best.
They are assumed to be uniform in space, which is a
simplification due to the need to avoid too many free
parameters in fitting the available data. However, the
TEM threshold is expected to strongly increase in the
very center but not to be strongly varying with radius
outside the very core, so the assumption is not physically
unjustified. A similar model can be worked out for ions,
whose stiffness level is expected to be larger than that of
electrons, although experimental estimates are not yet
available. We would like to stress that the underlying
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hypothesis behind Eq. (7) is that electron heat transport
is mainly driven by TEMs, with other contributions such
as neoclassical and ETG- and ITG-driven electron trans-
port being grouped into the residual term. Therefore, the
model is expected to work well in situations of dominant
electron heating and 7, > T;, while it may turn out to be
too simplistic in situations with mixed ion and electron
heating and 7, ~ T;, where strong coupling in the insta-
bilities between electron and ion dynamics occurs. Such
situations are, of course, most often occurring in JET
plasmas. Nevertheless, the use of the model in Eq. (7)
turns out to be useful also in JET, as will be discussed in
the next sections, to provide in situations of dominant
electron heating a quantitative comparison of stiffness
levels and thresholds with those from other machines and
to identify in situations of mixed heating more complex
trends with increasing ion heating that point to the need
to use more complete first-principle-based theoretical
models.

The normalization factor (7, p,)/(eBR) in both terms
reflects the gyro-Bohm character of transport (supported
both by theory and by scaling studies?') and introduces a
temperature dependence 7,”/? in y,. We remark that the
normalized coefficient y, describes the intrinsic stiffness
of the plasma, whereas the effective stiffness is given by
all factors multiplying the difference between R/L; and
threshold in Eq. (7) and therefore scales with tempera-
ture. The dependence on ¢, the safety factor, is intro-
duced to recover the experimentally observed dependence
of confinement on plasma current and radial increase of
transport from core to edge. Theoretically, it is supported
by nonlinear gyrokinetic simulations of TEM as due to
an increase in size of turbulent eddies with increasing ¢
(Ref. 22). Originally, an identical ¢ dependence was pro-
posed for both terms in Ref. 18, but in later work the ¢
dependence was dropped from the residual term since it
did not reproduce the data correctly. This is still consis-
tent with a scaling with plasma current since confine-
ment is determined by the turbulent part. Apart from
explicit dependences on p; and safety factor and from the
inherent scaling with power of Eq. (7), other parameters
that are seen to affect core confinement (such as colli-
sionality or elongation) would be hidden in the paramet-
ric dependences of threshold and y., whereas parameters
such as triangularity or fueling that are seen to affect
global confinement through their impact on pedestal
would, of course, not be involved in Eq. (7). For a com-
plete review on confinement scaling studies on JET, we
refer to Chapter 3 of this issue.?!

I1.D. The Use of Temperature Modulation Experiments in
Recent JET Heat Transport Work

It has been widely demonstrated that the use of tem-
perature perturbations in addition to steady-state data
allows a more powerful investigation of heat transport
mechanisms. For a recent review on perturbative trans-
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port we refer to Ref. 23. Because of the lack, until re-
cently, of an ion temperature diagnostic with sufficient
time resolution, perturbative heat studies at JET have
focused on the electron channel. Therefore, Sec. I1.E re-
fers to the electron channel only. The work on ion trans-
port based just on steady-state data is briefly reviewed in
Sec. ILJ.

For the purpose of this section we briefly review that
heat waves travel in the plasma according to a perturbed
heat diffusivity x?, which is given by the slope of the
heat flux versus temperature gradient curve and therefore
differs from that of the power balance (x’”) when the
heat flux is a nonlinear or offset linear function of the
gradient:

HP _— _& — + &VT + PB
e VleaVTE Xe BVTE e Xe
qe
- 8
n,VT, ®)

In modulation experiments, the temperature time
traces can be Fourier analyzed to derive spatial profiles
of the amplitude (A) and phase (¢) of the perturbation at
various harmonics of the modulation frequency. ¥ is
related in a simple way to the spatial derivatives of the
phase (i.e., to the propagation speed) and of the ampli-
tude (i.e., to the heat wave damping) and can be worked
out from the experimental data either with simplified
formulas or with full transport simulations.?3

In the critical gradient model of Eq. (7), x** is given

by
wo_ o lep[ R R
Xe X7 o o L, Ly
R R T, py
XH|— — txo— = . 9
LTe Te,rrit eB R

It can be seen that when crossing the threshold, y*

exhibits a strong discontinuity, as shown in Fig. 5, which
is the reason that perturbations are more suitable than a
steady state to detect the existence of a critical gradient
mechanism.

The experimental setup to perform 7, modulation
experiments in JET is based on the use of ICRH modu-
lation in mode conversion scheme. This takes place in D
plasmas with a *He concentration ~20%, so the launched
waves convert into ion Bernstein waves at the ion-ion
hybrid layer, which generates short-wavelength electro-
static waves damped directly on electrons in a localized
region. The frequency used was 33 to 37 MHz. For more
details we refer to Refs. 24 and 25. The toroidal field By
in such a configuration needs to be in the range 3.2 T <
By < 3.6 T. The location of deposition depends both on
B and on the 3He concentration, which is kept under
FUSION SCIENCE AND TECHNOLOGY
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Fig. 5. Schematic diagram of the behavior of heat diffusivity
with inverse temperature gradient length in a critical
gradient—based model.

real-time control to avoid shifts in the deposition during
a discharge. The T, dynamic response to power modula-
tion is measured with the 96-channel electron cyclotron
emission (ECE) heterodyne radiometer. The ICRH power
is modulated at a frequency of 15 to 20 Hz with a duty
cycle ~0.6 and an amplitude AP = 50%. Because of the
absence of a reliable theoretical prediction of the mode
conversion power deposition profile, the latter is ex-
tracted together with the heat diffusivity from a best fit of
amplitude and phase profiles at three harmonics using
the transport code ASTRA (Ref. 26) and the y, model in
Eq. (7). Various results have been presented in Refs. 23
and 27 through 30 and are summarized in the next section.

II.LE. Results on JET Core Electron Heat Transport from 7,
Modulation Experiments

Atypical example in a JET L-mode plasma of exper-
imental profiles of steady-state 7, and amplitudes and
phases at first and third harmonics of the modulation is
shown (dots) in Fig. 6 (Ref. 28). Also shown are the power
deposition and y, profiles derived by best fit of both steady-
state 7, and modulation data performing simulations by
means of the ASTRA code (the lines in Fig. 6 indicate the
best-fit simulation). In this discharge ICRH was applied
off-axis at p4., ~ 0.3 and an asymmetry of propagation
inside and outside pg,,, can be observed. The slopes of A
and ¢ in the inner part of the plasma are much steeper than
in the outer part, indicating a rather abrupt change of y*,
which s consistent with the 7, inverse gradient length pass-
ing from below threshold inside p, (slow propagation,
high damping) to above threshold outside p,,,, (fast pro-
FUSION SCIENCE AND TECHNOLOGY
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gation, small damping). Best fit of the data yields an es-
timate of the threshold R/LTm_l ~ 5, which is consistent
with estimates of the TEM threshold obtained for this shot
from the linear gyrokinetic code KINEZERO (Refs. 31
and 32). The stiffness level is rather high, y,~ 0.9, which
implies that the T, profile is bound to threshold in the whole
region outside p = 0.3. We also remark that the level of
residual transport below TEM threshold expressed by o~
0.7 is significantly above the electron neoclassical level
and could correspond to electron transport driven by ITG
or ETG turbulence.

To verify the presence of a critical gradient-regulated
transport, several discharges with 7, modulation have
been performed while varying the profile of electron heat
flux by changing ICRH location and NBI power level.
The resulting variations in electron power density, heat
flux, and T, profiles are illustrated in Figs. 7a and 7b
(Ref. 27). Figure 8 (Ref. 27) illustrates the changes in T,
profiles in log scale (for completeness ions also are shown)
and the changes in R/L;. . One can see that the 7, (and 7;)
profiles can change shape as far as R/Ly stays below a
critical value, above which it is not possible to increase
R/L7 any further. Therefore, the variation of core tem-
perature profiles, which at first sight can be taken as
evidence for lack of stiffness, is in reality merely due to
the fact that profiles can well be modified when they are
below threshold due to lack of central power, but cannot
be brought significantly above the threshold level of R/L,
consistent with a stiff model such as in Eq. (7). There-
fore, the evidence of T, profile change as in Fig. 7a is not
a demonstration of lack of stiffness but is fully consistent
with the picture of stiff transport above a critical gradient.

The threshold found from analysis of modulation
data in these experiments is R/Ly, .~ 5, which is also
plotted in Fig. 8b. One can see that depending on the
shape and magnitude of power deposition, there are ex-
amples of discharges below or above threshold along the
whole radius, or also crossing threshold around mid-
radius (like the one in Fig. 6). We note that the data in
Figs. 7 and 8 are fully consistent with the critical gradient
hypothesis. For example, around p = 0.35, shot 55809
goes from above to below threshold, due to lack of cen-
tral heat flux linked with off-axis deposition, while 55802
remains well above threshold due to central deposition.
Outside p = 0.35 the T, gradient has similar values for
the two shots, whereas inside they depart, with 55809
decreasing below threshold and 55802 remaining above
it. This behavior is clearly seen in Figs. 7 and 8, although
the uncertainties in the 7, gradient are significant, and
fully supports the CGM model. However, the crucial
confirmation of the validity of the CGM picture comes
from the behavior of the heat waves, which are observed
to behave fully consistently with the steady-state infor-
mation about the plasma being above or below threshold
at a given location. In other words, for the same shots as
in Fig. 8, amplitude and phase profiles shown in Fig. 9
(Ref. 27) indicate fast propagation and small attenuation
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Fig. 6. Experimental (dots) and simulated (lines) profiles of (a) T, (together with y, profile), (b) A at first (black circles) and third
(red squares) harmonics (together with rf P, profile, dashed line), and (c) ¢ at first (black circles) and third (red squares)
harmonics for L-mode discharge 55809 (By = 3.25 T, I, = 1.6 MA, and n,y = 2.7 X 10'° m~3). The simulation uses the
model in Eq. (7) with parameters R/Ly . =5, xs=0.88,and yo = 0.7. Note that the effect of an MHD island at 0.25 <
p < 0.3 (which locally flattens the 7, profile and is also visible on the A and ¢ profiles) is outside the scope of the

simulation. Figure adapted from Ref. 28. (Color online)

(flat slopes of A and ¢) in regions above threshold and
slow propagation and strong damping (sharp slopes of A
and ¢) in regions below threshold.

Having assessed in L-mode plasmas the existence of
a threshold above which the onset of rather stiff transport
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is observed, a comparison was made with H-mode plas-
mas with similar parameters apart from injected power
(Png1 > 10 MW is necessary to get into type III H-mode
in these high-B discharges). This is illustrated in Fig. 10
and described in Ref. 28. R/L;, is basically the same in
FUSION SCIENCE AND TECHNOLOGY
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Fig. 7. (a) Power deposition and 7, profiles for four discharges from the heat flux scan experiments, all with similar main plasma
parameters (3.25T < By <3.45T, .6 MA <[, < 1.8 MA, and 2.7 X 10" m ™3 < n,y < 3 X 10! m~?), and (b) electron
heat flux profiles for the same four discharges. From Ref. 27.

L-mode and H-mode and the 7, profiles in log scale are
almost parallel, higher 7, in the core being achieved in
H-mode mainly because of the higher pedestal. The heat
waves behave similarly but with slightly higher slopes in
the stiff region (0.3 < p < 0.8) in the H-mode case, in
spite of its higher temperature. The intrinsic stiffness
level x, is found to be ~0.9 in H-mode and ~1.3 in
L-mode, and R/LTQ .. 5 in H-mode and ~4 in L-mode.

Figure 11 (Ref. 28) shows the correlation between
edge and core 7, values found in a set of similar shots
(325T<Br<345T,1.6 MA<I,<1.8MA,and 2.8 X
10 m™3 < n,o < 3.5 X 10" m~3) with different NBI
heating (0 < Pyp; < 16.5 MW) and with increasing
pedestal. Such correlation is another signature of a stiff
behavior.?? Tons exhibit a very similar behavior, as will
be discussed in Sec. II.J. Note the perfectly linear corre-
lation between T at pedestal and T at p = 0.3, indicating
the presence of stiffness in this region, while the on-axis
T, bends down with respect to the line, indicating the
maximum value attainable assuming a uniform thresh-
old. This is due to the fact that the very core region goes
below threshold, particularly in H-mode, which presents
a wider core region below threshold due to higher bound-
ary T,, as explained in Ref. 18.

Finally, one can try to combine various similar JET
L-mode and H-mode shots with modulation and with
FUSION SCIENCE AND TECHNOLOGY
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different heat flux profiles into a plot of heat flux versus
gradient length of the type sketched in Fig. 4. The result
is shown in Fig. 12 (Ref. 30), in which two radial posi-
tions, p = 0.2 and p = 0.4, have been used to get two
steady-state values per shot in order to enrich the plot
with points both above and below threshold, assuming
threshold would not significantly vary in this rather small
spatial range, consistent with the simplification we adopt
for the modulation analysis of a uniform threshold pro-
file. Given that all shots have modulation and have been
fitted with the CGM model, we can also superimpose on
the steady-state points the line coming from the CGM
model with the typical parameters we have found. In
Fig. 12 a normalization of the heat flux consistent with
the parameterization adopted for y, in Eq. (7) has been
used to account for different values of Br, n,, T,, and g in
order to build one curve for the whole set of data. This
possibility is based on the fact that modulation analysis
for each of them yields very similar values for the thresh-
old. On the other hand, two different ranges of values for
the stiffness factor have been found; namely, shots hav-
ing only electron heating show lower y, (0.2 to 0.3)
whereas shots with some amount of NBI ion heating
show higher y, (~0.9 to 1.3). This result is discussed
in detail in the next sections. These two groups have been
plotted in Fig. 12 with different symbols since they
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Fig. 8. (a) T, and T; profiles in log scale for the four discharges shown in Fig. 7 and (b) profiles of R/L;. for the same discharges.
The threshold value found from modulation experiments is also plotted (straight black line). From Ref. 27.

belong to two different curves. One can see that the
steady-state heat flux values are broadly consistent
with the critical gradient picture; however, the uncer-
tainties are such that they alone would not constitute
a demonstration of the threshold existence, nor of the
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increase in stiffness levels in the presence of ion heat-
ing. Unless finer ad hoc scans of heat flux values are
made, as were performed in ASDEX Upgrade,?3-34-36
modulation experiments are the only possibility in JET
to provide evidence for the existence of the threshold
FUSION SCIENCE AND TECHNOLOGY
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of Fig. 7. From Ref. 27.

and a measure of the degree of stiffness in different
discharges.

ILLF. Multimachine Comparison of Thresholds and
Stiffness Levels

A set of JET discharges with 7, modulation have
been analyzed with the CGM model [Eq. (7)] to deduce
the values of R/Ly, . x, and xo. These include L-mode
and H-mode shots with different proportions of electron
and ion heating. The values of y, versus R/L;, L are
plotted in Fig. 13 (updated from Ref. 23), which also
shows values from ASDEX Upgrade, Tore Supra, and
FTU, obtained using similar procedures and the same
model within an international collaborative framework
on the study of electron stiffness. The details of this
intermachine comparison of stiffness are reported in
Refs. 18, 23, and 36. In Fig. 13 the triangles mark dis-
charges with significant amounts of ion heating via NBIL.

The range of R/L; thresholds is found to be the
same in all machines; i.e., R/LTM,,., lies between 3 and 8,
which are typical values expected for TEMs. Figure 14
(from Ref. 36) shows a comparison between the experi-
mental threshold values and the values predicted by a
theoretical formula for TEM threshold derived in Ref. 37
from linear runs of the gyrokinetic code GS2 (Ref. 38).
Figure 14 indicates fair agreement, taking into account
the large uncertainties associated with both the experi-
mental threshold and the parameters that enter the thresh-
FUSION SCIENCE AND TECHNOLOGY
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old formula, in particular the magnetic shear. y, shows a
larger variability (Fig. 13), being in the range y, ~ 0.2 to
1.3. Comparing y, in plasmas with pure electron heating,
the values are found to be rather similar among all de-
vices. This in itself is a confirmation that the assumed
gyro-Bohm normalization of the stiffness factor is sup-
ported by the experimental data and implies that hotter
machines will work closer to threshold. This is indeed
observed to be the case when comparing JET with other
machines, and it is expected in ITER. An excursion of
to higher values is observed in JET in plasmas with ad-
ditional ion heating. This suggests that electron and ion
channels are coupled and that large amounts of ion heat-
ing can induce a higher level of electron stiffness. Still,
Xs remains in the order of 1; i.e., the level of electron
stiffness is never extremely high, and therefore models
with very high electron stiffness (y, ~ 10) such as the
original version of GLF23 (Ref. 39) or IFS-PPPL (Ref. 40)
should be discarded. The experimental values are in the
right ballpark of stiffness levels for models such as the
Weiland model*! or GLF23 renormalized. y is found to
be the quantity with larger uncertainty in its determina-
tion; therefore, no speculation on its parametric depen-
dences can be attempted. We just note that the values
obtained for Y, are usually rather high compared to those
for neoclassical transport, suggesting that a residual tur-
bulent transport level is still present after stabilization of
the ITG/TEM branch. This is also true for residual trans-
port in ITBs, as is further discussed in Sec. V.
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Fig. 10. Experimental profiles of (a) T,, (b) A, and (c) ¢ for L-mode (Pyg; = 4 MW) and H-mode (Pxp; = 14 MW) shots.
Amplitudes are normalized to the H-mode shot to allow direct comparison. By = 3.25 T, I, = 1.8 MA, and n,o = 3.5

(L-mode) and 3.2 (H-mode) X 10'® m~3. From Ref. 28.

I1.G. Temperature Profile Stiffness in JET and
Implications for Global Confinement

A detailed comparison between the findings on pro-
file stiffness from these experiments and the International
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Tokamak Physics Activity (ITPA) two-term scaling law
for energy confinement*? has been carried out and is de-
scribed in Ref. 18. The issue here was to verify the com-
patibility of scaling laws with a model for the core heat
diffusivity of the form of Eq. (7) with values of y,~ 1.
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Moo < 3.5X10"m™3 and 0 < Pyg; < 16.5 MW). The
lines indicate the maximum temperature achievable
under the hypothesis of a threshold uniform along the
radius. From Ref. 28.

One major warning that came from this analysis
was that in general for a model as in Eq. (7), it is not
correct to split the confinement into two independent
terms, one for bulk and one for pedestal. In fact, this is
rigorous only for a heat diffusivity that depends only on
temperature gradient, not on temperature itself, unlike
Eq. (7). It turns out that both for very stiff plasmas and
for subcritical nonstiff plasmas, the ITPA bulk term would
have a strong dependence on edge temperature, which
would strongly couple it with the pedestal term. The
fact that in the ITPA scaling laws the two terms are
found to have very different parametric dependences
implies that very stiff profiles are incompatible with
ITPA results. It turns out that, in fact, the only condition
in which such decoupling of bulk and pedestal terms
takes place within the framework of Eq. (7) is when the
level of stiffness is medium. Then, comparison of ITPA
law with what would be expected from Eq. (7) yields
that y, must be of order 1, which is exactly what is
found from modulation experiments, taking into ac-
count the many sources of approximation in the analy-
sis. Therefore, the results on stiffness described above
on the basis of perturbative data are fully compatible
with the ITPA two-term scaling.
FUSION SCIENCE AND TECHNOLOGY
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similar JET modulated shots (3.25 T < By < 3.45T,
1.6 MA < I, < 1.8 MA, 2.8 X 10 m™? < n,p <
3.2 X 10" m™3, and 0 < Pyg; < 14.3 MW) charac-
terized by the same threshold and different stiffness
levels (red squares, pure electron heating; black cir-
cles, mixed ion and electron heating). The lines rep-
resent the CGM model with the choice of parameters
coming from modulation best fit. Adapted from Ref. 30.
(Color online)
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II.H. Comparison of Experimental Results with
First-Principle Models

Two representative discharges from the data set de-
scribed previously, i.e., shot 53822 with mainly electron
heating (pure ICRH mode conversion) and shot 55809
with an additional 9 MW of NBI heating, have been
selected for detailed comparison with predictions from
different models.?® For these two shots a significant dif-
ference in ), measured by fitting the data with the CGM
model, has been found; namely, y, = 0.3 for 53822 and
xs = 0.9 for 55809 [they correspond respectively to one
of the black JET circles and one of the red JET triangles
in Fig. 13 (color online)]. The value of R/L;. increases
from 3.8 in 53882 to 5.4 in 55809. In discharge 55809 the
ITG instability is dominant, whereas in discharge 53822
the TEM instability starts to dominate the low-kg p; part
of the instability spectrum. ETG modes are linearly sta-
ble in these plasmas. We note here that adding NBI heat-
ing also provides additional electron heating and therefore
an increase of profile stiffness due to the factor 7.*/? in
Eq. (7). Our definition of stiffness, however, separates
this effect from the intrinsic stiffness level expressed in
the y, coefficient.

The predictive modeling was performed solving all
transport equations for 7,, T;, n., and J. The models under
test were the Weiland model*! (either collisionless or
with collisions and electromagnetic effects included) and
the Bohm—gyro-Bohm model,'? implemented in the trans-
port code JETTO (Ref. 43), and the GLF23 model,*
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version 1.61, implemented in the transport code ASTRA.
We note that of these models, only GLF23 and Weiland
are first-principle-based models, while the Bohm-gyro-
Bohm model is empirical. Moreover, in the light of re-
cent progress in the theory of turbulent transport, it has
become clear that the mixed Bohm-gyro-Bohm model
shows several physics inconsistencies with recent theo-
retical understanding. Therefore, now in JET priority is
being given to the use of first-principle-based models
such as Weiland or GLF23. The use of the mixed Bohm—
gyro-Bohm model as an empirical model is now limited
to those situations in which first-principle models still do
not provide an adequate reproduction of data, such as in
the presence of ITBs or when a numerically robust model
is essential, such as for real-time-control studies or edge-
core—integrated modeling. These are, nevertheless, valid
reasons, in addition to the extensive use of the model in
past JET work, to include the model in the present review
of JET transport work and in the test of validity described
in this section.

In the following the results of the best-fitted simu-
lation with the empirical CGM model will be used as a
reference for comparison with the results obtained by
these models. Figure 15 (Ref. 29) shows for the pure
electron—heated discharge 53822 the predicted steady-
state T,, T;, and n, profiles with the three models: Weiland
collisional, Bohm—gyro-Bohm, and GLF23. The same is
shown in Fig. 16 (Ref. 29) for shot 55809 with additional
NBI heating. The Weiland collisionless model has been
discarded because it tends to overpredict the density peak-
ing (compare also Ref. 44). From Fig. 15 it is evident that
GLF and to a lesser extent Weiland overestimate 7; in the
case of 53822. However, this does not prevent further
analysis of modulation data since it has been checked by
forcing the absolute 7; value (but keeping R/L;, con-
stant) that this does not affect the amount of electron
stiffness. The use of GLF with predictive density has
turned out to be very cumbersome. The model is very
unstable and prone to crashes for both shots, but espe-
cially for 53822. For 558009 it yields to the formation of
an [TB in the density profile, which is not seen in exper-
iment. Therefore, the simulations with GLF23 shown
here have been made by fixing the density profile close to
experiment. This should not hinder the predictions of the
model for heat transport since it is expected that for the
R/L,, values of these shots (R/L,, ~ 2.2 and R/L, ~ 1,
respectively, for 53822 and 55809), the density gradient
should not contribute significantly to heat transport.

The performance of the various models in reproduc-
ing the modulation amplitude and phase profiles is illus-
trated in Figs. 17 and 18 (Ref. 29). The best performing
model appears to be the collisional Weiland model, which
reproduces reasonably the modulation data, although
the third harmonic is highly noisy. In particular, the
simulation of shot 53822 is very good, but for shot 55809
the model, although reproducing the experimental trend
of increasing stiffness with R/Ly, still underestimates
FUSION SCIENCE AND TECHNOLOGY
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Fig. 15. Steady-state experimental profiles of 7,, T;, and n, for shot 53822 (dots) and simulations using various models: empirical
CGM (solid line), Weiland with collisions (short-dashed line), Bohm—gyro-Bohm (dotted line), and GLF23 (long-dashed

line). By =3.5T, I, = 1.8 MA, and n,0 = 3.5 X 10" m

the level of stiffness compared to experiment. The Bohm—
gyro-Bohm model performs less well in reproducing the
slopes, and GLF23 performs very badly for shot 53822,
whereas it is comparable to the Weiland model for shot
55809.

With regard to the observed increase of electron stiff-
ness with ion heating, we note that this is qualitatively
reproduced by the Weiland model, although the simu-
lated trend is quantitatively less strong than in the exper-
FUSION SCIENCE AND TECHNOLOGY
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—3. From Ref. 29.

iment. This has been further cross-checked by varying
the NBI power arbitrarily within a simulation of the same
discharge.?” This issue is being further explored using
nonlinear electrostatic fluid turbulence simulations.

In summary, although in principle for electron trans-
port studies the situation of pure electron heating (when
electron transport is driven only by the TEM instability)
is easier to handle than the one with mixed type of heat-
ing (when electron transport is driven both by TEM and
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Fig. 16. Steady-state experimental profiles of T,, T;, and n, for shot 55809 (dots) and simulations using various models: empirical
CGM (solid line), Weiland with collisions (short-dashed line), Bohm—gyro-Bohm (dotted line), and GLF23 (long-dashed
line). By = 3.25 T, I, = 1.6 MA, and n,o = 2.7 X 10" m~3. From Ref. 29.

ITG, with a strong coupling in the instabilities between
the ion and the electron dynamics), both first-principle
models, Weiland and GLF23, do not perform well in the
first case (particularly GLF23), whereas they have sim-
ilar, satisfactory performance in the second case. This
difficulty may be ascribed to the fact that the ion dynam-
ics is much easier to capture in a fluid description than
that of trapped electrons. In any case, further work in the
direction of improving existing models and validating
them is still needed before a fully validated model to be
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safely used for ITER predictions is achieved. A similar
conclusion was reached also in past work simulating cold-
pulse propagation in JET (Ref. 45) and in recent work on
model performance in reproducing pure steady-state JET
profile data in (Refs. 46 and 47). Nonlinear turbulence
simulations are indeed a valid tool to facilitate the un-
derstanding of specific physics mechanisms, but their
use on JET data has been rather limited so far, especially
for gyrokinetic codes, due to their extreme computa-
tional needs. It is clear, however, that for the moment
FUSION SCIENCE AND TECHNOLOGY
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Fig. 17. Experimental profiles (dots) of amplitude and phase at first (black circles) and third (red squares) harmonics for shot
53822 and simulations using various models: empirical CGM (solid line), Weiland with collisions (short-dashed line),
Bohm-gyro-Bohm (dotted line), and GLF23 (long-dashed line). From Ref. 29. (Color online)
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Fig. 18. Experimental profiles (dots) of amplitude and phase at first (black circles) and third (red squares) harmonics for shot
55809 and simulations using various models: empirical CGM (solid line), Weiland with collisions (short-dashed line),
Bohm-gyro-Bohm (dotted line), and GLF23 (long-dashed line). From Ref. 29. (Color online)

they do not represent a reliable tool for full predictive
modeling and extrapolation to ITER predictions, as dis-
cussed also in Ref. 47, although they are a promising
prospect for the future. Finally, we observe that even
restricting the scope of predictive modeling to prediction
FUSION SCIENCE AND TECHNOLOGY
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of the R/Ly thresholds alone (which may still be rather
useful given the high level of stiffness expected on ITER
on the basis of JET data), there are nevertheless various
models available with different parametric dependences
foreseen for thresholds, and none of them has been
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systematically validated against experimental data so far,
which calls for intense activity of theory-experiment com-
parison in the near future.

ILI. The Issue on Nonlocality from JET Cold-Pulse
Propagation and the Concept of Turbulence
Spreading

As a final point, we would like to come back to the
observation of fast cold-pulse propagation always ob-
served in JET, as mentioned in Sec. II.B. Within the
framework of a local diffusive transport, these observa-
tions would be easily consistent with the picture of a stiff
transport above a critical gradient, such as the one pro-
posed in the previous sections on the basis of modulation
results. The issue then becomes a quantitative one, i.e.,
whether the stiffness level deduced from 7, modulation is
high enough to account for the propagation of a 7, cold
pulse from edge to core in 1 to 4 ms, as observed exper-
imentally [e.g., in Fig. 19a (Ref. 27), an upper limit of
4 ms for the delay between p = 0.87 and p = 0.11 can be
set taking into account noise]. To clarify this subtle point,
adedicated experiment has been devised in a JET L-mode
plasma in which 7, modulation and 7, cold pulse were
performed in the same discharge and with off-axis ICRH
in mode conversion so that the plasma would go below
threshold around p = 0.35 (Ref. 27). The comparison
between the two perturbations yielded the surprising re-
sults that although 7, modulation undergoes a slowing
down when propagating in the region below threshold, as

EXPERIMENT delay from edge to centre < 4ms
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expected, the T, cold pulse does not and keeps propagat-
ing fast also in the region below threshold. Figure 19a
shows the experimental data and Fig. 19b shows a sim-
ulation using the CGM model with the parameters ex-
tracted from the modulation just before the cold pulse. It
is clear that the stiffness parameters measured by mod-
ulation in this case would predict a delay for the cold
pulse of about 22 ms between the same radii, which is
much longer than in the experiment. This indicates that
the local critical gradient paradigm described above, al-
though providing a very good framework to explain most
transport observations of core heat transport in JET, may
need to be further complicated to account for these ob-
servations that call for a nonlocal transport mechanism.

One possible idea put forward to explain the asym-
metry of behavior between cold pulse and modulation is
that of turbulence spreading.*®#° In this model the local
intensity of the turbulent fluctuations is used to deter-
mine the fluxes of the transported quantities. The turbu-
lence itself is a transported quantity and can spread into
linearly stable regions of the plasma, raising the trans-
port there to high levels. The application of such a model
to JET shot 55809 is described in Ref. 50. It was found
that indeed the cold pulse delay can be reduced while
preserving a good fit of 7, modulation, however, from
about 23 ms predicted by CGM to about 18 ms, still
much longer than experimentally measured. Further in-
vestigation in this direction is therefore required, as well
as exploration of other models for nonlocal transport,
such as those based on the use of fractional derivatives.>!->2
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Fig. 19. (a) Experimental and (b) simulated [using critical gradient model Eq. (7)] 7, time traces for cold-pulse propagation in shot
55809. The X-axis range of the simulation plot has an arbitrary time offset. From Ref. 27.
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I1.J. lon Heat Transport Studies in JET

Due to lack of sufficient time resolution of the charge-
exchange recombination spectroscopy (CXRS) diagnos-
tic, detailed perturbative studies of ion heat transport
could not be performed to improve the information from
steady-state data to address the issues of stiffness, thresh-
old, and validation of theoretical models. Some initial
effort in this direction has started recently but is too
preliminary to be included in this review. It is, however,
a very relevant topic to be addressed in the near future.

The existence of stiffness also in the ion heat chan-
nel, besides being predicted theoretically, is confirmed
experimentally by the correlation found between edge
and core temperatures, as shown for electrons in Fig. 11.
The analogous plot for ions is shown in Fig. 20 (Ref. 28).
In the absence of dedicated heat flux scans or 7; modu-
lation studies, however, nothing can be safely assessed
about ion threshold or stiffness levels.

The most complete study of JET ion heat transport
based on steady-state data under the assumption of the
existence of a critical ion temperature gradient length is
reported in Ref. 53. Figure 21 (Ref. 53) shows an exam-
ple of the dependence of the ion heat flux on R/L, for a
typical H-mode discharge. This plot resembles the one
for electrons in Fig. 12 and points to the existence of a
threshold value for R/Ln that the plasma cannot exceed,

10
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Fig. 20. Core [on-axis (circles) and at p = 0.32 (triangles)] 7;
versus pedestal values for the same discharges as in
Fig. 11. L-mode and H-mode are, respectively, open
and closed symbols. The lines indicate the maximum
temperature achievable under the hypothesis of a
threshold uniform along the radius. From Ref. 28.
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Fig. 21. Normalized ion heat flux as a function of R/Lri for
JET H-mode shot 51860. The plot has been obtained
from the radial profiles of the respective quantities,
covering a radial range of p ~ 0 to 0.7. From Ref. 53.

thereby suggesting very strong stiffness in the ion chan-
nel. However, a very delicate point in such interpretation
is that the excursion of the ion heat flux on the vertical
axis of Fig. 21 is obtained from the increase of the heat
flux with radius using profiles at different radial posi-
tions from p = 0 to p = 0,7 within the same shot, which
is unlike in Fig. 12, where the heat flux variation was
obtained by varying the power deposition profile in a
given plasma region in a set of similar shots, with, in
addition, the 7, modulation on top. Because the threshold
is likely not uniform in space, the slope of the curve in
Fig. 21 is the mixed result of stiffness and radial variation
of the threshold, thereby falsifying the quantitative de-
termination of the actual ion stiffness level. In particu-
lar, the expected dependence of the ITG threshold on ¢,
such that the increase of g in the outer region would
lead to a reduction of the threshold, may contribute to
giving an apparently higher stiffness in plots such as the
one in Fig. 21. In Ref. 53 an attempt also was made to
estimate the impact of 7,/T; and wgxp on the threshold,
but the data did not allow separation of these two effects.
These studies therefore will have to be performed using
methodologies similar to those used for electrons, now
that at JET an improved CXRS system is available with
time resolution of ~5 to 10 ms and spatial resolution of
~7 cm, and making use of the versatility of the JET
heating system to decouple the effect of 7,/T; from that
of rotation.
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II.K. Conclusions

This section reviews progress in core heat trans-
port understanding in JET since early observations in
the JET Joint Undertaking to recent experimental
campaigns under the European Fusion Development
Agreement (EFDA). The idea of a threshold in the in-
verse critical gradient length (R/L;) described by
theory of electrostatic instabilities is consistent with JET
experimental results and implies the existence of some
degree of stiffness of temperature profiles above thresh-
old. For electrons, thresholds and stiffness factors have
been measured via perturbative experiments. Thresh-
olds are found to be consistent with theory predictions
of TEM, and stiffness levels are found to be of the same
magnitude as those of other devices in pure electron—
heated plasmas, with a trend to increase for signifi-
cant levels of ion heating. Ion stiffness studies have just
started. These observations and the dependence of
stiffness on temperature lead to the expectation that stiff-
ness will dominate temperature profiles in ITER con-
ventional scenarios. Some attempts to validate existing
1-D transport models against perturbative data or steady-
state data yield mixed results, calling for further work
before a validated model suitable for extrapolation to
ITER can be achieved. Finally, although a critical gra-
dient paradigm can explain the majority of transport
observations in JET, the peculiar evidence of fast prop-
agation of cold pulses and their difference in behavior
with respect to temperature modulation suggests that
some nonlocal features may need to be introduced, ei-
ther via the concept of turbulence spreading or that of
fractional derivatives.

I1l. CORE PARTICLE AND IMPURITY TRANSPORT
STUDIES IN JET

IILLA. Introduction

Particle and impurity transport are no less important
for reactor plasmas than are the other transport channels.
They control the transport of fuel to the hot core and they
transport He ash away from it. Impurities are usually
seen as unwanted loss sources in the form of radiation, in
addition to diluting the fuel, especially when accumulat-
ing in the plasma core. Impurities with suitably chosen
atomic numbers may increase radiation losses near the
last flux surface and in the divertor, with the beneficial
effect of reducing the heat loads to the divertor wall
components.

JET has conducted systematic experimental and mod-
eling investigations that are crucial for the understand-
ing of particle and impurity transport. These include
the injection of trace amounts of tritium to study fuel
transport, the injection of gases such as He, Ne, and Ar,
as well as of small amounts of metals such as Ni, to
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study impurity transport, and an assessment of the ubiq-
uitous convective phenomena, which control the peak-
edness of electron density, fuel density, and impurity
density profiles. As a result of this work, carried out by
a substantial number of contributors at JET and many
collaborating institutions, we are currently in a much
better position than we were a few years ago to extrap-
olate particle and impurity transport behavior to fusion
reactor conditions and to identify issues that require
further investigation.

111.B. Density Profile Behavior

In stationary conditions, electron density profiles are
generally moderately peaked [ with peaking factors n,(0)/
(n,) in the range 1 to 2 in JET]. This observation is in
stark contrast with the former general expectation of a
flat density profile in ITER (Refs. 54 and 55). Since
peaked density profiles would provide a significant boost
of fusion power in a reactor, for a given average density
and stored energy, the behavior of density profiles has
received increasing attention in recent years. In steady
state, density gradients are determined by a balance of
sources, diffusion, and convection such that the density
gradients satisfy 1/L,, =T/(n.D) — v/D, where T} is the
outward flux associated with the particle source, v is the
convective or pinch velocity, D is the particle diffusion
coefficient, and 1/L,, = —Vn,/n,. Both neutral beam
and edge fueling may contribute to the source. Neoclas-
sical pinches, notably the Ware pinch, vy o< E4/By
(Ref. 56) (which is inward in the usual case when the
plasma current and the toroidal electrical field are in the
same direction) and anomalous pinches due to drift wave
turbulence!*#!:57 can also allow us to sustain density
gradients, even in the absence of sources. The latter com-
prise the curvature pinch (also referred to as turbulent
equipartition), with v/D ~ —c,Vq/q and thermodiffu-
sion, characterized by v/D ~ —cy, /Ly, where 1/L;, =
—VT,/T,. Explicit expressions for the coefficients ¢y and
¢, are only obtained from simple models and are typi-
cally smaller than unity. Thermodiffusion is sensitive to
the direction of mode propagation; for electrons it is
outward for modes rotating in the electron diamagnetic
direction (such as TEMs) and inward for modes in the ion
diamagnetic direction (ITG modes).

The most strongly peaked density profiles in ELMy
H-modes are observed at opposite ends of the JET oper-
ating domain, in very collisional discharges at high Green-
wald fraction, 1.6 = Ng; = 0.8 (Ref. 58), often with Ar
seeding,’® and at N = 0.3, with collisionalities approach-
ing those expected for ITER (Ref. 60). The former are
rarely stationary and are accompanied by a loss of saw-
tooth activity and core impurity accumulation.®! The ob-
servation of increased peaking toward low collisionality
agrees with an earlier study on ASDEX-Upgrade.’” Al-
though this observation suggests that ITER may have a
substantially peaked density profile, this conclusion should
FUSION SCIENCE AND TECHNOLOGY
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be drawn only if the underlying mechanisms are identi-
fied. In particular, if this trend with collisionality results
from the Ware pinch or from particle sources, then the
expectation for ITER would be a flatter density than that
obtained in JET.

II1.B.1. Ware Pinch and Neutral Beam Fueling

The loop voltage is highest, and hence the Ware pinch
is strongest, in highly collisional, resistive plasmas.>8-%-01
Figure 22 shows the results of a transport analysis of
such a discharge, in which y.; was obtained from the
power balance and the diffusion coefficient D was ob-
tained as D = (I'/n, + vy |)L,, , assuming no anomalous
particle pinch.>® For the example chosen, these contri-
butions are of similar magnitude, I'/n, =~ 0.06 m/s and
|vw| =~ 0.04 m/s at p = 0.4. In these plasmas a combi-
nation of NBI fueling and the Ware pinch can account for
density peaking if D/x s ~ 1 is assumed for the core
region®® (p < 0.5). In the confinement zone (p = 0.5),
lower values of D/ x4 are necessary for consistency with
a model including only NBI sources and the Ware pinch.

At lower density, since temperatures are higher, the
Ware pinch decreases, beam penetration improves, and
the NBI source term dominates over the former. We may
relate the effective heat diffusivity y = —¢q/(n.VT, +
nVT;) ~ —q/(2n,VT,) to Ixgr and vy as follows, where g
is the total heat flux and gradients are understood as flux
surface averages:
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Fig. 22. Transport analysis of an ELMy JET H-mode dis-
charge at high collisionality (from Ref. 58). I, = 1.9
MA, By =2T,Ng~1,{(n,) ~8 X 10" m 3 7,(0) =
2.1 keV, and v,#(0.5) =~ 1.5.
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For entirely beam-heated plasmas, E;, = q/Twpy is the
average beam energy (~90 keV at JET). For a typical
NBI-heated plasma with 1/L,; ~2m™" and T, ~ 3 keV
at midradius, D would have to be ~10 times smaller than
X in order to explain a density gradient 1/L,, ~1m™ I In
Fig. 23, we plot the flux surface—averaged experimental
1/L,, versus Ixgi/(xn.) — vw/x, evaluated at midradius
for a large variety of H-modes.%? The contribution of the
Ware pinch is comparable to, or larger than, the NBI
contribution only for Pyg; < 2 MW, corresponding typ-
ically to f,;, = Pxgi/Por < 0.2, where P,, is the total
heating power. Considering also ICRH-dominated dis-
charges and ICRH-only discharges (stars in Fig. 23), it
becomes plain that there is no obvious correlation be-
tween 1/L, and Ixgi/(xn.) — vw/x. In addition, the
magnitude of D/ y required would have to be implausibly
low, ~10~2 for most of the ICRH-only H-modes. We
conclude that the combined beam fueling and Ware pinch
are unable to account for the observed density gradients
in the confinement zone; however, beam fueling may
still be a significant contributor, depending on the real
value of D/ .

I11.B.2. Edge Particle Source

Whereas the neutral beam source can be calculated
with codes such as PENCIL (Ref. 63) and TRANSP
(Ref. 64), the absolute magnitude of the source associ-
ated with edge neutrals is more uncertain. Although the
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mean-free-path of cold neutrals is far shorter than the
JET minor radius, deuterium (or hydrogen or tritium)
neutrals can penetrate to the bulk via a chain of charge
exchange reactions with deuterium ions. The average num-
ber of steps is given by the ratio of the rate coefficients
for charge exchange and ionization, typically around 4
for deuterium ions in deuterium plasmas at tempera-
tures of a few keV. For helium neutrals this figure drops
to near 0.5 because of the low cross section for double
charge exchange. Penetration of deuterium edge neu-
trals into JET plasmas has been modeled with neutral
particle transport codes such as AURORA3 (Ref. 65),
FRANTIC (Ref. 66), and KN1D and DOUBLE (Ref. 67).
These codes also predict fluxes of energetic neutrals
escaping from the plasma and the brilliance of D, radi-
ation, which can serve to “calibrate” the calculated
sources by comparison with measured levels of radia-
tion or neutral particle fluxes. Since the above codes
assume simplified 1-D or two-dimensional (2-D) geom-
etries, with no provisions for asymmetries and inhomo-
geneities in the edge source distribution and edge plasma
parameters (such as are introduced by a divertor), abso-
lute estimates of core fueling by edge neutrals are still
very uncertain. However, all of them predict a shallow
penetration of neutrals. Calculations using FRANTIC
and the measured D, radiation have nonetheless sug-
gested that the edge source may be sufficient to account
for the moderate density gradients established in JET if
the D, emission from the divertor, which exceeds the
main chamber D, emission by an order of magnitude, is
included.®® As a result of such uncertainties, some of
the modeling treats the absolute magnitude of the edge
source as an adjustable parameter.®® If peaked density
profiles are to be explained without introducing a pinch,
the calculated particle flux T has to match the diffusive
flux —DVn, where D itself is generally not known. Tur-
bulent drift wave theory suggests,'* however, that D
may be taken to be roughly proportional to the heat
diffusivity y.. If this is correct, modeling the density
profile without a pinch fails because Iy and —DVn can-
not be made to match over the full profile,®” no matter
what the absolute values of I, and D are, as shown in
Fig. 24. Density profiles sustained only by the neutral
source would be much flatter than generally observed.
The shallowness of the neutral penetration has been
confirmed by gas modulation experiments.®> These ex-
periments demonstrate the presence of an inward pinch
proportional to the diffusion coefficient with Rqyv/D ~
—2.4. JETTO modeling has also confirmed that the edge
source and the Ware pinch are insufficient for explain-
ing density peaking.”®

A further confirmation of the relative unimportance
of the edge particle source has been obtained in He plas-
mas with a residual deuterium concentration of only
~10%. Because of the low cross section for double charge
exchange, neutral penetration by charge exchange is prac-
tically absent in He plasmas. Despite this fundamental
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Fig. 24. DOUBLE simulation for a JET H-mode discharge
(58114, with 1 = 57.5 s, I, = 2.5 MA, (n,) = 7 X
1019 m’3, Br=35T, ve_ﬂ»(O.S) =1, and n60/<ne> =
1.25) of particle flux due to the edge neutrals (labeled
Fyource) and electron diffusive flux (labeled I'p) from
experimental electron density gradient assuming
D(p) = xep(p = 1)(p? + 0.1) and D(p) = xo(p).
From Ref. 67.

difference, the peaking factor in He plasmas is no lower
than that in D plasmas produced under otherwise identi-
cal conditions.®’

II1.B.3. Density Peaking in L-Modes

The density profiles in a range of JET discharges
have been modeled using the transport code JETTO. Fig-
ure 25 (Ref. 71) shows an example of results for a low-
density L-mode plasma with (n,) ~1 X 10" m~3 and
T,o = 6 keV, heated only with 4 MW of ICRH. The figure
compares the steady-state experimental profile to pro-
files simulated using the empirical Bohm—gyro-Bohm
model without an anomalous convective term and with
convective terms of the form v, = —c;D/Ly, and v, =
—c,DVq/q, with c; = 0.25 and ¢, = 0.75. The functional
forms are inspired by theory and represent thermodiffu-
sive and curvature pinches. The diffusion coefficient in
JETTO is empirically related to the electron and ion heat
diffusivities as D = S(r) x; x./(xi + x.), where the form
factor S(r) decreases from 1 at » = 0 to 0.3 at the last
closed flux surface. Results from the physics-based
Weiland model with and without off-diagonal terms (which
represent convective transport) are also shown. The
density gradients obtained without an anomalous pinch
are mostly due to the edge particle flux, modeled using
FUSION SCIENCE AND TECHNOLOGY
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Fig. 25. Modeling of density profiles in an ICRH-heated L-mode
discharge (51034, with [, =2.3 MA, By =2.6 T, Ng ~
0.2, (n.) ~1.3 X 10" m™3, T,(0) = 5 keV, v(0.5) ~
0.2, and g9s =~ 3.3). From Ref. 69.

FRANTIC. While profiles modeled without an anoma-
lous pinch fall short of the peaking observed, fair agree-
ment is obtained when anomalous pinches are allowed
for. This modeling, however, cannot answer the question
of the relative importance of thermodiffusion and the
curvature pinch.

Asseries of discharges with partial and complete lower
hybrid current drive (LHCD) and no NBI has provided
clear signatures of the dominance of a curvature-type
pinch in L-modes at positive magnetic shear.%-72 In these
plasmas, which had constant g5 = 8, the addition of up
to 3.6 MW of LH power deposited near r/a = 0.4 led to
a broadening of the current profile and a reversal of the
magnetic shear for r/a < 0.4 for Py > 2.5 MW. The core
particle source from edge neutrals, as determined by
KN1D, was insufficient to account for the peaked density
profiles. The density profile broadened in close relation
with the current profile, n.o/{n.) =~ 1.61;, as expressed by
the internal inductance /; (Fig. 26). In the regions of
positive shear, the density profiles are in good agreement
with the simplest of theoretical models, Turbulent Equi-
Partition, as introduced by Ref. 73. The density gradients
there, however, are significantly more pronounced than
predicted by more recent theoretical models.'*747> The
symbols refer to normalized temperature gradients and
show that there is no dependence that would be sugges-
tive of a thermodiffusive pinch (whether temperatures
are measured by lidar Thomson scattering or ECE). There
are also no dependencies on collisionality (unlike in
H-modes), electron density, and loop voltage. The den-
FUSION SCIENCE AND TECHNOLOGY
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sity profiles remain peaked at zero loop voltage, confirm-
ing investigations in fully current driven discharges in
TCV (Ref. 69) and Tore Supra.’® A survey of other types
of L-modes in JET (ICRH, NBI, and ohmic) also yields
a rough scaling with [;, n.o/{n.) ~ 1.4;, and no other
discernible dependencies.

II1.B.4. Density Peaking in H-Modes

Using measurements from a profile database (JET-
PEAK) of a wide variety of JET H-modes, including
hybrid scenarios, scalings of the peakedness of the den-
sity profiles suitable for extrapolation to ITER were de-
veloped.®? Figure 27 shows the density profile peaking
factor n,(0)/(n.) against the effective collisionality v, =
107"RZ ;5 n, /T (T, in eV) at midradius in stationary
ELMy discharges over the entire JET operating domain
for the same data as in Fig. 23. JETPEAK contains equi-
librium profiles from EFIT reconstructions and particle
and power deposition profiles, allowing steady-state heat
and particle balances to be computed for each of the 291
time-slice samples in the H-mode database. Table I shows
the range of variation of the most important number of
dimensional and dimensionless parameters, which en-
compasses the entire JET operational domain.

The parameters that are the most strongly corre-
lated with n.9/(n.) and R/L, are Ng = 10""7a*(n,)/
I, vy, v*, and T'* = Iygi/(xn,). Correlations with
R/L; (whether measured by lidar Thomson scattering
or ECE), R/Ly,, and [; are weak, and no correlation is
found with p;. No correlation of R/L, with magnetic

2.1

@ 0.5<L1,<0.6 o0
@ 0.6<Ly,<0.7

« 0.7<L+,<0.9
2.0F ™

1.9+

Ngg /<Ng>

1.8

L 4

1.6 | | |
1.0 1.1 1.2 1.3

Fig. 26. Dependence of density peaking on internal induc-
tance in LHCD L-mode discharges. (Original figure
using L-mode data set presented in Refs. 60 and 72.)
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Fig. 27. Density peaking versus effective collisionality v.y.
Symbols represent the fraction of NBI heating. ICRH
H-modes are shown as blue stars. From Ref. 62. (Color
online)

shear at r/a = 0.5 is found in a subset of data in which
EFIT reconstructions constrained by polarimetry are
available, despite the presence of conventional H-modes
with finite shear and hybrid H-modes with very small
core shear. The lack of a correlation with local or global
measures of shear (except possibly at the lowest colli-
sionalities”?) and the presence of a strong correlation
with collisionality are in stark contrast with L-mode
behavior. The best-fitting H-mode scaling relations are

neo/(n,) = 1.15(£0.07) — 0.12(£0.02)In v,
+0.17(£0.13)T* + 0.13(£0.08) T, /T, .
(11)

In the above expression v, is taken as 2 X 10~ (n, )R,/
(T,)?, where the angle brackets denote volume averages,
while 7;/T, and I'* are taken at midradius. An extrapo-
lation to ITER, using this fit and assuming 7;/T, = 0.9,

provides n.o/{(n.) ~ 1.47 (Ref. 77), a result that is con-
sistent with regressions based on a combination of JET
and AUG data.”® A local fit to the normalized density
gradients around midradius provides

R/L,, = 0.97(£0.34) — 0.65(£0.1)In v,

+1.46(£0.63)T* + 0.65(x0.4)T, /T, . (12)

This scaling relation leads to an expectation of
R/L, =~ 2.6 near midradius in ITER. The coefficient
(1.46 = 0.63) of the local fit for I'* is an estimate for y/D
and is consistent with a theoretical expectation (y/D =
1.5) for anomalous transport® and with the range of
x/Dr observed in trace tritium experiments’ (also see
Ref. 80 in this issue). Since y/Dr may itself depend on
plasma parameters, it should be viewed only as an aver-
age over the data set. The ratio y/D so obtained, how-
ever, is significantly lower than was assumed in early
investigations of density profiles on JET, indicating that
the contribution of particle sources to density peaking
was overestimated.

A density profile with a peaking factor of 1.47 would
provide a boost of fusion power of more than 30% for
fixed B and Ng with respect to the usual assumption of
a flat density profile (Fig. 28), assuming that the tem-
perature profile is as provided by the modeled reference
scenario,’*>3 i.e., that 7;(0) = 18 keV and 7;(0.954a) =
0.17T;(0), and that there is no change in He and impu-
rity concentration. This relative benefit would be in-
creased or reduced for a respectively lower or larger
relative pedestal temperature.”” On the downside, we
also have to consider that for fixed Ns and (3, density
peaking unavoidably leads to a reduction of the pedes-
tal density below the average density, by nearly 30%
for the above ITER projections. This may affect diver-
tor performance by making detachment more difficult.
However, if the density limit is linked to the pedestal
density, rather than the line average density, a simple
remedy may be to raise the edge density to the target
value with a corresponding temperature reduction to
conserve . Then, the effect of peaking is still benefi-
cial, although somewhat less than at fixed average den-
sity. Density peaking may provide a natural means to
recover core fusion performance (but not divertor per-
formance) if the edge density limit drops to half of the

TABLE 1
Range of Parameters in H-Mode Data Set
I, Br Png1 Prc Pru Br
(MA) | (T) | nero | (MW) [ (MW) | (MW) | viei | Ve | p* (%) | By | T/T. | qos li | Ng
Minimum 0.9 0.8 1.7 0 0 0 0.01 | 0.05 ] 0.002 | 0.44 | 0.5 1.8 2251068 | 0.2
Maximum 3.7 3.7 110 18 11 3 04 2 0.01 3.9 3.3 0.5 6.4 1.1 1
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g. 28. Relative fusion power increase as a function of den-
sity peaking assuming a fixed ion temperature profile
as in Ref. 55, together with the whole range of density
profiles observed in JET H-modes. From Ref. 77.

expected value as expected from Ref. 81. At constant 3,
fusion power with peaking expected for ITER would
still exceed the flat reference case by nearly as much as
when N is constant.5?

At the time of writing, no specific studies of density
profiles in ITB plasmas have been undertaken. Experi-
ments have shown that ITBs are resilient to peripheral
pellet fueling but are destroyed if the pellet penetrates to
the barrier region.”! The evolution of plasma profiles
(including density profiles) in real-time-controlled (RTC)
advanced scenarios have been successfully modeled using
the JETTO code.®?

I1I.C. Impurity Transport

1I.C.1. Summary of Early Work on Impurity Transport

The direct impact of impurities on plasma dilution in
conjunction with the expected advantage for a reactor of
a radiating mantle at the edge have strongly motivated
the study of the impurity behavior at JET.

Transport of impurities is inferred by comparing the
radiation emitted by the impurities in the form of spon-
taneous radiation (spectral lines and continuum radia-
tion, typically in the X-ray domain) and of actively excited
spectral lines via CXRS with the predictions of transport
models.3334 A linear relationship between impurity flux
and impurity density gradient is generally assumed:
I;(r) = —D(r)ong(r)/dr + v(r)nz(r), where v and D
are the convection velocity and diffusion coefficients of
FUSION SCIENCE AND TECHNOLOGY
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the impurities of charge Z, respectively. Although these
transport coefficients may be taken from theory, the an-
alytical procedure consists in general of finding the spa-
tial profiles of D and v that best reproduce the observations.
The equilibrium gradient of the impurities is defined by
the ratio v(r)/D(r) = 1/n4(r)dn,(r)/dr. With the source
of the impurities being at the edge for all impurities ex-
cept He ashes, the observation of a peaked impurity pro-
file implies the existence of inward convection (v < 0).

A general finding well documented since the early
works of the JET Joint Undertaking is that both in low-
(L-) and high- (H-) confinement modes, impurity trans-
port is generally anomalous, i.e., faster than predicted by
neoclassical theory, especially in the outer region of the
plasma. In neoclassical theory, impurity transport results
solely from collisions and drift orbits in the tokamak
field geometry, and the effects of collective modes, i.e.,
microinstabilities, are neglected. In a simplified ap-
pI'OZlCh Uneo(r)/Dneo(r) = Z[l/nD anD(r)/ar - Hl/
Tp 0Tp(r)/dr], where H depends on collisionality and is
around 3 and 7, and T}, are the density and temperature
of the main particles.®> The neoclassical forces exerted
on impurities by temperature and density gradients of the
main particles are opposite, with the former term acting
as a screen against impurities, and the resulting gradient
is proportional to the impurity charge. As aresult, peaked
electron density profiles are of concern for impurity ac-
cumulation, especially in the presence of high-Z elements.

Transients events, such as those generated by inject-
ing extrinsic impurities by means of gas puffing or laser
blowoff (LBO), have been used over the years to dis-
criminate between convection and diffusion terms and to
characterize the transport regimes in the various experi-
mental scenarios. Work at JET has also incentivized a
continuous progress in the knowledge of atomic physics
data required for impurity analysis, progress that has been
mostly condensed in the ADAS database.®® Important
progress also has been made in the theoretical under-
standing of the anomalous transport, opening the way
toward more reliable extrapolations to reactor regimes
and toward concepts for impurity control.

Early experiments®? using trace amounts of medium-
and high-Z impurities injected into ohmic and ICRH-
heated discharges provided measurements of the spatial
dependence of the transport coefficients, revealing that
impurity transport coefficients are close to neoclassical
in the central region (typically inside the sawtooth inver-
sion radius) and are clearly anomalous outside it. Such a
radial dependence of the impurity transport of L-mode
plasmas is a very general feature and pertains also to
H-mode plasmas.?” Transport is greatly enhanced during
sawtooth crashes, effectively expelling impurities that
may have accumulated in the center between successive
crashes. Transport is also increased by additional ICRH
power. H-mode plasmas were found to feature an impu-
rity transport barrier at the edge,® corresponding to a
sharp increase of the ratio v/D in a narrow region near the
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plasma edge. In the attempt to find a physical explana-
tion for the radial shape of the diffusion parameter, it was
shown that in L-mode plasmas the extent of the low-
transport core region varies with the magnetic field and
with the total plasma current and is broadly correlated
with the edge value of the safety factor as well as with the
width of the central region with low magnetic shear.®’
More specifically, the diffusion parameter undergoes a
rapid transition from near-neoclassical to highly anom-
alous levels in the vicinity of the radial position where
the dimensionless shear parameter 1/r dg/dr~0.5. These
findings are compatible with the picture of impurity trans-
port carried by ITG/TEM instabilities. In fact, the marked
increase of D in the outer region of the discharge occurs
when the power per particle is raised or, alternatively,
when the temperature and its gradient grow in that re-
gion. In Ref. 89, theoretical attempts to analyze the radial
structure of the microturbulent fluctuations associated
with ITG modes yielded a strong positive dependence of
anomalous diffusion on the magnetic shear, as observed
in the experiments.

The confinement time of nonrecycling injected im-
purities was measured in a wide range of L-mode dis-
charges and, remarkably, was found to be lower than the
energy confinement time.”® Such a behavior would be
favorable in a reactor, since it would ensure evacuation
of impurities and in particular of the He ashes from the
fusion reactions in a time shorter than the energy con-
finement time. However, in ELMy H-modes evidence of
impurity accumulation is common in association with
peaked electron density profiles.”!

A finding that makes the general picture of the im-
purity behavior even more complex is the existence of
poloidally nonsymmetric distributions of the impurity
profiles in various conditions.? In optimized shear toka-
mak plasmas with fast toroidal plasma rotation, nickel
ions have been observed to accumulate on the outboard
side of the poloidal cross section.”® In an rf-heated opti-
mized shear plasma, nickel ions have instead been seen
to accumulate on the inboard side.”*

The most recent work on impurity transport at JET
has characterized the impurity behavior in the advanced
scenarios, corresponding to the most promising regimes
in a reactor perspective, such as discharges with internal
transport barriers, hybrid regimes and impurity seeded
discharges. Specific studies have addressed the effect of
electrostatic microinstabilities present in the plasma, with
specific regard to their relationship with the impurity
pinch as well as to the possibility to actively control the
impurity density profile.

1I1.C.2. Impurity Behavior in Transport Barriers

In the presence of transport barriers in the plasma
core, the impurity content in the plasma center is sensi-
tive to the strength of the barrier. In the case of a “strong”
transport barrier, the impurity diffusion coefficient in the
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center can be an order of magnitude lower than that in
plasmas with “weak” transport barriers. An inward con-
vection of the impurities in the vicinity of the transport
barrier is required to account for the measurements.”>
Similar results pertain also to experiments in which argon
radiation has been used to control the edge and prolong
the duration of optimized shear discharges with ITBs
(Ref. 96).

This fact results in weak barriers that are less prone
to disruptions. Argon accumulates in the core region due
to a strong inward convection in the I'TB region, com-
bined with a weak inward convection in the core.

Further experiments®’ showed that in reversed shear
ITB discharges, neon and nickel impurities accumulate
when there is excessive peaking of the main ion density
profile, in agreement with neoclassical convection. Also,
the strength of the impurity peaking increases with the
impurity charge and is low for the relatively low-Z ele-
ments C and Ne. The origin of the accumulation is asso-
ciated with an inward drift inside the ITB radius. Figure 29
shows an example of Ni and Ne behavior in a strong ITB.

Pulse No: 5197
6use 0: 51976 (b) 30

0.01 L | L

NNe (107m=3) & D(m%™") € n,(10"m3) £

kT &
0 0.4 0.8

Fig. 29. Radial profiles of (a) electron density, (b) ion temper-
ature, (c) calculated D, (d) v,,.,/D of Ni and Ne, and
(e) Ne and (f) Ni densities at three times in a JET
discharge with a strong ITB. Convection is assumed
to be neoclassical. In (f) the symbols show the exper-
imental profiles and the lines are the results of the
transport simulation. In (c) the diffusion is the sum of
aneoclassical D,,, and an anomalous D, term. In the
barrier transport is neoclassical and the peaking factor
Uneo/D is large and inward. Ni density increases more
than the density of electrons and Ne. Discharge 51976
featured I, = 2.5 MA, By = 2.5 T, (n.) =~ 2.0 X
1019 m’3, TeO ~ 8 kCV, PNBI =17 MW, and PICRH:
4 MW. From Ref. 97.
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Transport is more convective for Ni (Fig. 29d), and
the peaking of Ni is more pronounced than that of
Ne (Figs. 29e and 29f). The simulation of the impurity
density profile evolution, which assumes a dominant
neoclassical transport, is qualitative only for Ni (Fig. 29f)
and underestimates the experimental peaking by 30%.
The discrepancy reflects the uncertainties in the choice
of D, and in the measured profiles, which are critical for
the neoclassical transport description.®’

In weak positive shear ITBs instead Ne does not
accumulate and its convection is outward.”® In some cases,
magnetohydrodynamic (MHD) events in the core flatten
the radial profile of the metallic impurity. Accumulation
of Ni and weak peaking of C are found in monotonic
shear discharges with a strong ITB.

111.C.3. Impurity Transport in Standard H-Modes
and Hybrid Scenarios

In H-modes the strength of the main gas puff was
found to control the extent to which noble gas impurities
penetrate and redistribute inside the main plasma, open-
ing perspectives for impurity control in a reactor.”® The
latter are contained near the separatrix in discharges with
a relatively strong level of main gas puffing, whereas
reducing the main gas puffing below a certain level leads
instead to impurity accumulation in the core, presumably
due to the change of the sign of the neoclassical convec-
tive velocity for impurities from positive to negative within
the edge transport barrier (ETB). A systematic study in a
wide variety of standard H-modes and hybrid scenarios
has shown that intrinsic carbon impurity profiles remain
flat or slightly hollow inside r/a < 0.7, irrespective of the
peaking of the electron (and hence main ion) profiles.5°

In JET, investigations of the impurity transport in
hybrid scenarios have been carried out by puffing mix-
tures of Ne and Ar (Ref. 100). No signs of significant
accumulation were found, although Ar features an in-
ward pinch at midradius. Figure 30 shows an example of
the results of transport analysis of Ar and Ne based on
absolute value data from CXRS, soft X rays, and emis-
sion spectral lines. Diffusion and convection of Ar and
Ne are anomalous, although convection can be close to
the neoclassical values at the edge. An intermittent, slow
sawtooth mode present in all hybrid scenarios examined
appears to be responsible for the confinement reduction
of the impurities near r/a ~ 0.3. A scan of the plasma
triangularity and of p* (the Larmor radius normalized to
the temperature logarithmic gradient) has shown a change
from outward to inward convection at the edge when
increasing triangularity for both low and high p*, with-
out leading to impurity accumulation, however.

With impurities in ITER ranging from He to W, in-
vestigating the charge dependence on impurity has been
a priority in the JET experimental program. By injecting
gases into the same discharges using the gas puff system
and Ni using LBO (Refs. 100 and 101), it has been pos-
VOL. 53
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Fig. 30. D andv for Ne and Ar in JET pulse 60932 (1, =2 MA,
Br=24T,{n,) ~3.1x10"Ym3 T,, ~ 7 keV, and
Png1 = 15 MW) in the hybrid scenario. From Ref. 100.

sible to evaluate the Z dependence of impurity transport
in various plasma conditions. Figure 31 shows the impu-
rity peaking factor —Rv/D at r/a = 0.55 in an ELMy
H-mode discharge (JET pulse 66134, 1, = 1.5 MA, By =
3T, <I’le> ~3 X 10" m’3, TeO ~ 4.5 keV, PNBI =8 MW,
and Picry = 2 MW) for C, Ne, Ar, and Ni (closed
circles). The latter three have peaked profiles whereas
for intrinsic carbon Vn./n. is positive at midradius,
corresponding to slightly hollow carbon profiles. In
the core, inside r/a ~ 0.2, the measured gradients have
a strong dependence on the impurity charge.!! Fig-
ure 31 also shows the anomalous transport component
after subtraction of the neoclassical coefficients (open
circles), compared at midradius with the results from
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Fig. 31. Impurity peaking factor at r/a = 0.55 for four impu-
rities from experiment (closed circles), after subtrac-
tion of the neoclassical transport coefficients (open
circles) and linear gyrokinetic calculations (dia-
monds). From Ref. 101.

quasi-linear gyrokinetic calculation [GS2 (Ref. 38), dia-
monds].!%1:102 The values of —Rv/D obtained only from
neoclassical theory are in the range 18 to 65 (not shown),
far above the experimental ones. They rise with Z. The
turbulence-driven impurity peaking factors, inferred after
subtraction of the neoclassical part (open circles), are of
the same sign as the predictions but significantly smaller
than predicted by GS2. Also, helium is calculated to have
an outward pinch, i.e., —v/D < 0, as a result of outward
thermodiffusion, as shown in Fig. 31. An experimental
confirmation that v/D > 0 for He is still outstanding at
the time of writing. It would offer a considerable opera-
tional advantage for a reactor in terms of He pumping
requirements.

1I1.C.4. Effect of ICRH on Impurity Transport

Ar seeding has been used on JET to contrast the
degradation of confinement with increasing densities typ-
ical of ELMy H-mode plasmas and to explore the feasi-
bility of a radiative boundary.!%3-1% In high-collisionality
(ver = 1), high-triangularity H-mode discharges, it has
been found that approximately 2 MW of centrally depos-
ited ICRH power in addition to about 12 MW of NBI
heating flatten the electron density profile and reduce the
inward pinch convection of Ar typical of pure NBI-heated
H-mode plasmas (see Fig. 32) (Refs. 106 and 107).

In other papers®®19® the expelling capability of cen-
trally deposited ICRH has been associated with the in-
herent control of the central g profile.
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Fig. 32. D and v values for three JET Ar-seeded discharges:
52136 (1,=2.5MA,Br=2.5T,{(n,) ~7.5X10" m 3,
and T,y ~ 3.5 keV) with NBI only (Pyp; = 12 MW);
53015 (1,=2.5MA,Br=2.5T,{(n,) ~6.5X 10 m~3,
Tg() ~35 keV, PNBI =12 MW, and PICRH =2 MW),
and 53548 (I, = 2.5 MA, Br = 2.5 T, {(n,) = 9 X
1019 m73, TeO ~3 keV, PNBI =14 MW, and PICRH =
2 MW) (high triangularity) with additional 2 MW of
ICHR deposited in the center. Note the dramatic change
in the convection!?7 in the discharges with additional
ICRH.

The effect of ICRH has been investigated in some
detail through the analysis of the behavior of nickel in-
jected via LBO in L-mode and H-mode JET discharges at
ITER-relevant collisionality'*® (v, = 0.1). In dis-
charges with By = 3.25T, I, = 1.6 to 1.8 MA, and 12 to
14 MW of NBI power, ICRH heating applied in mode
conversion to heat the electrons or in minority heating to
heat the ions systematically produced opposite effects on
nickel transport, yielding flat or slightly hollow nickel
density profiles in the case of mode conversion and peaked
nickel density profiles in the case of minority heating. In
the minority heating discharges, the diffusion coefficient
in the plasma center is low, close to the neoclassical
value, and the pinch velocity is inward throughout the
radius. By contrast, with mode conversion heating, the
central Ni diffusivity is higher than that of the neoclas-
sical and the pinch velocity is slightly outward or nearly
zero as shown in Fig. 33.

The curvature pinch and thermodiffusion already
introduced in Sec. III.B (with 7, replaced by 7. in the
thermodiffusion term) also affect impurities, with the
important difference that thermodiffusive impurity
pinches are opposite in sign to those affecting electrons,
FUSION SCIENCE AND TECHNOLOGY
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Fig. 33. Comparison of nickel transport coefficients in JET discharges with additional rf heating in mode conversion (MC-blue,
58149,1,=1.8 MA, By =3.3T,(n,) ~2 X 10" m ™3, T,o =~ 6.5 keV, Pxp; = 15 MW, and Picry = 5 MW), featuring small
or outward convection, and minority heating (MH-pink, 58144, I, = 1.8 MA, By = 3.3 T, (n,) ~ 2 X 10" m™3, T,y =
6.5 keV, Pnpp = 15 MW, and Picry = 5 MW) with inward convection. Shading indicates the regions of the parameters
space yield equally acceptable reconstructions of the experimental data. The neoclassical transport parameters are also

shown. From Ref. 109. (Color online)

and they decrease with Z. A recently identified third
effect is connected with the parallel compression of
parallel velocity fluctuations produced along the field
lines by the fluctuating electrostatic potential. This mech-
anism drives a pinch proportional to charge and in-
versely proportional to the ion mass, with a sign opposite
to that of ion thermodiffusion.''® The parametric de-
pendence of impurity transport has been studied in
Refs. 100, 109, and 110 with linear gyrokinetic calcu-
lations by means of the GS2 code.®® In particular, it
has been shown that when there is TEM turbulence,
as occurs in the presence of dominant electron heating,
the term driven by fluctuation of the parallel veloci-
ties can produce an outward pinch large enough to
overcome the opposite thermodiffusion. A combina-
tion of all three mechanisms is proposed as an ex-
planation for the differences of behavior in Fig. 33
(Ref. 109), balancing each other in the case of mode
conversion.

I11.D. Conclusions

One of the important contributions of JET in the area
of particle transport is the accumulation of evidence for
particle pinches, leading to the expectation of moder-
ately peaked density profiles and significantly increased
fusion power in ITER (compared to a flat profile) for a
VOL. 53
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given average density and stored energy. Peaked density
profiles, however, raise the issue of accumulation of im-
purities in the core, where particle and impurity transport
are often close to neoclassical. In these conditions peak-
ing of medium- and high-Z impurity profiles is observed
when the electron density profile is peaked, such as in
ordinary H-mode discharges and in discharges with in-
ternal transport barriers. Documentation of transport de-
pendence on Z up to Ni and Mo shows that extrapolation
to elements as heavy as tungsten is unfavorable unless
turbulent transport dominates. Enhanced core transport
by central ICRH has become a regular tool for preventing
Ar accumulation in Ar-seeded plasmas at high collision-
ality. Ni accumulation is also prevented in JET H-modes
at low triangularity plasmas at ITER-relevant collision-
ality using ICRH applied mainly to electrons. This is a
very promising observation since the ITER heating sys-
tems as well as fusion alpha particles will mainly heat the
electrons.

Future work at JET is aimed at a better understand-
ing of the complex mechanisms of turbulent driven
particle and impurity transport by means of detailed
comparisons between theory and experiments. Special
regard will be given to the role of the heating channels
and collisionality in order to provide more reliable means
to predict and control the impurity behavior in reactor
plasma.
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IV. CORE MOMENTUM TRANSPORT STUDIES IN JET

IV.A. Introduction

Of all the transport channels relevant to a tokamak,
the transport of momentum is the least well studied or
understood. The plasma rotation is of interest, however,
since a sheared rotation can lead to the quenching of
turbulence!!' and, hence, an improvement in confine-
ment. Such an improvement can be both moderate as
well as dramatic through the formation of a transport
barrier. For the latter phenomenon experiments indicate
that the toroidal and in particular the poloidal velocity
play important roles in the dynamics of ITBs. In addi-
tion, toroidal rotation gives stability against beta-limiting
resistive wall modes by making the stationary wall more
conducting.!'>!13 For these reasons the study of momen-
tum transport is currently an active area of research, both
theoretically as well as experimentally.

The radial force balance equation for E, and the
E X B flow shear wgxp (Ref. 34) are written as follows:

E L % B B
= —_— — U, +uv, .
" eZn; or 6.07T = . iTp
and
r d(qug /1)
@pxp = T (13)
where

Z; = charge number
n; = density
p; = pressure
vy.; = poloidal velocity of the ion species i
v4,; = toroidal velocity of the ion species i
vg = E X B velocity
q = safety factor
By = toroidal component of the magnetic field
B, = poloidal component of the magnetic field.

From these it becomes clear that both toroidal and in
particular poloidal velocities play a crucial role in affect-
ing the triggering mechanisms of the transport barriers
through £ X B flow shear.

This section reports on experimental and modeling
studies of both toroidal and poloidal momentum trans-
port on JET. The section is organized as follows: All the
analyses of toroidal rotation and toroidal momentum trans-
port are discussed in Secs. IV.B, IV.C, and IV.D, and
those of poloidal velocities in Secs. IV.E and IV.F. Sec-
tion IV.B is devoted to studies of the global toroidal
momentum and energy confinement times. The local trans-
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port analysis of momentum and ion heat diffusivities is
carried out in Sec. IV.C. Predictive transport simulations
with self-consistent treatment of toroidal momentum
transport are presented in Sec. IV.D. In Sec. IV.E the
experimental results on the measurement of the carbon
poloidal velocities in plasmas with strong ITBs are shown
and are compared with neoclassical velocities. The con-
sequences of the measured anomalous poloidal velocity
profiles applied in transport simulations are demon-
strated in Sec. IV.F. Finally, Sec. IV.G presents a sum-
mary of the results and conclusions. Not included in this
section are the flows and momentum transport within the
edge pedestal, L-H transition, and scrape-off layer (SOL).

IV.B. Global Toroidal Momentum and Energy
Confinement Times

It has been reported in several large tokamaks that
the toroidal momentum confinement time 7 is very sim-
ilar to the energy confinement time 7z (Refs. 114 and
115). This similarity, 7z /74 ~ 1, has been observed on
JET ELMy H-mode and L-mode plasmas, as illustrated
in Fig. 34a, although some deviation in the hot-ion H-mode
can be observed.!'® More recently, an analysis of a large
rotation and momentum JET database consisting of hun-
dreds of discharges (0.99 T < By < 3.56 T, 0.98 MA <
1,<3.99MA,39X10”m? <7,<282X10"m2
1.85 MW < Pypr < 21 MW, and 0 MW < Picryg <
7.45 MW) has confirmed the similarity between the en-
ergy and momentum confinement times, in particular in
high- and medium-density plasmas.''”-!!8 This is illus-
trated in Fig. 34b. Here, 74 and 7 are defined as the total
momentum content divided by the torque and total en-
ergy content divided by the total heating power, respec-
tively. There is no clear trend in the ratio of the momentum
and energy confinement times in Fig. 34b among the
different plasma operation scenarios. Still, within one
scenario, there seems to be always a trend toward higher
TE /Ty ratios at lower density.

IV.C. Analysis of Local Toroidal Momentum
and lon Heat Diffusivities

Based on the results from studies of global momen-
tum and energy confinement, one could expect to have
very similar momentum and ion heat diffusivities in to-
kamaks. However, although the global momentum and
energy confinement times would be the same, the local
diffusivities in the core plasma may well be different, in
particular because the edge momentum pedestal is often
weaker, although the knowledge of local momentum trans-
port within the pedestal is rather limited. On the other
hand, equal diffusivities P, = x,/x; = 1 (based only on
the diagonal terms in transport matrix, i.e., excluding any
pinch terms) in the plasma core were predicted a long
time ago in the early days of the ITG theory.!!"” This
assumption has been also commonly used in ITER
predictions.
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Fig. 34. (a) Momentum confinement time as a function of energy confinement time for L-mode and ELMy H-mode discharges
(crosses) and for hot-ion H-mode shots (squares) (reproduced from Ref. 116). (b) The momentum confinement time as
a function of the energy confinement time for several hundreds of shots covering several plasma operation scenarios

(reproduced from Ref. 118).

Using the momentum database, it is possible to cal-
culate the effective diffusivities and effective Prandtl num-

ber P, . = X efr/ Xiefp from

Ty
Xo.ef = VmnRw,, (14)
and
Xieff = %IT,- , (15)
where
q; = heat flux
Iy, = torque flux
wy = angular frequency

T; = ion temperature

n; = ion density
m = mass
R = major radius.

Here, the torque flux I}, includes only the NBI-driven
torque, and therefore the torque sources from intrinsic
rotation and ICRH are neglected. However, these sources
in the NBI-heated JET plasmas turn out to be very small,
as explained in detail shortly.

FUSION SCIENCE AND TECHNOLOGY

VOL. 53 MAY 2008

The relation of effective momentum diffusivity to
the ion heat diffusivity is shown in Fig. 35 for a large
number of discharges from the JET momentum database,
covering pulses from several different plasma scenarios.

100
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O Dominant ICRH

1042 Hybrid Scenario °
A |TB Scenario

@
£ 1o-
g
0.10~
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Xi et (m?/s)

Fig. 35. Effective momentum diffusivity versus effective ion
heat diffusivity for several hundred JET discharges
from several plasma operating scenarios (reproduced
from Ref. 120).
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The values of the diffusivities are averaged over the gra-
dient region at p = 0.4 to 0.7.

It is to note that P, .;r on JET is significantly smaller
than 1, the average value being around P, . = 0.25. This
number is smaller than unity, commonly used in ITER
predictions and often appearing in the ITG theory.'!” It is
important to note here that the effective diffusivities cal-
culated from the experimental data also include, besides
the diffusive terms, all the possible pinch terms, whereas
theoretical studies, such as the ones in Ref. 119, include
only the diagonal, purely diffusive terms. Since the neo-
classical ion heat diffusivity is small, typically a few
percent of the total ion heat diffusivity, around midradius
between p = 0.4 to 0.7, the ratio x4/(Xi = Xineo) 1S
within the measurement accuracy the same as the ratio
X&/Xi, although from the physics point of view, the use
of the ratio x4/(X: — Xineo) is more justified.

There are two important aspects not mentioned ear-
lier that can affect both the trends in the global confine-
ment times and the ratio of the effective momentum
diffusivity to the effective ion heat diffusivity: the role of
momentum pinch and the spontaneous or intrinsic rota-
tion. A momentum pinch velocity is indeed predicted by
theory'2!-123 (and more recently, Refs. 124, 125, and
126). With the pinch velocity included, the momentum
flux can be divided between the contributions from the
pinch velocity and diffusivity 4 rather than having only
the momentum flux, yielding the effective diffusivity
Xo.ef- Then, P, . can be significantly different from P,.
Dividing the momentum flux into the diffusive and pinch
terms, one can write the effective diffusivity as
Rv

pinch 1 )
X¢ R/L,y
where x4 is the actual momentum diffusivity, v, is the
momentum pinch velocity (negative value inward), and

Xpetf — Xo (1 + (16)

1 dv,
Lu¢> = —— d_ .
U¢ r

The ratio Rv,,cn/ x4 is defined as the pinch number. As
can be seen in Eq. (16), P, ., can be significantly differ-
ent from the Prandtl number with diffusive terms only
(P, = x4/x:) if the momentum pinch velocity is large.
However, steady-state analysis does not allow us to sep-
arate the relative weight of the diffusion and pinch terms
in the momentum flux, and therefore transient momen-
tum transport experiments are needed to study the mo-
mentum transport processes more deeply.

Very recent perturbative NBI modulation experi-
ments on JET have indeed given indications of the pres-
ence of a significant inward momentum pinch, of the
order of several meters per second.'?® This pinch term
allows for P. of around 1, consistent with theoretical
predictions, together with a low effective Prandtl num-
ber, P, .4, consistent with the steady-state database value
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Py s ~ 0.1 10 0.3. The experimental results, i.e., the high
P, value and pinch, are in good qualitative and to some
extent also in quantitative agreement with linear gyro-
kinetic simulations with the LINART code.'?’

The role of spontaneous rotation on many tokamaks
has been reported in several papers.'?~13! The magni-
tude of intrinsic or ICRH-induced toroidal rotation was
also reported recently in JET ohmic and in ICRH-heated
plasmas.'3? That paper shows that the magnitude of in-
trinsic rotation in JET ohmic plasmas (LHCD only) is
about 20 km/s in the plasma center, whereas in the data-
base of about 20 discharges with ICRH, v, in the center
varies from — 10 to +20 km/s. These numbers should be
compared with plasmas with NBI heating, in which the
range of v, in the plasma center varies typically from 200
km/s (high-density ELMy H-mode) up to 600 km/s
(strong ITBs). As a consequence, the intrinsic or sponta-
neous rotation with ohmic or ICRH-heated plasmas is
only 3 to 10% of that in NBI-heated plasmas (spontane-
ous rotation is roughly within the measurement accuracy
of the diagnostics), and thus it cannot affect the results
and trends reported in Figs. 34 and 35, provided of course
that the spontaneous rotation stays at the same level in
NBI-heated discharges as in discharges without it.

IV.D. Simulations of Toroidal Momentum Transport

Toroidal momentum transport has been studied ex-
tensively with the JETTO transport code for high- and
low-density ELMy H-mode discharges, hybrid scenario
discharges, and L-mode discharges. A version of the
Weiland model including self-consistent treatment of the
toroidal velocity has been used.!3*13* A comparison of
the toroidal velocity, ion and electron temperatures, and
ion heat diffusion coefficients between the experiment
and predictions with the new version of the Weiland model
as well as with the GLF23 transport model3%133 is
illustrated for one typical high-density ELMy H-mode
discharge in Fig. 36. The turbulent modes for this high-
density, high-collisionality discharge are expected to be
completely ITG dominant, and this is also confirmed
with the linear gyrokinetic flux tube code KINEZERO
(Ref. 31). The boundary conditions are tried to match at
p = 0.8, although the simulation range expands up to the
separatrix, since the models often have numerical prob-
lems close to the plasma edge. The agreement between
the predictions with both models and the experimental
profiles is very good and of the same accuracy as the
predictions for the temperatures. This kind of good agree-
ment of v, and T; between the predictions and experi-
ments is generally true for other transport simulations of
high-density ELMy H-mode discharges existing in the
JET momentum database, with the root-mean-square (rms)
error in v, being on average 14% among the six simu-
lated high-density shots with the Weiland model. The
rms error for 7; is about 12% in the same simulations. A
detailed analysis of the simulations with the errors can be
FUSION SCIENCE AND TECHNOLOGY
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Fig. 36. Experimental values (solid curves) and values pre-
dicted by GLF23 (dotted curves) and Weiland model
(dashed curves) of v, (top frame), 7; (second frame),
and 7, (third frame) for pulse 57865 (By =2.7T, I, =
2.5 MA, n,o = 102° m—3, and Pxg1 = 17 MW). The
bottom frame shows y, and y; predicted by the GLF23
(blue solid and dotted curves) and by the Weiland
model (red dashed-dotted and dashed curves) (repro-
duced from Ref. 136). (Color online)

found in Ref. 134. In addition, although in the simulation
shown in Fig. 36 the momentum pinch is excluded, the
simulations in Ref. 134 include it. Both models also pre-
dict that the ratio of y4/x; is around 0.2 to 0.5 in the
gradient region, consistent with interpretive local trans-
port analysis of the diffusivities presented in Sec. IV.C.
This ratio is clearly smaller than 1, the value derived
from the early ITG without taking into account the full
toroidal geometry and trapped particles,'3 with the main
differences coming from the inclusion of toroidicity and
trapping. A general conclusion from the transport simu-
lations is that the models predict the rotation and tem-
peratures for high-density JET plasmas as well as or better
than those for the low-density ones.

IV.E. Experimental Results of Poloidal Velocities in ITB
Plasmas on JET

In general, the poloidal velocity is assumed to be
neoclassical in tokamaks. However, recent JET results
indicate that this assumption is not correct in plasmas
with ITBs. Similar results with vy exceeding the standard
neoclassical estimate have been also found in TFTR
(Ref. 137) and DIII-D (Ref. 138). The experimental ion
temperature, density, and toroidal and poloidal velocities
are shown in Fig. 37 for a typical JET ITB discharge at
FUSION SCIENCE AND TECHNOLOGY
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four instants. The poloidal velocities can reach values of
up to vy = —50 km/s within the fully developed ITB,
whereas before ITB formation they stay around 5 to 10
km/s. A negative value of vy is defined to flow in the ion
diamagnetic drift direction. The comparison between car-
bon poloidal velocity v,y and the neoclassical predictions
for the carbon ion velocity calculated with the neoclas-
sical transport code NCLASS (Ref. 139) is shown in
Fig. 38 (left frames) for two JET discharges. The mea-
sured carbon vy is an order of magnitude larger within the
ITB than its neoclassical estimate for both cases. Even
the sign of the measured carbon vy is different from the
neoclassical one in some radial regions, and furthermore,
it can change sign within the ITB. Similar results are
obtained for other JET ITB discharges.'*® Note that for
this discharge, the maximum ion temperature gradient
length is about twice the ion poloidal Larmor radius,
indicating that the neoclassical theory begins to be at the
verge of its validity, although it still satisfies the standard
validity condition. Another point worth mentioning here
is that because of the observed large poloidal rotation,
the possibility of a strong electric field should be in-
cluded in the orderings for the equilibrium, and hence
mainly an issue of self-consistency in the standard neo-
classical treatment. Therefore, when the applicability of
the standard neoclassical theory becomes marginal, as is
the case here, then it has to be kept in mind that the real
neoclassical transport and the level of neoclassical trans-
port predicted by the standard neoclassical theory might
differ significantly.

IV.F. Transport Modeling of ITB Plasmas
Using the Experimental v,

As shown later in Sec. V, predicting the dynamics of
the I'TBs has turned out to be one of the biggest chal-
lenges for transport models. In particular, the first-
principle transport models often fail to predict the onset
of the ITB or the correct radial location.'*! There are
probably several reasons for difficulties in reproducing
ITBs, but one of the reasons, not taken into account ear-
lier, is that past transport simulations have always as-
sumed that the poloidal rotation velocity is neoclassical.
As shown above, this is not a good assumption, and there-
fore the E X B flow shear used in the transport simula-
tions has not been appropriate.

To illustrate the changes in the modeling results due
to the different source of vy, two predictive simulations,
with both the Weiland transport model and GLF23, are
compared in Fig. 39 for JET ITB discharge 59193. The
only difference between the two simulations with both
models is that the first ones (blue dotted for the Weiland
model and green long-dashed for GLF23) use the neo-
classical poloidal velocity from NCLASS, whereas the
second ones (magenta short-dashed for the Weiland model
and yellow dashed-dotted for GLF23) employ the exper-
imentally measured vy in the calculation of E, and wgxp
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Fig. 37. Toroidal and poloidal rotation, ion temperature, and electron density profiles at four instants for a typical JET ITB

discharge (By = 3.45 T, I, = 3 MA, n,o = 4 X 10" m~

3, and Png; = 21 MW). The yellow shaded region indicates the

location of the ITB (reproduced from Ref. 140). (Color online)

flow shearing rate (color online). In all the cases, the
simulations are run from r = 5.0 s until 7 = 6.8 s, thus
covering the phase without an ITB roughly before r=6s,
toward the ITB formation phase, and until the ITB sus-
tainment phase. All the initial conditions and boundary
conditions on top of the H-mode pedestal are taken from
the experimental data from pulse 59193 at = 5.0 s. The
g profile is rather flat in the core region (slightly reversed
in the very center, well inward from the location of the
ITB), and thus the negative magnetic shear does not act
as the main mechanism to form the ITB for this pulse.
Instead, the ¢ = 2 surface is believed to play a significant
role in triggering the ITB for this discharge, as for many
other JET ITB pulses.'4>143

The Weiland model and GLF23 correctly predict no
ITB in the ion and electron temperature profiles in the
phase before the ITB has formed with both options of
poloidal velocity. When the experimental poloidal rota-
tion is used, the Weiland model predicts the ion ITB at
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just the right radial location and the right instant and with
roughly the same ITB strength as measured in the exper-
iments. The same is also true for GLF23. On the other
hand, otherwise identical simulations, except with v, from
NCLASS instead of the experimental one, does not ex-
hibit any sign of an ITB in either case, and the agreement
in 7; and 7, is much worse. Worth noting are the also
large differences in E, as a strong well appears at the
location of the ITB with measured vy, instead of a gentle
hill with neoclassical vg. Furthermore, the wgx g shearing
rates are locally larger by an order of magnitude, thanks
to the deep E, well with measured poloidal velocity, and
exceed significantly the growth rates. This clearly dem-
onstrates that one of biggest deficits in transport simula-
tions of ITB plasmas has been the lack of knowledge of
vy, further leading to the wrong estimate for the wgxp
shearing rates. However, using the measured poloidal
velocities does not necessarily improve our predictive
capabilities to model ITBs, although now when imposing
FUSION SCIENCE AND TECHNOLOGY
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Fig. 38. Shots 58094 (By = 3.45 T, I, =3 MA, n,=4X 10" m—3, and Pygr = 21 MW) and 61352 (B =3.2 T, I,=2.5MA,
neo = 4.5 X 10" m™3, and Pypr = 18 MW). (a) and (b) Comparison of measured carbon vy profiles with neoclassical
predictions by NCLASS. (c) and (d) E, profiles calculated using the force balance equation, with the measured (stars) and
the NCLASS vy (line) results (reproduced from Ref. 140).

more experimental data, we can form ITBs. To genuinely
improve our predictive capabilities, one should also be
able to predict the increase in vy self-consistently, rather
than using the experimentally measured data. An addi-
tional issue to be clarified in future is to understand the
link between the integer or the rational surfaces of the ¢
profile, which are known to play arole in ITB triggering,
and the spin-up of vy and the onset of the ITB. Certainly
there are some causality chains between these three events.
However, the standard versions of the two models do not
have any role from the integer values of ¢, and for them
to become self-consistent and fully predictive, more de-
velopment of the models is needed.
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IV.G. Summary and Conclusions

The toroidal momentum database has confirmed the
observation that 7/74 ~ 1 in all the different plasma
scenarios employed on JET. Still, it is worth noting that
the scatter among the different discharges is significant,
ranging roughly from 7z /74~ 0.6 up to 75 /74~ 1.5. On
the other hand, locally in the gradient region the effective
Prandtl number is on average X o;/ X =~ 0.3, deter-
mined from the local interpretive transport analysis. Again,
there is a large scatter among the discharges, but cer-
tainly one can conclude easily that in the core plasma on
JET tokamak, momentum is better confined than energy.
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Fig. 39. Predictions for the ion temperature, radial electric field and wgx g shearing rate for shot 59193 (1, = 1.5 MA, By =3.1T,
Pngr = 14 MW, and n,o = 2.8 X 10'° m™3) before the ion ITB formation, at t = 5.7 s (left frame), and after it, at t = 6.2 s
(right frame), using both the Weiland model and GLF23 with either measured or neoclassical poloidal velocity (repro-

duced from Ref. 136).

Furthermore, there is a discrepancy in the momentum
and ion heat transport between the global and local trans-
port;i.e., while 75 /T4~ 1, X o/ Xi,efr = 0.3, and this can
be understood by the fact that the momentum transport at
the pedestal is larger than that of energy.''®

A detailed momentum transport analysis from the
perturbative torque modulation experiments on JET have
shown that the Prandtl number based on diffusive terms
only is close to x,/x; = 1. This value, combined with the
significant inward pinch velocity found, results in a low
effective Prandtl number x4 o5/ Xi o = 0.3, yielding the
core momentum confinement being better than that of
energy. These experimental results are in good qualita-
tive and to some extent also in quantitative agreement
with linear gyrokinetic simulations, which typically pre-
dict the ratio roughly x,/x; = 0.7 (Refs. 124 and 144).

The second point that may affect the fact that the
effective Prandtl number is so low is the magnitude of the
intrinsic toroidal rotation. However, the magnitude of
intrinsic rotation in JET ohmic plasmas (LHCD only) is
about 20 km/s in the plasma center, whereas in the data-
base of about 20 discharges with ICRH, v, in the center
varies from —10 to +20 km/s (Ref. 132). Therefore, the
intrinsic or spontaneous rotation with ohmic or ICRH
plasmas is only 3 to 10% of that in NBI-heated plasmas,
and thus it cannot affect the global momentum confine-
ment time or the momentum diffusivities and trends re-
ported in this paper. To extrapolate the toroidal velocities
in the ITER core plasma, a reassessment is needed since
the standard assumption 4 /x; =1 is not justified from
the JET results. The self-consistent transport simulations
of toroidal momentum with the Weiland model and GLF23
predict vy roughly with the same accuracy as 7;, with the
agreement being better for high-density plasmas.

Anomalous carbon poloidal velocities, exceeding the
neoclassical estimate by a factor of 10, are measured
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within the ITB on JET (Ref. 140). This changes the cal-
culated E, and wgxp shearing rates significantly and im-
proves the success of first-principle transport models in
predicting the dynamics of the ITBs. Both the Weiland
model and GLF23 reproduce the onset, location, and
strength of the ITB well when the experimental poloidal
velocity is used, whereas they do not predict the forma-
tion of the ITB using the neoclassical poloidal velocity in
time-dependent transport simulations. Consequently, the
use of neoclassical poloidal velocity in the calculation of
the £ X B is one of the major reasons that the first-
principle transport models have not been successful in
reproducing the dynamics of the ITBs. It should be noted
here, however, that neoclassical theory may not be fully
valid under these kinds of plasma conditions, and there-
fore the neoclassical transport predicted using an equi-
librium treatment that would take into account the
modifications due to the large radial electric field could
give significantly different results from that of the stan-
dard neoclassical theory. Major unresolved issues are the
causality between anomalous vy, the onset of the ITB,
and the appearance of the ¢q,;, = integer surface, as well
as the sign of vy, since neither the experiments nor the
simulations reveal any clear parametric dependence so
far. More work is needed both on the experimental front
and on the modeling side to solve the causality question
and fully understand the reason for the spin-up of the vy
within the ITB.

V. PHYSICS OF ITBs ON JET

V.A. Introduction

Since the early observation of “optimized shear” plas-
mas on JET (Ref. 145), a tremendous effort has been
FUSION SCIENCE AND TECHNOLOGY
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undertaken to understand the physics of ITBs. The ex-
perimental progress in advanced tokamak scenarios in
JET is reported separately in Chapter 4 of this issue!46
and also was reviewed earlier.'*” ITBs can be defined as
regions of the core plasma in which turbulent transport is
reduced or quenched. Triggering and sustainment of ITBs
are complex issues and are known to depend on a large
number of factors. However, it is widely admitted that
two ingredients play an important role in the dynamics of
ITBs: the local magnetic shear, which depends on the
profile of the safety factor together with the Shafranov
shift (defined as the difference between the centers of the
last magnetic flux surface and the magnetic flux surface
at a given p) and the E X B flow shear. Even if the
analysis is restricted to these two elements, the overall
situation remains difficult to understand in detail, and
several issues need to be resolved.

The first issue deals with the relative role of magnetic
shear and flow shear. If the flow shear is the main trigger
mechanism, the transition is expected to be of first order;
i.e., a jump of temperature gradient is expected above a
critical thermal flux. This implies that the transition should
occur above a power threshold, and also that some hys-
teresis is expected. If magnetic shear is the main ingredi-
ent, one may expect a second-order transition, i.e., no
abrupt discontinuity of temperature gradient at thresh-
old. In principle, neither power threshold nor hysteresis
are expected in this case. Of course, reality is more com-
plex since some power is needed to shape a current pro-
file. Still, this classification is quite useful, and the
understanding of the mechanisms that underlie the tran-
sition is certainly a central issue, which can be addressed
by analyzing the JET database. This analysis confirms that
the amount of £ X B flow shear needed to trigger an ITB
depends on the magnetic shear. However, an analysis of
the database cannot remove the ambiguity on the nature
of the transition. It turns out that heat modulation exper-
iments provide a powerful tool to investigate this point.

A related open issue is the role of magnetic surfaces
associated with low-order rational values of the mini-
mum safety factor. Experiments at JET have clearly shown
that these surfaces often play an important role when an
ITB is being formed. This puzzling behavior raises a
fundamental difficulty, since most theoretical models do
not predict a special role of these surfaces. This question
may be related to another surprising observation, namely,
values of the poloidal flow well above the values pre-
dicted by neoclassical theory.

The third issue is related to the location and width of
the barrier. Does the barrier appear at zero or negative
magnetic shear? Does a barrier cover the whole central
region, or does it exhibit a finite radial width? Again,
the database provides some elements of response, but
error bars do not allow a definitive answer. Turbulence
measurements and heat modulations experiments have
provided invaluable information, although somewhat con-
tradictory at first sight.
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The interpretation and preparation of future experi-
ments, but also the extrapolation of the present perfor-
mances to next-step devices such as ITER, require the
development and validation of accurate modeling tools,
ranging from 1-D transport predictive modeling to five-
dimensional turbulence simulations. The JET profile data-
base, which covers a large variety of steady and transient
regimes, has been used extensively to test these models.
Again, dedicated experiments have proved their useful-
ness since their analysis usually leads to a deeper explo-
ration of the model capabilities.

In summary, this section aims to seek an answer to
the following open issues, listed also in a recent review
paper'43:

1. Which are dominant mechanisms for ITB forma-
tion? Can the dominant term(s) be different with differ-
ent plasma parameters, such as By, P;,, g, etc.? Can the
dominant term be different for different transport chan-
nels? Does the onset of an ITB have a characteristic of a
first- or second-order transition?

2. What is the role of the integer and rational sur-
faces of the g profile? Is it needed to trigger a barrier?
Does the minimum value of ¢ (s = 0) have a special role?

3. How is the turbulence reduced; is a full suppres-
sion needed or can partial suppression lead to an ITB?
Does the suppression of turbulence extend radially from
the footpoint of the ITB up to the center of the plasma, or
is it limited to a narrow layer around the ITB?

4. Why do the theory-based transport models strug-
gle so much in predicting the time dynamics of the ITBs?

This section is organized as follows: General consid-
erations on I'TB formation and sustainment are presented
in Sec. V.B. Experiments dedicated to understanding the
physics of ITBs are presented in Sec. V.C. Predictive mod-
eling and turbulence simulations are reviewed in Secs. V.D
and V.E. A conclusion follows in Sec. V.F.

V.B. General Considerations on Barrier Formation
and Sustainment

V.B.1. Microstability and Criterion for Triggering ITBs

The explanation for the formation and sustainment
of ITBs is usually based on a mixture of linear stabiliza-
tion and turbulence quench due to flow shear stabiliza-
tion (in its linear or nonlinear form). The local magnetic
shear is often considered to be the main reason for im-
proved stability. Two mechanisms have been identified
for magnetic shear stabilization. First, the interchange
drive decreases with magnetic shear. Interchange modes
ultimately become stable at negative magnetic shear.'#’
What counts is the local magnetic shear, which depends
on the Shafranov shift of magnetic surfaces. A simple
rule states that the local magnetic shear on the low-field
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side is of the order of s-a, where s = rdq/qdr (q is the
safety factor) and @ = —g?Rdp/dr, hence the name «
stabilization (plasma beta defined as 8 = 2ugn. (T, +
T.)/B?). Second, a rarefaction of resonant surfaces oc-
curs at zero magnetic shear and may lead to stabiliza-
tion.'>® However, the latter mechanism is still subject to
controversy, since it requires very low values of the to-
roidal wave numbers to be effective.!>! Other parameters
may play arole, such as the impurity content, the ratio of
the ion to electron temperature, or the density gradient.
The impurity content has a diluting effect (fast particles
also have a similar effect) that influences the effective
pressure gradient in the interchange drive, whereas in-
creasing the ratio 7;/T, increases the threshold for ITG
modes, leading to the favorable hot-ion regime. The ef-
fect of density gradient is more subtle. For pure ITG
modes, density peaking is stabilizing. On the other hand,
TEMs are destabilized by the density gradient. An im-
portant parameter that controls the transition from one
regime to the other is the collisionality. For high collision
frequencies, ITG modes are dominant, whereas in weakly
collisional regimes, TEMs are usually unstable.

A common way to assess the overall stability is to
compare the E X B shear rate wgxp to a maximum linear
growth rate y;;, (Refs. 152, 153, and 154). Full stabiliza-
tion is often considered to be reached when wgxz > Vi,
This simple criterion has been widely used to assess the
formation of barriers. In particular, two operational cri-
teria can be built on the basis of this simple rule. Assum-
ing for practical reasons that the electron temperature
gradient length L; is a good estimate of all gradient
lengths, the linear growth rate vy, of ITG/TEM modes
can be approximated as in Eq. (17) and the diamagnetic
part of the E X B shearing rate in Eq. (18):

o (17)
Yiin RLn,
and
pSCS
Wpxp — L_zre > (18)

where c, is the sound speed. The condition wgxp > v/,
then transforms into a threshold for

R

E Ps

(19)
For reason of simplicity, this criterion is written as
pr=—>p5 . (20)

In principle, p7. . depends on the magnetic shear a and
the Mach number (which comes into play via the contri-
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bution of the toroidal velocity to the flow shear) and
possibly on the density gradient and impurity content.
In practice, an analysis of the JET database shows that
this criterion works well when choosing a constant value
pr,. = 0.014 (Ref. 155). Another criterion corresponds
to a loss of “stiffness.” Stiffness means here that the
temperature gradient length (for ions or electrons) is close
to a threshold value R/Ly = R/Lz,, . A natural definition
of an ITB then corresponds to a region in which the
threshold is well above the L-mode value. This leads to a
criterion of the form R/Ly > R/Ly, . for the ITB forma-
tion. This rule can be written as a condition on the ratio
of core-to-edge temperature. A large class of ion ITBs
was found to satisfy this criterion using a critical value
R/L; ~~ 6 (Ref. 53). It should be noted here that these
kinds of criteria can be considered only as working hy-
potheses for practical purposes to detect experimentally
the existence, location, and strength of the ITBs. To re-
ally verify experimentally the existence of the ITB, one
must study, for example, the heat wave propagation across
the layer of the “expected” ITB and, from the damping of
the heat wave, to deduce ultimately whether an ITB ex-
ists or not.

The question of a power threshold to trigger an ITB
is not an easy task to answer. The ITBs can be formed in
a variety of plasma conditions; they can appear at various
plasma radii, on various plasma profiles at various plasma
power levels, and with various plasma heating systems,
different g profiles, etc.!® For example, JET experi-
ments with a monotonic g profile (positive magnetic shear)
indicated that the power threshold needed to form an ITB
increases with increasing toroidal magnetic field By
(Ref. 156). However, this scaling dependence on By dis-
appears if the ¢ profile is tailored, for example, with
LHCD, to be reversed (negative magnetic shear). Con-
sequently, it is unlikely that a universal power threshold,
similar to that of the L-H transition, which is based only
on global plasma parameters, can be found for ITB for-
mation. In fact, since the ITB formation is clearly linked
to the local values of parameters such as magnetic shear,
q profile, E X B velocity shear, etc., a threshold to form
an ITB depends on the local physics parameters rather
than on the level of heating power. In addition, it was
found on JET that the minimum power level required to
observe a local transport reduction (weak ITB) is often
significantly lower than the value at which steep pressure
gradients (strong ITB) can be achieved.'>® Furthermore,
the actual trigger mechanism of the ITB may well be
different from the mechanisms governing the subsequent
sustainment and dynamics of the ITB. There is strong
experimental evidence on JET that the role of integer
surfaces of the g profile in triggering ITBs is significant,
both in positive magnetic shear'4? and negative magnetic
shear at g, (Ref. 143), whereas their impact on ITBs is
less clear after the triggering event. Very recently, it was
reported that the triggering event of the ITB actually
occurs just before, typically a few tens of milliseconds,
FUSION SCIENCE AND TECHNOLOGY
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¢min reaches the rational surface m/ng (Ref. 157). This
result is based on the fact that the steepening of the tem-
perature gradients is observed to occur before the appear-
ance of the Alfvén cascades. The role of integer and
rational surfaces of ¢ is discussed in more detail in
Sec. V.E. Moreover, the ITBs can be categorized into
strong ITBs, in which turbulence is fully suppressed and
the transport is reduced to neoclassical levels, and weak
ITBs, in which turbulence is partly suppressed and trans-
port stays above the neoclassical level but below the
level without the ITB.

V.B.2. Local Stability Analysis

The criteria described above are quite useful for prac-
tical purposes, in particular, for real-time control of fast
analysis of data.'3®!15° However, a more detailed and local
analysis is needed to better understand the physics at
work. This can be done by making a more accurate use of
the criterion wgxg > Vi, Several fluid and kinetic sta-
bility codes are currently used in JET to calculate the
growth rates of ITG/TEM modes and the flow shear
rate.'0-163 Fluid linear growth rates are usually esti-
mated by using the Weiland'®* and Rogister'®> models.
Kinetic growth rates require numerical tools such as
the KINEZERO (Ref. 31) or GS2 (Ref. 38) codes. The
E X B velocity shear is calculated from the radial force
balance equation using the neoclassical estimate for the
poloidal rotation velocity from the NCLASS code,'*
or by using the expression given by Ref. 166. An exam-
ple is given in Fig. 40, where these models are compared
on JET pulse 51976 (details can be found in Ref. 167).
Most models do predict stabilization, due to negative (or
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weak) magnetic shear and/or the Shafranov shift to trig-
ger the barrier. Here and usually when there is negative
magnetic shear, the Weiland model predicts a growth rate
that remains larger than the flow shear rate. This model
is being updated to better account for magnetic shear
stabilization, and the progress made is reported in
Sec. V.D.2.

The JET database has been analyzed using a system-
atic stability analysis. A linear empirical threshold con-
dition shown in Eq. (21) has been found for the onset of
the ion ITBs using the JET positive magnetic shear ITB
database'%8:

WExp

Yiin

> 0.68s — 0.095 , (21)

where

s = magnetic shear

wgxp = flow shearing rate

Yiin = approximate value of the linear growth rate
of the ion temperature gradient instability.

This empirical threshold condition for the ITB forma-
tion provides a clear indication of the strong correlation
of the magnetic shear and the £ X B flow shearing rate
when the ITB forms. The database consists of ITB dis-
charges from a wide range of plasma parameters; the
toroidal magnetic field varies between 1.8 and 4.0 T,
the plasma current between 1.8 and 3.5 MA, the auxil-
iary heating power between 10 and 30 MW, and the
diamagnetic energy between 3 and 12 MJ. The linear

6 JET Pulse No: 51976 at t = 6.0s

0 | | | l 0

JET Pulse No: 51976 at t = 6.0s

JET Pulse No: 51976 at t = 6.0s

— Weiland
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Fig. 40. Profiles of safety factor and ion temperature, linear growth rates, and the velocity shear rate of JET pulse 51976 (I, = 2.5
MA, By =3.45T, Pypr = 21 MW, and 1,9 = 3.5 X 10'” m~3) at t = 6 s. The vertical line shows the radial footpoint of

the ITB (reproduced from Ref. 167).
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Fig. 41. E X B flow shearing rate divided by an estimate of the
ITG growth rate versus magnetic shear at the location
and onset of the ITB, yielding the empirical ITB thresh-
old condition (reproduced from Ref. 168).

empirical threshold condition is illustrated in Fig. 41.
The scatter plot exhibits a linear trend, indicating that a
linear regression is reasonable. The estimated regres-
sion line takes the form wgxpz/yi, = 0.68s — 0.095 in
Fig. 41.

The trend to need larger wgxp shearing rates with
increasing magnetic shear is consistent with other, sim-
ilar works.!6%170 This is also predicted by theory since
the growth rates of I'TGs and TEMs are expected to in-
crease with magnetic shear, unless the magnetic shear
reaches large values (s = 1), after which the growth
rates start to decrease again.'>?> However, at the foot-
point of the ITB, the value of the magnetic shear is
always smaller than 1 in JET, as shown in Fig. 41. This
empirical threshold condition does not reveal whether a
separate trigger, such as a rational surface of ¢, is needed
for the ITB to form. The triggering event of an ITB
may be different and separate from the mechanisms that
after triggering govern the physics of the ITBs (Refs. 142
and 143). In this context it would mean that the rational
surfaces of the g profile act as the triggering mecha-
nism for the ITB, whereas all or some of the other
aforementioned mechanisms take over to govern the
physics (existence, expansion, shrinkage, strength, etc.)
of the ITB after the triggering event. The further evolu-
tion of the ITB, at least in the case of strong ITBs,
probably has some positive feed loop in some of the
mechanisms to further help in suppressing the instabil-
ities and strengthening the ITB.
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V.B.3. First- and Second-Order Transitions and
Consequences for the Power Threshold

The transition types of transport barriers (both ITBs
and ETBs) are traditionally classified into first- and
second-order transitions. A first-order transition is char-
acterized by a sudden change of gradient, which occurs
when the control parameter (usually the heat flux) crosses
a threshold. On the other hand, in the second-order tran-
sition the temperature gradient varies continuously, and
there is no obvious power threshold (or heat flux thresh-
old); for example, the electron ITB forms if just the
magnetic shear is negative enough, even at minimal
power level. For a first-order transition, the threshold in
the control parameter, like the heat flux, depends on
local plasma parameters and thus varies from plasma to
plasma, not allowing us to define, for example, an un-
ambiguous universal power threshold, as already dis-
cussed in Sec. V.B.1.

A first-order transition may occur because of the
reinforcement of flow shear with gradients. This is a
consequence of the force balance equation, which indi-
cates that the radial electric field in a tokamak increases
with the density and temperature gradients and also with
the toroidal velocity. This link allows a positive loop in
which enhanced gradients lead to a larger shear rate,
which in turn further improves the confinement. A bifur-
cation is therefore expected above a critical flux.!71-172 It
is stressed here that mechanisms other than flow shear
stabilization may lead to a first-order transition. For in-
stance, a positive loop may be provided by the interplay
between current and pressure profiles via the bootstrap
current. Also « stabilization may lead to a positive feed-
back on the pressure gradient.'”® Finally, we note that
first-order transitions are characterized by hysteresis,
i.e., different critical fluxes for the forward and back
transitions.

There exist several mechanisms for explaining a
second-order transition. One mechanism is provided by
a strong increase of the instability threshold within a
layer (because of combined large o and negative mag-
netic shear, for instance), in other words, a linear stabil-
ization of modes. Nonlinear effects may also lead to an
effective monotonic curve, which leads also to a soft
transition.

The question of first- or second-order transition is
quite important since it determines the existence of a
power threshold, but also the barrier robustness, since
hysteresis improves the barrier resilience to external per-
turbations. It is found that a minimum heating power is
needed to trigger an ITB in JET (Ref. 156). Impressive
hysteresis effects also have been observed.!”* However,
none of these observations demonstrates that a first-order
transition takes place since in both cases the current pro-
file was found to be very different. In fact, it was found
that the power threshold is sometimes very low, when the
current profile is optimized.!”> This latter observation
FUSION SCIENCE AND TECHNOLOGY
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indicates that if the transition is first order, the transition
curve cannot be universal. In fact, very low values of the
power threshold rather advocate in favor of a second-
order transition. It remains that flow shear stabilization is
needed when the magnetic shear is not low enough, for
example, in positive shear plasmas, and also likely en-
sures the robustness of the barrier.

V.C. Experiments Dedicated to Understanding the Physics
of ITBs

V.C.1. Heat- and Cold-Pulse Propagation
Across ITBs

Electron heating power modulation experiments have
been used to probe the physics of ITBs by looking into
the propagation of the heat pulses on JET (Ref. 176). The
heat pulses are produced with modulated electron heat-
ing power by ICRH system. By Fourier transforming the
temperature data at the modulation frequency, it is pos-
sible to obtain the amplitude and phase of the propagat-
ing heat wave. Two important questions under debate
regarding the physics of the ITBs that can be answered
are

1. whether the improved confinement is limited to a
narrow layer or rather extends to the whole core
region inside the ITB layer (and then the ITB
would not be called a layer)

2. whether the ITB is a region of stiff transport char-
acterized by a threshold in R/L; larger than in
conventional plasmas or rather a region below

Mantica et al. JET CORE TRANSPORT STUDIES

threshold where turbulence is suppressed, lead-
ing to a loss of stiffness.!®

In addition, the question as to whether ITBs experience
first- or second-order transition can be studied by follow-
ing the propagation of the cold pulse launched from the
edge of the plasma.

The main plasma profiles as well as the amplitudes A
and phases ¢ of the heat wave are illustrated in Fig. 42.
ICRH used in the mode conversion scheme produces two
heat waves, the mode-converted (mode conversion) one
propagating from the outer region toward the center and
the fast wave (FW) one propagating from the center out-
ward. Regarding the two questions outlined in this sec-
tion, the following conclusions can be drawn:

Figure 42b shows sharp discontinuities in the heat
wave propagation (i.e., in the slopes of the A and ¢ pro-
files), both at the foot and at the top of the high-V7,
region. This indicates that at least for these reversed shear
ITBs with dominant ion heating, the ITB is indeed a
narrow layer with low y, embedded in a higher y,. plasma,
rather than a general improvement of confinement in the
whole core region extending to the center of the plasma.
According to KINEZERO simulations, ITG is the dom-
inant microinstability in this plasma.'””

Figure 42b also shows that the heat wave is strongly
damped when meeting the ITB from either side. This is
consistent with a situation of complete loss of stiffness
due to the plasma having become fully subcritical with
respect to an increased threshold value. In this case, y,
does not depend on VT7,, the perturbative y, coincides
with the power balance y, and is low, the two heat waves

Pulse No: 62077

JG07.377-41¢c

Pulse No: 62077
T

5 | 12
a
| * Te
191 ! qMSE
- ! ne
|
" !\ l 18 &
S 9- N\ =
< \ 5
'“; %% ll\\ 3&)
— e
o]
0 | . | \ 0
3.0 3.2 3.4 3.6

R (m)

60 200
(b) +
1)
AN I \
N \ \
+ i1
;g —150
S 40-
=
= ! b
z | _| o
i % | 'H'HH 100 8
o N | =
- \ / \
S N\ }
T 20 FW Y\ 1
¢ \ . {; ! 50
RN O 2
\\ * % \\
\ \
AN \% ] ,’l MC \
AN / \
S \ i AN
0 | Sr-_ B~ 0
3.0 3.2 3.4 3.6
R (m)

Fig. 42. (a) Experimental profiles of T, T;, n., and ¢ for shot 62077 (I, = 2.6 MA, By =3.25T, Pyg1 = 18 MW, 1,0 =4 X 10" m 3,
3He ~ 20%, and ficry = 37 MHz) at t = 5.5 s. The ITB region is highlighted. (b) Profiles of Fourier component of A (red
squares) and ¢ (blue circles) at the modulation frequency (20 Hz) during the time interval 5.5 to 5.7 s. The rf power
deposition profiles are also plotted (dashed black line) (reproduced from Ref. 176).
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are strongly damped and cannot cross the ITB, and, more-
over, the phase exhibits a sharp jump.

Another observation is that the inner slope of the
amplitude A within the ITB layer is steeper than the
outer one, likely indicating a nonuniform turbulence
stabilization and y, within the ITB (Ref. 176). This is
in agreement with the experiments in which the cold-
pulse induced at the edge showed first a growth when
meeting the foot of the ITB and then strong damping
farther inside.*> The growth of the cold pulse when
meeting the foot of the ITB can be regarded as a strong
indication in favor of the second-order transition since
no growth would be expected in the first-order transi-
tion.!”® This behavior has been recovered with turbu-
lence simulations (see Sec. V.E.1).

V.C.2. Turbulence Measurements in ITB Plasmas

Reflectometry is used to measure the core turbulence
on JET (Ref. 178). The core and edge density fluctua-
tions are monitored using four X-mode heterodyne re-
flectometer channels (at 75, 92, 96, and 105 GHz), and
10 O-mode heterodyne reflectometer channels (between
18 and 69 GHz). The three main observations are as
follows:

1. The formation of a core region of high radial shear
in the plasma toroidal velocity is correlated with the sup-
pression of long-wavelength turbulence (k, p; < 1) and
with a decrease in the ion thermal conductivity y; in
plasmas with dominant ion heating.!”®

2. The formation of the electron ITB is correlated
with a suppression of shorter-wavelength turbulence
(kyp; ~ 1) (Ref. 180).

3. At least in the case of dominant electron ITBs
with no or small NBI heating resulting in no or low levels
of ITG turbulence, low-frequency (f < 50 kHz), long-
wavelength fluctuations (dominantly TEM) are reduced
for the whole region from the plasma center out to the
foot of the electron ITB (Ref. 181).

The measured fluctuation levels showing clearly point
3 isillustrated in Fig. 43. In plasmas with dominant elec-
tron heating (pure or dominant electron ITBs), the tur-
bulence reduction coincides with a region of negative
shear and reduced electron thermal diffusion (calculated
with the TRANSP code), as shown in Fig. 43 (Ref. 180).
The analysis of turbulence measurements also suggests
that the dominant instabilities are TEMs, and their sup-
pression due to negative magnetic shear leads to the for-
mation of the ITB.

It is interesting to note here a difference between the
above results in dominant TEM plasmas, for which the
electron ITB is a whole region inside the foot, and those
with power modulation reported in Sec. V.C.1, in which
the ITG turbulence was found to be the dominant micro-
instability'”” and the electron ITB appeared to be a nar-
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Fig. 43. (a) The rms fluctuation level profile (3 to 500 kHz)
and (b) the electron thermal diffusivity y, profile from
TRANSP at various times in electron ITB shot 53501
(I,=24MA,By=3.45T,and n,o=1.2 X 109 m—3)
(reproduced from Ref. 180).

row layer. This suggests that turbulence stabilization
and the physics of the ITB may be governed by two
different mechanisms between the two types of plasmas/
experiments: In the second case the ITG-driven compo-
nent of electron transport would play a significant role
and would be less sensitive to magnetic shear, both the
toroidal and even more the slab ITG branch, so that they
would survive in the most internal part near the axis and
be stabilized only in a narrow layer. In addition, there
was a current hole in the plasma center in the plasmas
with the power modulation, and therefore the analysis of
the propagation of the heat between the center of the
plasma and the ITB layer might be affected by the pecu-
liarities due to the current hole, removing the apparent
contradiction between the two different results.

V.C.3. Dedicated Experiments to Explore the Physics
of ITBs

An experimental database of ITB pulses with dom-
inant electron heating, characterized by 7, > T;, has been
created in JET (Ref. 181). The relation between the ra-
dial position of the electron ITB and the g profile is an
important issue, ideally clarifying the role of magnetic
shear and rational surfaces of ¢ in the physics of ITBs.
The experimental results show that the electron ITB moves
inward at the same rate as the radius of the minimum
value of the g profile but seems to be located in the
negative shear region. The latter observation is consis-
tent with linear stability analysis using the KINEZERO
FUSION SCIENCE AND TECHNOLOGY
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code '8 and also with the stability code LORB5 (Ref. 183).
The footpoint of the electron ITB is typically at a 5- to
10-cm smaller radius than the minimum value of the ¢
profile, which is, however, still inside the error bars of
the measurements. Therefore, it cannot be excluded that
the footpoint of the electron ITB actually coincides with
the minimum value of the g profile. Concerning the trig-
gering of the ITB, there is strong evidence in general that
there is a clear correlation between the triggering of the
ITB (and its radial location) and the location of the inte-
ger surface of g, (¢ = 2 or 3) (Ref. 143). After the
triggering, there seems to be no link between the radial
location of the ITB and the absolute value of ¢, since ¢ is
strongly evolving with time. As a consequence, it looks
very plausible that although the triggering of the ITB is
often associated with the integer values of ¢ (at least with
low heating power), the further evolution of the ITB after
the trigger is not linked to those but is governed by other
physics mechanisms such as negative magnetic shear, the
EXB flow shear, and others discussed in Sec. V.B.1. The
roles of integer surfaces of ¢ and triggering versus fur-
ther mechanisms governing the physics of the ITB are
discussed more extensively in Sec. V.E and in the fol-
lowing paragraph.

Most of the ion ITBs on JET have been achieved
with strong NBI heating and thus strong external toroidal
momentum input. However, it has been possible to form
an ion ITB without any momentum input with significant
amount of ICRH in an ion heating scheme.!8* In these
experiments, intense LHCD creates first an electron ITB
in the region of negative magnetic shear. The ion ITB
tends to appear when g;, crosses the value of 2, similar
to those reported in Ref. 143. The behavior of these ion
ITBs under those plasma conditions suggests the follow-
ing two important implications:

1. Negative magnetic shear is not a sufficient con-
dition for an ion ITB to form.

2. No large toroidal rotation and thus no E X B flow
shearing rate above the normal diamagnetic level is nec-
essary for the ion ITBs to form.

However, the second point was not confirmed from the
shearing rate point of view since the predictions for the
growth rates were not significantly above the diamag-
netic levels of the E X B flow shear in those plasmas.
Concerning point 1, it is of course clear that negative
magnetic shear is not a necessary condition either for the
ion ITB formation, for example, from Refs. 142 or 185.

The role of the g profile and in particular that of the
magnetic shear was emphasized also in Ref. 162, in which
one discharge shows a clear ITB whereas in another with
almost identical E X B the flow shear does not show any
ITB. The only difference between the two discharges was
that the one with an ITB had 2 MW of LHCD, whereas
the one without an ITB did not have LHCD. This resulted
in negative magnetic shear for the pulse with an ITB (and
FUSION SCIENCE AND TECHNOLOGY
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LHCD) and positive magnetic shear for the pulse without
it. Although this experiment does not rule out the role of
E X B, it tends to emphasize the importance of negative
magnetic shear in governing the physics of the ITB.

V.D. Predictive Transport Modeling of JET ITB Plasmas

There are several ways to carry out predictive trans-
port simulations of ITBs, and the conclusions based on
the simulation results may depend on the simulation meth-
odology adopted. For example, the predictive simula-
tions can be either time dependent, aiming at reproducing
the trigger, expansion, or shrinkage and the collapse of
the ITB, or, alternatively, a simulation around a given
stationary state at one time slice. The time-dependent
transport simulations of ITBs challenge maximally the
transport models since the whole process governing the
dynamics of the ITBs includes nonlinear phenomena such
as bifurcations and instability thresholds, large changes
in the plasma profiles from the preheating phase until the
high-power phase, and strong interaction between differ-
ent plasma profiles. Another example of having a differ-
ent simulation approach or methodology is that one can
predict, for example, electron and ion temperatures while
taking the density, g profile, and toroidal rotation profile
from the experimental database, versus fully predictive
simulations in which all of them are predicted.

V.D.1. Empirical and Semiempirical Transport Models

The original Bohm—gyro-Bohm transport model,!3
modified to include the empirical ITB threshold condi-
tion!® (discussed in Sec. V.B.2), has been extensively
used to predict ITBs in JET. The turbulence stabilization
mechanisms to form an ITB in the Bohm—gyro-Bohm
model are based on the combined effect of the £ X B flow
shear versus a simple estimate for the instability growth
rate and the magnetic shear. The model is described in
detail in Sec. VL.B. The stabilizing effect of the « stabil-
ization has also been included in some simulations.

The Bohm-gyro-Bohm transport model has turned
out to be the most robust model to predict the time dy-
namics of the ITB evolution in JET plasmas.!8¢ It usually
can predict the onset and time dynamics of the ITB for
electron and ion temperatures, density, and toroidal ro-
tation within a fair accuracy. This is illustrated (dashed
lines) in Fig. 44 for one JET discharge with positive
magnetic shear (pulse 46664) and another with negative
magnetic shear (pulse 53521). The main plasma param-
eters for these discharges are [, = 3.4 MA, By = 34T,
neo =4 X 10" m~3, and Png; + Picru = 22 MW for shot
46664 and [, =2.0MA, By =3.4T,n,=5.5X10""m™3,
and Pygy + Picry = 22 MW for shot 53521. Both simu-
lations have been carried out from the preheating phase
until the end of the high-performance phase, at the end of
which are the profiles shown in Fig. 44. Although the
model does not reveal the deep insight of the physics of
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Fig. 44. Profiles of (a) and (b) the ion temperature, (c) and (d)
the electron temperature, (¢) and (f) the electron den-
sity, (g) and (h) the toroidal rotation, and (i) and (j) ¢
for JET discharges 46664 (I,, =34MA,Br=34T,
PNBI + PICRH =22 MW, and Neo — 4 X 1019 m’3) at
t = 6.0 s (left-hand side) and 53521 (I, = 2.0 MA,
BT =34 T, PNBI + PICRH =22 MW, and Neo = 55X
10" m~3) at r = 12.0 s (right-hand side). The solid
lines correspond to the experimental data and the
dashed, dashed-dotted, and dotted lines to the predic-
tions with the Bohm—gyro-Bohm, Weiland, and GLF23
models, respectively (reproduced from Ref. 186).

the ITBs because of its empirical nature, it has been
extensively applied in order to understand and prepare
experiments with the real-time control of ITBs and the ¢
profile.'87

The model has emphasized the combined role of
E X B flow shear and magnetic shear in governing the
physics of the ITBs. In addition, there is an indication of
the importance of the « stabilization, shown in the ITB
simulations of a multitokamak database of JET, JT-60U,
and DIII-D plasmas.'8¢ The model also suggests that the
long-wavelength turbulence is suppressed inside the ITB
(from the center up to the footpoint of the ITB) and not
just within the narrow layer around the foot of the I'TB,
while the short-wavelength turbulence remains also in
that region.'8

Another empirical transport model used to predict
the electron ITBs on JET is called the RTP transport
model.'® The model is based on the radial variations in
the electron diffusivity at integer and rational surfaces of
the g profile. The model predictions are in fairly good
agreement with the JET ITB experiments with positive
magnetic shear.'”® The model does not give any consid-
eration on transport channels other than 7,, but because
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of that, it shows that the electron ITBs may be governed
and explained, at least in part, by physics mechanisms
different from those of ion ITBs. Another widely used
empirical transport model is the CGM (Refs. 17 and 18).
It has been mainly used to model the transient transport
experiments of the heat-pulse propagation (power mod-
ulation) and cold-pulse propagation from edge induced
by laser ablation or shallow pellets. The model has been
able to reproduce qualitatively the experimental results
discussed in Sec. V.C.1 (Refs. 176, 191, and 192) and
also in Sec. II.

V.D.2. Physics-Based Transport Models

The agreement of the model predictions with exper-
iment when using the physics-based transport models
depends strongly on the simulation methodology, i.e., on
whether the simulations are carried out in a time-dependent
manner and in a fully predictive (equations for 7,, T;, n,,
g, and v,,, solved) or partly predictive (some of them
imposed) way. The Weiland model'%* and the GLF23
transport model3?:133 have been used to predict the time
evolution of the ITBs in the multitokamak database with
JETTO (Ref. 43) and CRONOS (Ref. 193) transport
codes. Both transport models include qualitatively the
same microturbulence stabilization mechanisms, i.e.,
E X B flow shear, magnetic shear, o stabilization, the
dilution effects, and the density gradient. The predicted
profiles at the end of the high-performance phase for two
JET discharges are illustrated in Fig. 44 (Ref. 186). The
Weiland model (dashed-dotted lines) does not predict a
clear ITB for any of the plasma profiles. The linear growth
rate is only weakly dependent on magnetic shear in the
Weiland model. However, both the experimental and em-
pirical evidence discussed earlier show the strong depen-
dence of ITBs on the magnetic shear and the g profile.
Therefore, the inability of the model to predict ITBs in-
directly further emphasizes the major role played by the
magnetic shear in governing the physics of the ITBs.

The GLF23 transport model (dotted lines) often pre-
dicts an ITB, but not at the right location. The simulation
results are very sensitive to variations, for example, in
the multiplier of the E X B flow shear, g profile, and Z4,
which manifest themselves in the simulations as the ra-
dial location of the ITB moving continuously. It is worth
mentioning that the multiplier of the wgx 5 term in GLF23
in these simulations was 1, whereas more recent simula-
tions using the global gyrokinetic simulations with GYRO
suggest that the appropriate coefficient in front of the
Waltz formula is not 1 but rather 0.5 (Ref. 194). The
GLF23 transport model tends to predict the heat trans-
port outside the I'TB more accurately than the other trans-
port models. It is also able to predict ITBs in only one of
the transport channels but not necessarily in another chan-
nel, whereas, for example, the Bohm—gyro-Bohm model
always predicts an I'TB in either all or no transport chan-
nels. This is a serious deficit in the Bohm—gyro-Bohm
FUSION SCIENCE AND TECHNOLOGY

VOL. 53 MAY 2008



transport model. It should be noted here that at the time
of writing of Ref. 186, the equations for density and
toroidal rotation were not available in the CRONOS code,
and thus the predictions for those two profiles with the
GLF23 transport model in CRONOS code could not be
performed.

When the simulations are run in a time-independent
mode, finding a solution of a stationary state at a given
time slice, both the Weiland model with a version
depending more strongly on magnetic shear!?> and the
GLF23 model ' are able to predict ITBs rather well in
some cases. This indicates that although the physics of
the ITBs can be explained to some extent with the physics-
based transport models, the time dynamics of the ITBs,
including the onset, nonlinear interaction between the
different plasma profiles, bifurcative processes with
thresholds, etc., are understood to a much smaller extent.
One reason could be that none of the models takes into
account the role of the integer surfaces of the g profile as
a separate ITB-triggering mechanism. This issue is fur-
ther discussed in Sec. V.E. Because the predictions with
the physics-based models are in better agreement with
standard ELMy discharges than with ITB ones, it be-
comes clear that our understanding of the physics of the
ITBs lags significantly behind the knowledge of the heat,
particle, and momentum transport physics in plasmas
without the barriers. For impurity transport, the situation
is somewhat more satisfactory since the pinch velocity
within the barrier is often found to agree with the values
predicted by neoclassical theory.”’
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V.E. Turbulence Simulations of JET ITBs

V.E.Il. Fluid Simulations

The TRB (Refs. 196 and 197) and CUTIE (Ref. 198)
fluid codes have been used to simulate ITBs in JET. TRB
is a full-torus, global electrostatic code solving fluid equa-
tions for ITGs and TEMs. The evolution of electron den-
sity and pressure, vorticity, parallel ion velocity, and ion
pressure is computed at the fixed flux, whereas the ¢
profile is frozen. CUTIE is a global electromagnetic fluid
turbulence code. It solves the evolution equations for the
fluctuating electron density, electron and ion tempera-
tures, velocity, potential, and magnetic field, but it does
not include trapped particle physics.

Ion ITBs are found with the TRB code. Improvement
comes from a mixture of stabilization via negative mag-
netic shear and rarefaction of resonant surfaces (in par-
ticular close to a safety factor that is a low-order rational
number).'®” This “gap” in the density of resonant sur-
faces is wider when g¢,,;, is close to a low-order rational
number (see Fig. 45). Also, several gaps may appear
simultaneously, leading to multiple barriers. This mech-
anism is supported by recent measurements based on
Alfvén cascades, which show that the ITB forms before
the appearance of a rational value of g, (Refs. 157 and
199). Nevertheless, these theoretical results were not re-
covered in gyrokinetic simulations done with the GYRO
code, which indicate that nonresonant modes fill the

gap.200
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Fig. 45. Left: Experimental profiles of safety factor and electron and ion temperatures of JET pulse 53521 at r = 10 s. Right: TRB
turbulence simulation showing the predicted ITB with the same ¢ profile. Circles are the positions of kg p;o < 1 resonant

surfaces on the g profile (reproduced from Ref. 167).
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The CUTIE code also finds that rational values of
Gmin are important.?’! This comes from a turbulent dy-
namo effect, which modifies the local magnetic shear,
and a localized velocity shear generated by turbulence.
This mechanism is difficult to verify experimentally, al-
though large transients in the £ X B flow have been
observed in JET (Ref. 140) and also on TFTR (Ref. 202)
and DIII-D (Ref. 203).

Finally, a third explanation has been proposed for
the role of rational surfaces, namely, the onset of MHD
modes located at rational values of ¢ that generate a
localized velocity shear.!*? This explanation does find
some support from the correlation observed in JET be-
tween ITB formation and MHD activity in positive (op-
timized) shear plasmas. On the other hand MHD activity
is not always observed in reversed shear plasmas, apart
from the Alfvén cascade itself. However, tearing modes
located at ¢ = 2 surfaces may be difficult to detect.

ITBs in the electron transport channel are also found
by the TRB code.?** The effect of negative magnetic
shear has been confirmed in the TRB code. In the latter
simulations, an electron transport barrier appears when
the magnetic shear is negative. This effect is amplified
for values of « of the order of unity. For electron modes,
theory predicts stability when s < 3a/5 — 3/8 (Ref. 205).

Both the CUTIE and TRB codes have been used to
simulate plasmas with pellet injection.?%® With a shallow
pellet (pellet ablated at the plasma edge well outside the
ITB), both codes reproduce the general features of the
experiment. In particular, it is found that the ITG and
trapped electron turbulence level increases as a conse-
quence of pellet injection, leading to the fast relaxation
of the postpellet density profile observed experimentally.
Also, the barrier is found to survive the shallow pellet
injection, as in the experiment. For deep pellet injection,
on the contrary, differences appear between the TRB and
CUTIE findings. TRB simulates well the increase of tur-
bulence and associated diffusivity following pellet injec-
tion, but it is not able to reproduce the destruction of the
ITB that is observed in experiments. CUTIE simulates
reasonably well most of the experimental features. In
particular, it does find the loss of the ITB when pellet
injection is too deep or the barrier is not strong enough,
due to a change of the zonal flow dynamics.

V.E.2. Nonlinear Gyrokinetic Simulations

The nonlinear gyrokinetic codes GS2 (Refs. 38 and
207) have been used to analyze JET plasmas. All gyro-
kinetic codes confirm that stability is improved before
the ITB formation. On the other hand, a quantitative agree-
ment is rarely found in nonlinear regime. For instance,
careful simulations of pulse 51976 with the GS2 code led
to calculated fluxes much larger than the experimental
values.'%® One explanation is that flow shear was not
included in these simulations. However, this may not be
the unique explanation. These simulations with fixed gra-
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dient are delicate since a small change of gradient may
lead to very different fluxes (profile stiffness). There-
fore, simulations done at fixed flux may improve the
situation in future simulations.

V.F. Conclusion

This section is a summary of the studies carried out
in JET to understand the physics of ITBs. Experimental,
empirical, modeling, and theoretical studies are reported.
It becomes clear that the triggering, formation, and dy-
namics of the ITBs are rich in phenomena governing the
physics of the ITBs. It is unlikely that a universal power
threshold, similar to that of the L-H transition, which is
based only on global plasma parameters, can be found for
ITB formation. The practical p;. criterion was derived
from the JET ITB database to identify the existence of an
ITB and classify its strength (strong versus weak ITBs).
This criterion is, however, only indicative of an ITB, but
indeed it is very useful in detecting the existence and
location of an ITB, in particular in real-time control ex-
periments %8159 and modeling.'8’

Many experimental results in JET are consistent with
barrier dynamics controlled by flow shear and local mag-
netic shear (in a broad sense, i.e., including « stabiliza-
tion). These results also indicate that the onset of an ITB
is highly sensitive to the profile of the safety factor (g
profile). Part of these observations can be explained by
the parametric dependences of the linear growth rate and
are qualitatively consistent with turbulence simulations.
Models based on a transport reduction due to magnetic
shear combined with velocity shear also reproduce the
data in a satisfactory way. Pure electron transport barri-
ers usually develop in regions in which the magnetic
shear is negative. Also, neoclassical theory predicts that
the £ X B velocity shear is small in this case, since the
density and ion temperature gradients are small and there
is no external source of toroidal momentum. Hence, it
can be safely said that the current profile plays a major
role in the formation of electron ITBs. The situation is
less clear for ion transport barriers. Many ion barriers in
JET appear at zero magnetic shear and low-order rational
Gmin- lon ITBs may develop with ICRH onlyj, i.e., without
an external source of toroidal momentum. Finally, the
level of E X B velocity shear rate that is needed to trigger
a barrier decreases when the local magnetic shear be-
comes smaller (when s < 1). These observations suggest
that a strong E X B velocity shear rate is not mandatory
for ion ITB formation, provided that the g profile is ap-
propriate. This conclusion must be softened by the fact
that diamagnetic flow shear is never negligible when an
ion barrier builds up. Hence, it cannot be fully ascer-
tained that an optimized ¢ profile alone is sufficient for
ion ITB formation. The ITB on the toroidal momentum
transport channel appears simultaneously with the ion ITB,
and thus the turbulence stabilization mechanism is sup-
posed to be the same as for the ion heat-transport channel.
FUSION SCIENCE AND TECHNOLOGY
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The interplay between flow shear and magnetic shear
is also related to the question of the transition order.
Thanks to the analysis of cold-pulse propagation across
ITBs, the amplification of the thermal wave that is ob-
served at the ITB is consistent with a second-order rather
than first-order transition.

An explanation based on a combination of flow
shear and magnetic shear is unable to explain the full
range of barriers observed in JET. There are two rea-
sons at least for this statement: the role of rational g,
and the coexistence of several barriers. The favorable
role of a low-order rational value of the minimum safety
factor has been confirmed thanks to the observation of
Alfvén wave cascades. Also, a transition is often ob-
served between a single barrier localized at negative
shear and a double barrier, when ¢,;, crosses a low-
order rational number. Finally, coexistence of barriers
has been observed both in electron and ion channels.
Three explanations have been proposed to explain the
role of rational q;,:

1. the onset of MHD modes located at rational val-
ues of g that generate a localized velocity shear

2. the enhancement of turbulent flow generation close
to rational ¢ values

3. the existence of gaps in the density of magnetic
surfaces in places where the safety factor is a
low-order rational number.

To date there is no strong argument for endorsing or
dismissing each of these mechanisms. Hence, this ques-
tion remains an open issue.

The results for predictive modeling are contrasted.
Although semiheuristic transport models have been proved
to simulate JET discharges with a fair degree of accuracy,
theory-based models often fail to predict the barrier for-
mation at the right time and location. When the barrier
formation is correctly predicted, the location and/or the
shape of the ITB are sometimes poorly reproduced. Pos-
sible ingredients missing in the models are, first, that
most transport models do not encompass a particular role
of rational surfaces, which is known to be important
from experiment. Second, they usually assume that the
poloidal flow is consistent with the neoclassical predic-
tion, whereas anomalous values have been observed within
the ITBs on JET. Thus, the improvement of transport
models certainly remains a key issue and a challenge for
future developments.

VI. INTEGRATED PLASMA MODELING AT JET

VI.A. Introduction

Several experimental results in JET and other de-
vices in the 1990s indicated the necessity to develop
transport tools that allow an integrated modeling of the
entire plasma, from the SOL to the center, covering a
FUSION SCIENCE AND TECHNOLOGY
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wide range of phenomena usually not properly linked in
1-D transport codes. In the first instance, this is related to
the modeling of H-mode plasmas, which develop a thin
layer of plasma with a reduced level of turbulence (the
so-called ETB) near the separatrix to separate the hot
core plasma from the SOL. In fact, the ETB cannot sim-
ply separate the core from the edge: Its mere existence
strongly depends on the plasma parameters on both sides
of the barrier. The resultant plasma is a complex self-
organized medium, for which the global characteristics
strongly depend on both core and SOL. Another example
of this integral behavior is contamination of plasma by
external impurities. Impurities (apart from He ash) al-
ways originate in the SOL, but they can penetrate through
the ETB and contaminate the plasma core.

At JET the development of an integrated model in
the 1990s was followed along two related, but to some
extent independent, lines. On one side, essentially em-
pirical models were developed and carefully calibrated
against experimental results, using the codes JETTO (core
energy and hydrogen isotopes transport),*> SANCO (core
impurity transport),”?’® and EDGE2D (2-D energy and
particle transport in the boundary region, including the
SOL with plasma-wall interactions).??” On the other side
a new tool was developed by linking these codes into a
single code starting with JETTO and EDGE2D (Ref. 210)
and extending the link to SANCO first with one impurity
species”” and then with two impurity species.?!! This
tool, called COCONUT (Combined Codes Numerical Util-
ity for Tokamaks) also maintains the interfaces of the
component codes with the JET experimental databases, a
very useful ingredient for validating models at JET.

The numerical splitting technique adopted to link the
core and boundary codes has proved to be very robust,
allowing us to deal with very different timescales such as
those required to study the effect of an ELM crash in the
boundary and SOL regions and transport in the core region.

The structure of COCONUT is such that transport
models for energy, hydrogen isotopes, and impurities can
be developed and tested using independent components.
An integrated model is then tested only in discharges for
which a sufficiently complete set of experimental results
for the plasma core and the plasma boundary region exists.

The main effort in developing transport models at
JET in the period 1995 to 1999 has been dedicated to the
so-called Bohm-gyro-Bohm model.'? This is an empir-
ical model for energy transport that has been tested ex-
tensively on JET discharges as well as in discharges
available in the ITER profile database.?'? It includes non-
local features, allowing the simulation of various kinds
of heat pulses in JET L- and H-modes.!° The model also
allows for the formation of a neoclassical transport bar-
rier just inside the separatrix for H-modes and the for-
mation of ITBs (Ref. 213). A simple model for type-I
ELMs is also included, assuming that an ELM crash takes
place when the pressure gradient within the H-mode bar-
rier exceeds the ballooning stability limit.?!4
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Hydrogen isotope transport was simply related to the
energy transport via the simple assumption D o« y,, with
or without an inward pinch velocity v. A similar D and v
transport model was normally used for impurity trans-
port in the plasma core, with D and v spatially shaped to
simulate the experimentally determined distribution of
impurities.

Perpendicular transport in EDGE2D, in line with
other 2-D edge codes, was usually represented by con-
stant transport coefficients and pinch velocity. On the
other hand, parallel transport for energy and particles
was derived on the basis of the classical 21-moment
Grad approach and includes drift terms and heat flux
limiters for plasmas with long mean-free-path in the
SOL (Ref. 215).

The transport model briefly described above and the
COCONUT code have been used to study the following:

1. the plasma evolution following the L-H transition
in hot-ion H-modes

2. type-I ELMs and, in particular, the role of the
ELM’s frequency on the plasma performance and
its possible link to the H-mode transport barrier
width

3. the evolution of the total particle content in JET
ELMy H-modes and its possible relation to plasma-
wall interactions and pumping in the JET divertor

4. neon puffs in JET L-mode discharges
5. helium exhaustin JET ELMy H-modes and ITER.

Although the largely empirical nature of the models
suggests caution in the interpretation of these simula-
tions, several generic results on the possible influence of
the plasma boundary region on the overall plasma per-
formance have been clearly pointed out, providing a very
useful guidance for the understanding of JET experimen-
tal results.

Predictive modeling at JET after 1999 underwent
considerable changes. First of all, arrival of modelers
from other European Union associations brought new
ideas, new theory-based transport models, and new codes.
Second, the number of users of JET-based transport codes
increased from a dozen to more than a hundred. These
changes initiated reorganization of the code support and
integration of available codes into JET Analysis Cluster
(JAC). New theory-based transport models3*#! were in-
troduced in all available core transport codes. These mod-
els were used to simulate “state-of-the-art” scenarios such
as optimized shear, hybrid, ELMy H-mode with type-II
ELMs, and others. A detailed simulation of the heat pulse
induced by ELM in the SOL has been done using either
a stand-alone 2-D transport code or the linked core-edge
code COCONUT (Refs. 216, 217, and 218). Simulta-
neously, the system of interconnected, user-friendly codes
linked with JET and ITPA profile databases has been
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developed, which made transport and MHD codes an
easy-to-use instrument, available to a large number of
users from all associations.

The rest of the section is organized as follows: Early
attempts to simulate high-performance JET plasma such
as hot-ion H-mode and optimized shear plasma are re-
viewed in Sec. VLI.B. Section VI.C is devoted to a mod-
eling of ELMy H-mode, including development of
theory-motivated ELM model with a self-consistent analy-
sis of MHD stability. Section VI.D summarizes modeling
of the penetration of impurities from the SOL to the core.
An overview of the application of theory-based transport
models to study the formation of ITBs is given in
Sec. VLE. Finally, Sec. V.F summarizes recent progress
in code benchmarking.

VI.B. Early Modeling of Hot-lon H-Mode and Optimized
Shear Scenario

The development of an empirical transport model
for high-performance JET plasma started in the early
1990s, when it was realized that experimentally observed
confinement for L-mode plasma scales as Bohm rather
than gyro-Bohm with respect to the ion Larmor radius.
This led to the development of the so-called mixed Bohm—
gyro-Bohm transport model,'3?!° summarized in Egs. (3),
(4), and (5). The model reproduced quite well JET L-mode
plasmas. The next challenge came from experiments with
externally triggered transient phenomena, such as cool-
ing the plasma edge by sudden ablation of a metal im-
purity at the plasma edge, fast L-H transition, or ELMs.
These experiments have shown??? that a sudden change
of electron temperature near the separatrix propagates
deep into the plasma core within a characteristic time that
is much shorter than the diffusive time. This fast-pulse
propagation was associated with the nonlocal inward tur-
bulence propagation, a theme that is getting more and
more popular nowadays.*® At the time of the first publi-
cations from JET, this turbulence nonlocality was imple-
mented in a very simplistic form, in which the Bohm
term scaled inversely proportionally to the edge electron
temperature gradient length,'>22! as in Eq. (6).

The transport model in Egs. (4), (5), and (6) has been
successfully used to simulate a number of fast-propagating
heat pulses observed at JET. Figure 46 shows one exam-
ple of such simulations for shot 31327 (Ip = 2.5 MA,
Br=2.8T, and Pyg; = 8 MW), from Ref. 13, in which a
cold pulse, triggered by laser ablation, is followed by an
L-H transition.

It was quickly realized that the same model can be
applied to an H-mode plasma if the following modifica-
tions are implemented:

1. All transport coefficients are reduced to the level
of ion neoclassical thermal conductivity within the nar-
row region near the separatrix to reproduce the formation
of an ETB.
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Fig. 46. Comparison of the experimental (solid lines) and com-
puted (dashed lines) electron temperature evolution at
different radial positions throughout the cold pulse (at
t =12.2 s) and the L-H transition (at r = 12.27 s) for
shot 31327 (By = 2.8 T, Ip = 2.5 MA, and 2 X
10" m™3 < n, < 3 X 10" m~3). The dotted line
indicates the prescribed boundary condition.

2. The nonlocal multiplier in the Bohm term
(T.(p=0.8) — To(p=1))/ To(p=1) in the H-mode takes the elec-
tron temperature at the top of the ETB instead of the
separatrix. This makes the model independent of bound-
ary conditions, with the caveat that it does not provide
timing for the L-H transition.

The transport model assumes that the L-H transition
leads to the formation of a transport barrier just inside the
separatrix with the characteristic width A oc \a X p,; and
that transport within the barrier is of the order of ion
neoclassical thermal conductivity: y, ~ y; =~ D =~ y".
Such an extended model has been applied to simulate
time evolution of the high-performance ELM-free hot-
ion H-mode.?'3222 Figures 47 and 48 show the result of
the predictive modeling of one of the best JET hot-ion
H-mode shots, 40305 (Ip = 3.8 MA and By = 3.45 T),
with the model described above. We can conclude that
the proposed model reproduces quite satisfactorily both
the time evolution and the main profiles. The model also
shows that both neoclassical losses through the transport
barrier and charge-exchange losses evolve in a similar
way and play an equally important role in the energy
balance. Analysis indicates that the system has three dif-
ferent limitations: the ballooning stability limit within
the ETB, the external kink stability limit, and saturation
of plasma confinement due to the density rise. Usually
(with the possible exception of when there is a very small
FUSION SCIENCE AND TECHNOLOGY
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Fig. 47. Time traces of the main plasma parameters for 40305
(Ip = 3.8 MA and By = 3.45 T), measured and com-
puted (reproduced from Ref. 213).

heating power), the plasma exceeds the one or the other
MHD stability limit long before it reaches saturation in
confinement. Therefore, ELMs and “roll-over” phenom-
ena pose an important limitation to plasma performance
in this regime.

It is important to emphasize that a key feature of the
hot-ion H-mode lies in its ETB, which controls the en-
ergy losses through the separatrix. It has been observed
in experiment that the confinement, normalized to ELM-
free H-mode scaling prediction (ITER-93-H), rises ap-
proximately linearly with time during the ELM-free phase,
reaching a factor of ~1.8 at the end of the ELM-free
phase. This exceptionally high confinement was partly
attributed to a low level of transport within the ETB (low
edge density), partly to a good MHD stability, and partly
to a very wide edge barrier. It was suggested in Ref. 223
that the ETB width is controlled by the fast ion Larmor
radius in hot-ion H-mode with very strong NBI heating.
Different models for ETB width have been tested in pre-
dictive modeling with transport barrier width scaling as
fast-ion Larmor radius, giving better agreement with hot-
ion H-mode experiment.

An optimized shear scenario was another type of
high-performance JET plasma, which was used during
the D-T campaign in 1997. The main advantage of this
scenario is that because of intense plasma heating during
the current ramp-up phase, plasma develops a region
with a flat or even inverted ¢ profile in the central part of
the plasma volume.?** This nonmonotonic g profile, com-
bined with a strong shear in plasma rotation, induced
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Fig. 48. Comparison of the main measured and computed pro-
files for 40305 (Ip = 3.8 MA, By = 3.45T), att =
13.0 s (reproduced from Ref. 213).

mainly by coinjected NBI, generates a strong ITB. Often
this ITB evolves in time, usually expanding during the
current ramp-up phase. Its further evolution is controlled
by the formation of the ETB and by the amplitude of
emerging ELMs: strong type-1 ELMs lead to gradual ero-
sion, and sometimes to a complete disappearance, of the
ITB. To simulate the dynamics of ITB formation and
evolution, the Bohm—gyro-Bohm transport model de-
scribed above has been modified as follows'38: First of
all, it was assumed that long-wavelength turbulence,
responsible for the Bohm term in Eq. (15), could be sta-
bilized by a strong shear in the plasma rotation, broadly
in accordance with an original idea from Refs. 153 and
225. A dimensionless parameter ) was introduced'>*:

Wexp

Y

(RB,)*> a [(VnT, 1
- - Ue BT + U(b Bp -
B oy en; RB,

O =

Uth,i
(22)

where the poloidal flux ¢y = [ RB,dr and vy, ; is ion ther-
mal velocity. We might expect that plasma turbulence
(the one with long wavelength in particular) is sup-
pressed if the parameter () exceeds a certain value, say,
Q=6 = 0(1). Analysis of JET experiments shows that

1202

the shearing rate is not the only mechanism of turbulence
suppression that plays a role in the formation of the ITB.
We should also take into account a mechanism of turbu-
lence stabilization (or moderation) by negative or zero
magnetic shear.>?2 Long-wavelength turbulence, which
is responsible for the Bohm type of transport, should be
particularly sensitive to this mechanism. Since the two
above-mentioned mechanisms could work together, we
multiplied the Bohm coefficient in Eq. (15) by a step
function, which depends on a combination of two control
parameters, {; and {,. The gyro-Bohm term, which rep-
resents short-wavelength turbulence, should be less af-
fected by shear in plasma rotation and was left unchanged.

VnT,
nB

VT,
T,

e

q2

H({ +s = 50) .

r=a

X5 = (23)

Figures 49 and 50 show the time evolution of the
main plasma parameters for a typical ITB pulse 39515
(Ip = 3.0 MA and By = 3.45 T) together with the re-
sults of the modeling using the most successful model
(a global ITB, which is produced by a combination of
magnetic shear plus strong shear in plasma rotation with

Pulse No: 39515
a)

Thermal energy
(MJ)

Density
(109 m-3)

4.5 5.0 5.5 6.0 6.5 7.0 7.5
Time (s)

Fig. 49. Measured and computed time traces for optimized
shear shot 39515 (Ip = 3.0 MA and By = 345 T,
reproduced from Ref. 188).
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Fig. 50. Measured and computed ion temperature profiles for
optimized shear shot 39515 (Ip = 3.0 MA and By =
3.45 T; reproduced from Ref. 188).

;= 0.1 and ¢, = 1.2). Formation, expansion, and the
transition to ELM-free H-mode followed by the col-
lapse of the ITB are well reproduced by the model. It is
interesting to note that the model manages to reproduce
not only the transition to an improved core confinement
but also the erosion and subsequent disappearance of
the ITB shortly after the L-H transition. It was not nec-
essary to include the effect of additional MHD activity
(such as ELMs), although MHD is thought to play a
role in some discharges.

VI.C. Modeling of ELMy H-Mode

Modeling of ELMy H-mode is a good example of an
integrated approach since the relevant physics involves
both the plasma core and the SOL. First of all, the dy-
namic models have been developed and used in the JETTO
code??” for the formation of the pedestal and the effect of
ELMs in H-mode discharges. In this model, all the chan-
nels of transport through the pedestal are reduced to the
neoclassical ion thermal diffusivity computed at the top
(inner edge) of the pedestal. The width of the pedestal is
computed using a scaling with the ion Larmor radius. An
ELM crash is triggered when either a pressure-driven
ballooning mode or a current-driven peeling mode be-
comes unstable anywhere within the pedestal. The MHD
stability criteria that are used to trigger ELM crashes are
calibrated for each simulation using the MHD stability
code MISHKA (Ref. 228). The ELM crash is simulated
by using a 300-fold enhancement of thermal transport
FUSION SCIENCE AND TECHNOLOGY
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and a 100-fold enhancement of particle transport for a
fraction of a millisecond.

This heuristic pedestal and ELM model has been
used in the JETTO code to simulate ELMy H-mode JET
plasmas with a wide range of plasma parameters. These
include a series of discharges with type-I, type-II, and
type-1II ELMs, which constitute scans in density, p*, and
isotope mass, and many others. First of all, the sensitivity
of the ELM model with respect to ELM amplitude and
duration was tested. These simulations showed that al-
though the ELM frequency does depend on the ELM
amplitude (actually, the ELM frequency depends on the
product of the ELM amplitude and its duration), the time
average confinement time is insensitive to these varia-
tions.?'8227 Then it was shown??° that in plasmas with
type-1 ELMs, in which the ELM frequency increases with
the heating power, the MHD stability of the edge barrier
is controlled by a ballooning mode. Later on it was dem-
onstrated that the pedestal temperature rather than the
ELM frequency might increase with increasing heating
power, as observed in some JET experiments.?? This
trend was explained by the interplay between peeling and
ballooning stability. It was also demonstrated that there
is a transition from first to second stability as the trian-
gular shape of the plasma is increased.”?' The width and
height of the pedestal were shown to increase as the
hydrogenic isotope mass is increased.?*? These three ef-
fects are shown to enhance the predicted performance of
ITER in simulations using the JETTO code.?** Simula-
tions of JET discharges have shown that either a pressure-
driven ballooning mode or a current-driven peeling
mode?3* can trigger ELM crashes.

Avariation of the basic JETTO model described above
has been used to simulate type-I and type-1l ELMs in JET
discharges.?*> An analytic linear ballooning /peeling mode
model has been used to simulate the growth and width of
type-I or type-II ELMs using JETTO (Refs. 236 and
237). The effect of gas puffing on ELM behavior was
simulated by coupling the JETTO code with the 2-D
EDGE2D and COCONUT codes.>*® Traditionally, the
plasma core, the ETB, and the SOL regions have been
treated separately in predictive modeling, with the moti-
vation that the physics governing transport in these re-
gions is different. Modeling the different plasma regions
separately is, however, not self-consistent, because it has
become increasingly evident that there is a strong link
between the core, pedestal, and SOL so that even a mod-
est variation of the plasma parameters in one region can
lead to a dramatic change in overall plasma performance.
A good example of such a link, which involves the core,
ETB, and SOL, is the effect of external neutral gas puff-
ing in type-I ELMy H-mode plasma, which has been
modeled at JET (Ref. 237) using the suite of integrated
modeling code COCONUT and linear ideal MHD stabil-
ity code MISHKA-1. It should be noted that the coupling
scheme of the integrated transport code COCONUT makes
it possible to self-consistently model the entire plasma
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and thereby accurately take into account the strong in-
teraction of the SOL, ETB, and core.

It is well known from experiments that the plasma
easily accommodates modest gas puffing (a neutral in-
flux of the order of I' = 3 X 10?2 s~ ! in the case of JET).
Higher levels of gas puffing cause a transition to type-III
ELMs, i.e., a dramatic increase in ELM frequency fol-
lowed by the deterioration of plasma confinement. Inte-
grated predictive modeling reveals a chain of causalities
that might explain the experimentally observed behavior.
An increase in neutral gas puffing initially affects the
SOL, something that quickly translates into increased
density and reduced ion and electron temperature at the
separatrix and beyond it. The evolution of the density
and temperature has been modeled for various levels of
external neutral gas fueling using COCONUT. With
the integrated code, it is possible to self-consistently
model the penetration of the neutrals and predict the
plasma profiles. Figure 51 illustrates the results of the
COCONUT simulations. Shown in the figure are the ion
density and ion temperature profiles in a region extend-
ing from the SOL to beyond the top of the ETB for six
different levels of gas puffing ranging fromI'=0to ' =
1 X102 s L

The one-and-a-half-dimensional JETTO transport
code has been used to further explore the chain of cau-
salities resulting from an increase in external neutral gas
puffing, making use of the COCONUT results. Specifi-
cally, the boundary conditions in the JETTO modeling
have been determined from the plasma profiles calcu-
lated self-consistently by COCONUT. As a result of the
higher density, the collisionality within the pedestal in-
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creases with the gas puffing. The bootstrap current, which
scales as 1/(1 + v), with v being the collisionality, de-
creases as a consequence of the higher collisionality. Be-
cause of this, the total current, which comprises both
bootstrap and ohmic current, also decreases within the
pedestal. The decrease in the edge current leads to an
increase in magnetic shear, which can cause the plasma
to lose access to the second ballooning stability region.

Situations with different levels of neutral gas puffing
have been analyzed with the MISHKA-1 MHD stability
code. A characteristic result of the analysis is illustrated
in Fig. 52, which shows MHD stability diagrams for two
different levels of neutral gas puffing. The analysis dem-
onstrates that increasing neutral gas puffing can trigger a
transition from second- to first-ballooning stability. In
the first-ballooning stability region, infinite-n ballooning
instabilities limit the achievable pressure gradient. As a
consequence, a much smaller pressure gradient can be
sustained there than in the second-ballooning stability
region, where typically medium-» ballooning modes de-
termine the achievable pressure gradient.

The reduction of the sustainable pressure gradient
due to an increase in the level of neutral gas puffing has
been fed back as an adjustment into the relevant JETTO
simulations. As expected, such an adjustment leads to a
lower pressure at the top of the pedestal and a dramatic
increase in the ELM frequency. Because of profile stiff-
ness, the lower pressure at the top of the pedestal trans-
lates into lower pressure throughout the core plasma and
thus into lower overall confinement.

It should be noted that, in a sense, the edge current
plays a dual role in the MHD stability of the pedestal. In

T, (keV)

0 | | | |

3.80 3.82 3.84

R (m)

3.86 3.88 3.90

Fig. 51. Ion density and ion temperature profiles in a region extending from the SOL to beyond the top of the ETB for six
COCONUT simulations with different levels of gas puffing ranging from ' =0to ' =1 X 1023 s~ 1,
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Fig. 52. MHD stability diagrams with the normalized pressure gradient on the horizontal axis and magnetic shear on the vertical
axis for two different levels of neutral gas puffing: I' = 0 (left) and I' = 1 X 1023 s~ ! (right). Shown in the figure are the
mode numbers of the most unstable peeling and ballooning modes as well as infinite n ballooning instabilities (marked
with crosses) and the operation point (marked with a large dot).

addition to changing the ballooning stability indirectly
by affecting the magnetic shear, the edge current may
also directly destabilize peeling modes and hence cause
ELMs.

Based on the chain of causalities discussed above, it
has been proposed that the transition from type-I to type-
IIT ELMy H-mode with increasing neutral gas fueling
might be explained as a transition from second to first
ballooning stability. This demonstrates how sensitively
the SOL, ETB, and core are linked together and how they
interplay. It is worth noting here that the proposed model
obviously contradicts the original idea that type-111 ELMs
are controlled by a resistive rather than an ideal balloon-
ing mode and is therefore somewhat controversial. On
the other hand, the proposed model does not defy the
importance of resistivity in ballooning stability but rather
point toward the necessity of using a mechanism of sharp
change in the level of critical pressure gradient to explain
experimental observation. The original idea was not able
to explain the experimentally observed sharp transition
from one type of ELM to another.

In the simulations presented above, ad hoc assump-
tions about ELM amplitude and duration were used.
This does not allow realistic modeling of an ELM cycle.
A more sophisticated theory-motivated model for the
evolution of the amplitude of the unstable MHD mode
has been developed in Ref. 236. The model couples
transport equations in JETTO with linearized equations
for the amplitudes of ballooning and peeling modes,
which might be destabilized within the edge barrier by
FUSION SCIENCE AND TECHNOLOGY
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either excessive pressure gradient or current. Separate
equations were used for the ballooning and peeling mode
amplitudes &, and &, respectively, whereupon the indi-
vidual mode amplitudes are added to give a total mode
amplitude ¢:

&y _ % &
dr =Cpyp|1— o H(a_ac)fb_cdR (&, —&o) »
(24)
dg, _ ( £) 2
dt - Cp’)/p 1- J H(J_Jc)gp_CdR (‘fp_go) B
(25)
and
f = fb + fp .

Here, vy, is the ballooning mode growth rate, vy, =
¢, [NRL, and, for simplicity, y, = v, for the peeling
mode growth rate. C, ~ 1, C, ~ 1, and C; ~ 0.1 are
constants characterizing the growth rate of the balloon-
ing and peeling mode instabilities, the decay rate of the
mode due to nonideal MHD effects, and the level of
background fluctuations, respectively. H is the Heaviside
function defined as H(x) = 0if x < 0 and H(x) =1 if
x = 0, with x being an arbitrary variable, and ¢, = \/ T, /M,
is the sound speed, where 7, is the electron temperature
and M, is the ion mass. L), is the pressure scale length, R
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is the major radius, and & = —(2or?/B,)(dp/dir)/0.64
is the normalized pressure gradient, where r is the minor
radius, B), is the poloidal magnetic field, and ¢ is the
poloidal flux co-ordinate; «, is the critical normalized
pressure gradient.

In the pure ballooning model, the stability threshold
has been described by a fixed critical pressure gradient,
which can be a reasonable approximation in certain cir-
cumstances. Similarly, one could use a fixed critical cur-
rent as the stability threshold in a pure peeling model as
afirst approximation. However, Ref. 239 proposes a more
general localized peeling stability criterion based on the
MHD energy principle. By denoting

1
J=14+ —
mq' J R’B?

and

J.=+1—-4D,, , (26)

the condition for peeling stability can be expressed as
J < J.. Here, Dy, is the Mercier index,?*%-2*! which is
proportional to the pressure gradient Vp, ¢’ is the gradi-
ent of the safety factor, j is the current density parallel to
the magnetic field, B is the magnetic field strength, and
A, is a vacuum energy parameter describing the distance
from the external surface to the plasma surface.

At each time step, the plasma parameters calculated
by JETTO were used to evaluate the mode amplitude &
given by Egs. (24), (25), and (26), and the calculated
perturbation amplitude determines the level by which
transport is enhanced. More specifically, Gaussian-
shaped perturbations having amplitudes proportional to
the calculated perturbation amplitude & are added on
top of the radial profiles of the transport coefficients
within the ETB and its vicinity. The additional trans-
port perturbations dy representing ELMs can thus be

written as
r — ro 2
A b

where rq is the radial location of the center of the Gauss-
ian and A is the characteristic width of the Gaussian. The
use of Gaussian-shaped ELMs is motivated by the fact
that the ballooning modes assumed to drive the ELMs
have Gaussian shapes in linear theory.

The theory-motivated ELM model with separate equa-
tions for the ballooning and peeling mode amplitudes
given by Eqgs. (24) and (25) is capable of qualitatively
reproducing the main features of type-I ELMy H-mode
when coupled to a JETTO transport simulation. With a
choice of simulation parameters consistent with actual
experimental parameters, simulations with this model pro-
duce strong periodic oscillations distinctly resembling
type-I ELMs with a repetition frequency that increases
with the external heating power. This is illustrated in

5X(r,t)~§(t)exp[—( 27)
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frames Figs. 53a, 53b, and 53¢ which show time traces of
the ion thermal conductivity at the magnetic surface p =
0.92 in three predictive transport simulations with dif-
ferent levels of neutral beam heating power, namely 8,
16, and 24 MW. The plots are qualitatively similar to
time traces of the D, signal in type ELMy H-mode dis-
charges. As in type-I ELM experiments, the ELM fre-
quency slowly increases with the heating power.

VI.D. Penetration of Impurities from the SOL to the Core

Predictive modelling of impurity accumulation in
the plasma core is another interesting example of the
importance of the integrated approach in predictive mod-
elling. Since impurities (apart from He ash) originate in
the SOL, both SOL and ETB control their penetration
to the core. Experimentally extrinsic impurities (like,
N, Ne, Ar) were used at JET to mitigate ELMs. Impu-
rities like Ar and Ne that have high recycling rates can
create a poloidally and toroidally uniform mantle near
the separatrix in order to increase evenly the radiation
and reduce the power flux through the separatrix both
during and between ELMs. This should reduce the power
load on the divertor target plate as well as reduce ELM
amplitude and frequency. With high triangularity, the
plasma manages to stay in type-I ELMy H-mode even
during a continuous deuterium gas puffing and “blips”
of impurity puffing without noticeable degradation in
plasma confinement with the reduced ELM frequency
and amplitude.'9%242.243 Simultaneously these experi-
ments have shown that the level of the main gas puffing
should be kept above a certain level, below which im-
purities start to accumulate in the core and eventually
cause a radiative collapse even in the presence of regu-
lar type-1 ELMs. Figure 54 shows some examples of
this phenomenon.

It was realized'?! that impurities are prevented from
accumulating in the core not as much by ELMs but
mostly by particle transport within the edge barrier. All
available transport codes, starting from core code
JETTO/SANCO and finishing with core-edge coupling
code COCONUT, were used to simulate impurity pen-
etration through the ETB. Since transport within the
ETB is considered to be close to the neoclassical level,
a full matrix of the neoclassical transport coefficients
for impurities and the main ions was taken from
NCLASS. The neoclassical convective particle velocity
is probably the most important part of this matrix since
it is believed to be responsible for impurity accumula-
tion in the plasma core. Generally, the neoclassical flux
not including the Ware pinch can be written in the fol-
lowing form?#*:

D 1 dn, 1 dn, H dT,
l—vzneo:_K_____ 4+ — — ,
27 n; dr  Zn_, dr T, dr
(28)
FUSION SCIENCE AND TECHNOLOGY VOL. 53 MAY 2008



Mantica et al. JET CORE TRANSPORT STUDIES

—~ 6000 (a) —~ 6000[-(€)

1 1

o 4000 o 4000

£ S

= 2000 < 2000

0 0

~ 6000 (b) —~ 6000 (f)

1 )

«  4000- « 4000-

E £

= 20001~ < 20001~

o 11 P lrirreiil 0 1 1l

~ 6000 (¢) —~ 6000-(9)

1 )

< 4000- o 4000~

£ E

= 2000 = 2000
0

- ~ g™

= = (VY /V/‘/‘/\/\/',q/\ 47100 l//l|/ (PR

\EZ \EZ 4+ "/\ A

2 2 ©
0 \ | \
0.5 1.5 25 3.5

Time (s) Time (s)
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mode amplitudes [Egs. (24) and (25)]. Ton thermal conductivity as a function of time in three mutually similar simulations
with different levels of neutral beam heating power Pyg;: (a) 8, (b) 16, and (c) 24 MW. The boundary condition T}, =
25 eV is used for the ion and electron temperatures at the separatrix. Neoclassical resistivity is not enhanced during the
ELMs. (d) Thermal energy content of the plasma as a function of time in the simulations used in frames (a) (long-dashed
curve), (b) (short-dashed curve), and (c) (dotted curve). Ion thermal conductivity as a function of time in another series
of simulations with different levels of neutral beam heating power Pygy: (e) 8, (f) 16, and (g) 24 MW. The boundary
condition T, = 100 eV is used for the ion and electron temperatures at the separatrix and neoclassical resistivity is
enhanced during the ELMs. Otherwise, the simulation parameters are the same as in the simulations used in frames (a),
(b), and (c). (h) Thermal energy content of the plasma as a function of time in the simulations used in frames (e)
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where

n, = impurity density

n; = density of the main ions

Z = charge of the impurity
D o« n, = neoclassical diffusion coefficient

K and H are functions of dimensionless plasma param-
eters, including ion collisionality (see Ref. 87). Theory
predicts that the coefficient K > 0 so that the first term
in the right-hand side of Eq. (28) causes an inward
convective velocity for impurities if dn;/dr = 0 for the
whole range of collisionalities. The coefficient H, on
the other hand, changes sign depending on the collision-
ality of both main and impurity ions. It follows from
the neoclassical theory that usually (H/K) ~ —0.5 in
JET ELMy H-mode plasmas so that the third term on
the right-hand side of Eq. (28) evokes an outward con-
vective velocity, or “screening” effect, if dT;/dr = 0.
The competition between these two terms determines
the fate of impurities: they can be stopped at the edge
when there is a relatively strong temperature gradient
[if (K/n;)(d|n;|/dr) = (|H|/T;)(d|T;|/dr)] or they can
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Fig. 55. Time evolutions of (a) edge ion temperature and (b)
edge ion density for simulation with impurity.

penetrate deep into the plasma core in the opposite case
of a weak temperature gradient.

Two sets of boundary conditions were used in pre-
dictive modeling to prove the importance of the gas puff-
ing in an attempt to avoid impurity accumulation in the
core, shown in Fig. 55. We keep plasma parameters at the
separatrix constant in the first case [with T,(p = 1) =
Ti(p=1)~100eV andn;(p=1) =5 X10 m—3], which
corresponds to a constant, high level of gas puffing. We
then reduce edge density and increase edge temperature
in the second run [with T,(p = 1) = T;(p = 1) increasing
in time from 100 to 400 eV and ion density decreasing
fromn;(p =1) =5 X 10" m3 ton(p=1) =2 X
10'” m~3 at the end of the run] to simulate the decrease
of the gas puff.

Figure 56 shows the main time traces for two sim-
ulations. The same level of impurity (Ar in our case)
puffing was used in both runs. One can observe very
similar initial evolutions of all main plasma parameters
(because of the similarity in the boundary conditions at
the initial stage of the simulations). Starting from ¢ =
21.5 s, however, the edge density goes down and the
edge temperature goes up [the “red dashed” case (color
online)]. This gradual change in the boundary condi-
tions causes a dramatic transformation in the behavior
of impurities: They start to penetrate through the edge
transport barrier and accumulate in the core. The reason
for such transformation is the convective velocity for
impurities, which changes sign from positive to nega-
tive within the edge barrier. Figure 57 shows the radial
distribution of the convective velocity, averaged over
all ionization stages, and the impurity density for two
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Fig. 56. Time traces for the run with the same rate of impurity
puffing but different boundary conditions: constant
temperatures and density (blue) and rising tempera-
ture and falling density (red). (Color online)

n; (10" m3)

Fig. 57. Radial distribution of the convective velocity density
of the impurity before (blue solid) and after (red dashed)
transition to a lower level of gas puffing. (Color
online)

time slices, = 21 and 23 s, for shot 53550. At 21.0 s
the two runs have the same boundary conditions and
both have the same positive convective velocity, lead-
ing to accumulation of impurities outside separatrix, in
FUSION SCIENCE AND TECHNOLOGY
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the SOL. At r = 23 s after the step down in the edge
density and step up in the edge temperature in the “red
dashed” case (color online), the convective velocity for
53550 has a different, negative sign. This allows impu-
rities to penetrate through the ETB and to accumulate
deeper in the core, changing both the level and the
pattern of the radiated power.

The ELM contribution to preventing impurity accu-
mulation is not as important as either the deuterium gas
puff or the outward convective velocity due to high ion
temperature gradient and low main ion density gradient.
The simulations were repeated with COCONUT, which
allows self-consistent evolution of plasma parameters near
the separatrix as a function of D puff. These simulations
confirmed JETTO results.

VL.E. Modeling of Optimized Shear Plasmas: Role of
Current Drive and Real-Time Profile Control

Tokamak plasma operation with weak or negative
magnetic shear and with an ITB is regarded as one way to
increase fusion performance. A hollow current density
profile, i.e., areversed ¢ profile (negative magnetic shear),
is one of the key conditions that gives rise to the im-
proved core confinement and facilitates the formation of
the ITB in advanced tokamak scenarios.>*>

There are several ways to modify the g profile in the
preheating phase, i.e., to create the target g profile. The
method to obtain a reversed ¢ profile is in principle
simple—either to drive off-axis cocurrent or on-axis coun-
tercurrent or alternatively to increase the electron tem-
perature in order to slow down the current diffusion from
the plasma edge to the center during the current ramp-up
phase.

The current profile evolution during the preheating
phase in JET has been calculated with the JETTO trans-
port code assuming neoclassical electrical conductivity
calculated with the neoclassical transport code NCLASS
(Ref. 139) coupled to JETTO. The following preheating
methods are considered and compared: ohmic, LHCD,
on-axis and off-axis ICRH, and on-axis and off-axis NBI,
as well as electron cyclotron current drive (ECCD). The
basic principle used in this study is that the power depo-
sition and external current density profiles are calculated
in a self-consistent way. Consequently, the codes to cal-
culate the power deposition profiles are coupled to JETTO
to allow a self-consistent simulation cycle between the
transport and power deposition (plus current density)
calculation with time. This means that all the plasma
profiles (such as T, T;, n,, q, B,, Br, I,, Z, etc.) are
given as input from JETTO to the heating codes, and
correspondingly, the heating codes return the power de-
position and externally driven current density profiles
back to JETTO. Coupled to JETTO at present are mod-
ules for the LHCD ray-tracing code FRTC (Ref. 246), an
NBI code called PENCIL (Ref. 63), and the ECCD code
FUSION SCIENCE AND TECHNOLOGY
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Fig. 58. Target ¢ profiles at (a) t = 4.0 s and (b) t = 5.0 s
simulated with different preheating methods (which
all startat 7= 1s): LHCD (solid curve), ECCD (dashed
curve), off-axis NBI (dashed-dotted curve), off-axis
ICRH (dotted curve), on-axis NBI (short-dashed
curve), on-axis ICRH (double long-dotted-dashed
curve), and ohmic (double short-dotted-dashed curve)
(reproduced from Ref. 249).

ECWGB (Ref. 247). The ICRH power deposition pro-
files have been calculated with PION (Ref. 248) outside
JETTO.

The simulated target g profiles at t = 4.0 and 5.0 s
produced by the different preheating methods are com-
pared in Fig. 58. In the simulations, the main plasma
parameters and the initial and boundary conditions for 7,
are taken from pulse 51897 (By = 345 T, Ip < 3 MA,
PNBI <13 MW, PICRH =4 MW, and PLH =2 MW) The
external heating power is 5 MW except in the case of
LHCD, where the power is 3 MW. Thus, the simulations
are identical except in terms of the heating and current
drive methods.

As shown in Fig. 58, LHCD and ECCD are the only
preheating methods that can produce deeply reversed ¢
profiles. Quantitatively, the g profiles produced by LHCD
and ECCD look quite similar. However, the central val-
ues of ¢ are distinct. With LHCD, ¢ tends to increase to
very high values, such as gy =~ 30 to 50, whereas with
ECCD, ¢, remains between 10 and 20. This difference
comes mainly from the amount of driven off-axis cur-
rent; LHCD current is of the order of 500 to 900 kA,
whereas ECCD current is only 70 to 160 kA. Off-axis
NBI and off-axis ICRH heating create weakly reversed ¢
profiles with g, located inside R = 3.4 m. Modeling
predictions show that on-axis NBI, on-axis ICRH, and
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ohmic preheating can create only monotonic target g pro-
files. The modeling results have been verified qualita-
tively in JET experiments with respect to LHCD, ICRH,
and ohmic preheating.>*°

An important experimental program is in progress
on JET to investigate plasma control schemes that could
eventually enable ITER to sustain steady-state burning
plasmas in an “advanced tokamak™ operation scenario.
The triggering and subsequent controllability of ITBs
are major issues for fulfilling this goal, and their study
is therefore an essential part of this program. Recently,
a multivariable model-based technique was devel-
oped 138159250 for the simultaneous control of the cur-
rent, temperature, and/or pressure profiles in JET ITB
discharges, using LHCD together with NBI and ICRH.
The RTC algorithms have been implemented in the JET
control system, allowing the use of three actuators that
are the power levels of NBI, ICRH, and LHCD sys-
tems. Algorithms identical to those used in the experi-
ments have been also implemented in the JETTO
transport code.®?

A schematic illustration on how the open- and closed-
loop RTC transport simulations are performed with
JETTO is presented in Fig. 59. All the simulations start
typically around 7 = 4 s (indicated by the vertical dashed-
dotted line). The power step-ups in the open-loop sim-
ulations (such as the solid line) are made when the
discharge is rather stationary, typically around ¢ = 15 s,
and the steady-state response, i.e., the calculation of the
feedback controller matrix, is taken at around r = 30 s
(dashed vertical line). In the closed-loop simulations,
the RTC starts typically at r = 5.5 s (dashed vertical
line), and RTC can be applied as long as desired, typi-
cally for more than one resistive current diffusion time.
The power levels vary in the closed-loop simulations
(dashed curve), as requested by the controller. The whole
procedure of carrying out the open-loop power step-up
simulations, determination of the controller matrix from
the open-loop simulations, and finally performing the

— —
_—

closed-loop simulations with RTC is identical to that
performed in JET experiments when applying the RTC
technique. The benefits in the transport simulations with
respect to experiments are that transport simulations are
free from unpredictable events, such as MHD events,
diagnostics problems, or power system failures, occur-
ring often in the experiments and “polluting” the data.
In addition, RTC techniques can be tested for several
current diffusion times, which is impossible with the
present capabilities of JET heating systems. Therefore,
the simulations serve as a simplified platform to test,
validate, and develop the RTC algorithms techniques,
with increasing degrees of complexity and completeness.

Two closed-loop simulations with different setpoint
profiles of g and p7,

. 1 |[A;m
Pr, = —

7.

13

1 1 aT,
P T — ¢
BT\/_E

B, R

[also see the definition in Eq. (20)] are compared to a
reference open-loop simulation with constant power lev-
els in Fig. 60. The setpoint profiles are a strongly re-
versed ¢ and a strong ITB (large py ), as illustrated in
Fig. 60 by the dashed curves. The magnetic field, the
plasma current, the plasma geometry, Z,, the initial and
boundary conditions, and the power levels of LHCD,
NBI, and ICRH, until the control starts, are taken from
JET pulse 62527. Again, to assess the controller’s effect
on a fully developed steady state, the closed-loop simu-
lations have been extended much farther in time than the
experiment itself, which ended after t = 9.2 s.

The simulations with the combined RTC demonstrated
that varieties of setpoint g profiles and p;. profiles can be
achieved and controlled simultaneously. Very important
is that the successful control could be continued for sev-
eral resistive current diffusion times. Therefore, within the
limits of the present transport model, the simulation with
the reversed g profile and strong ITB as the setpoint p;.

Open-loop power step—up simulation

|
1
! |
| - ~ !
‘ s ~ !
- ‘r ~ _
=) | ~ — |
S ‘ I N ~ !
) ' Simulations | Control starts Power varies in closed\—lgop simulation /Feédback !
g | start | in closed—loop ~ _ ~ ‘matrix !
o ‘ | simulations - = calculation !
|

| |
1 } }
‘ I !

4 5.5 14 20 30

Time (s)

Fig. 59. A schematic view on how to perform open- and closed-loop transport simulations with JETTO. Times refer to typical
times in JET ITB discharges, used in the predictive simulation (reproduced from Ref. 82).
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Fig. 60. The closed-loop simulation with a reversed setpoint g
profile and strong ITB setpoint p; profile (solid
curves). The setpoint g profile and p7 profile are
shown by the dashed curves and the reference open-
loop simulation by the dotted curves (reproduced from
Ref. 82).

profiles showed a way to achieve strong ion ITBsin a con-
trollable way, desirable and necessary for high fusion per-
formance in long-pulse experiments. These simulations
also supported strongly the experimental results that the
RTC of g and p7, profiles can be carried out by using the
RTC techniques presented in Refs. 158 and 250.

VI.LF. Summary

Predictive transport modeling at JET always was an
integral part of the JET project. However, if initially the
number of modelers as well as available tools were very
limited, after 2000 the number of users rose to about a
hundred. Many predictive transport codes as well as post-
processing tools were bundled into a user-friendly suite
of codes, which is available online from all European
associations. Relative ease of code usage and proper or-
ganization of the catalog of modeling results, which al-
lows users to look at other users’ runs, led to a significant
progress in the modeling activity at JET. Also, the JET-
modeling community benefits strongly from the recent
introduction of the JET Transport Task Force, which ac-
tually organizes and supervises the modeling activity at
JET.

Last, but not least, the JET transport codes are being
modified to be able to do predictive modeling of ITER
scenarios. It is expected that JET tools will be actively
used in preparation for ITER operation.

FUSION SCIENCE AND TECHNOLOGY
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VII. OUTLOOK ON FUTURE DEVELOPMENTS OF CORE
TRANSPORT WORK IN JET

The various sections of this paper have revised
progress toward reaching a comprehensive understand-
ing of turbulent transport in order that a validated theo-
retical tool becomes available for reliable extrapolation
to predict transport in fusion reactor plasmas. It is clear
that a systematic work of assessment of the existing theo-
retical tools, especially the most comprehensive gyro-
kinetic codes, against a wider set of well-characterized
results from dedicated transport experiments or from large
databases with high statistical weight is still needed to
achieve this goal. Still, some basic physics understand-
ing of the main mechanisms at play has been reached,
which represents a true step forward with respect to our
understanding of transport compared to, for example, 10
years ago. Moreover, such understanding is now address-
ing heat, particle, and momentum transport in a consis-
tent approach.

With respect to the basic questions formulated in
the introduction to this paper, we summarize in the fol-
lowing paragraphs the state of understanding and the
main work needed to consolidate and complete the
present views, with particular focus on what could be
done on JET.

ITER H-mode scenarios are expected to present a
significant level of stiffness in both the ion and electron
channels, so temperature profiles will be determined by
thresholds. It will then become a priority of future work
to assess theoretical predictions of R/L; and R/L;
thresholds and their parametric dependences, including
the stabilizing effect of £ X B shear and the nonlinear
up-shift in the ion channel. This work should aim at
extracting from experiments the main parameters that
affect thresholds and quantifying their effect, with spe-
cial emphasis on the ion channel, for which JET has
unique diagnostics. The results should then be com-
pared with various theoretical models, making more ex-
tensive use of nonlinear fluid and gyrokinetic codes
with respect to what has been done so far. On the ex-
perimental side, ICRH power modulation using 3He has
already been shown to be the best tool for exploring ion
and electron stiffness and thresholds, together with care-
ful shaping of power deposition profiles and well-
designed scans of plasma parameters. The availability
of more ICRH power following installation on JET of
the ITER-like ICRH antenna will provide also the pos-
sibility of studying plasmas with reduced rotation and
T, ~ T;, i.e., in conditions more similar to those of
ITER. The impact of turbulence spreading on plasma
profiles will have to be assessed.

The basic understanding of a turbulence-generated
particle pinch that increases with decreasing collisional-
ity suggests that ITER density profiles will have a sig-
nificant peaking, as supported by the JET database. In
this area the main unsolved issues are the dependence of
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the pinch on magnetic shear in H-mode plasmas and the
quantitative match between the measured peaking and
the predictions by gyrokinetic codes when collisions are
included. The availability of more ICRH power from the
ITER-like ICRH antenna will provide the possibility of
studying particle transport with reduced importance of
core particle sources provided by NBI heating, reduced
rotation, and 7, ~ T; conditions.

JET results suggest that impurity accumulation may
not represent a problem for the ITER H-mode low-
collisionality scenarios, which will be dominated by tur-
bulent transport. In these conditions, light impurities
present an outward convection that prevents accumula-
tion, and the accumulation of heavy impurities may also
be prevented by the large amount of central electron heat-
ing provided by alpha particles, which can induce an
impurity pinch reversal and increased diffusion. In
turbulence-dominated impurity transport, the presence
of a finite density gradient is also not a cause for concern,
since it contributes to expelling impurities rather than
driving them toward the core as in neoclassical impurity
transport. However, these conclusions are presently still
based on the analysis of a limited database and its mod-
eling with linear gyrolinetic codes, and they call for ex-
tension to a larger number of experimental conditions
and modeling with nonlinear tools. Also, impurity accu-
mulation in ITBs still raises concern due to dominant
neoclassical impurity transport in layers in which turbu-
lence is suppressed. The usefulness of electron heating in
this case remains to be explored.

The understanding of momentum transport is the
least advanced, and still not enough basic insight has
been reached to even hint what would be the level of
rotation in ITER plasmas. For toroidal rotation, it ap-
pears that the effective Prandtl number x5/ Xiep 15
lower than is conventionally assumed for ITER predic-
tions. From first perturbative momentum transport ex-
periments in JET, indications emerge that this is because
of the presence of a significant turbulence-generated
inward momentum pinch, whereas the real Prandtl num-
ber x,/x; remains close to 1 in accordance with gyro-
kinetic predictions. More dedicated experiments making
use of transients will be required to characterize the
parametric dependences of this convective term and
will allow better comparison with theory than do
steady-state data alone. In addition, the role of edge
momentum transport and generation needs thorough
experimental and theoretical assessment. Good amounts
of new data coming from ripple experiments and edge
ergodization experiments using error field correction coils
have recently been collected and will provide precious
information to compare with theory. For poloidal rota-
tion, it has become evident that the usual assumption of
neoclassical poloidal rotation does not hold in any plasma
regime, because of the presence of anomalous poloidal
flows generated by Reynolds and Maxwell stresses. The
effect of such flows in H-mode plasmas has still to be
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assessed, but the largest flows are measured in plasmas
with ITBs and certainly contribute to sustaining the ITB
through increased £ X B flow shear. It is still unclear
whether such poloidal flows are also a crucial ingredi-
ent for ITB triggering, and more experimental data and
comparison with not only fluid but also gyrokinetic codes
will be required to gain deeper insight into the role of
the anomalous poloidal velocity.

More insight into the physics of ITBs has been reached,
with a clear identification of the roles of £ X B flow shear,
negative magnetic shear, and alpha stabilization in ITB
sustainment. With respect to I'TB triggering, of major im-
portance in JET is the role of rational magnetic surfaces,
which is still missing a consolidated explanation, but re-
search is focusing on the hypothesis that it may be con-
nected with the onset of anomalous poloidal flows that help
trigger the ITB via an increased E X B flow shear. This
will require further work on the theoretical side and com-
parison with the existing, quite exhaustive experimental
database. Such progress in understanding forms the phys-
ics basis for developing reliable control tools that may allow
the use of ITBs in ITER Advanced Tokamak (AT ) scenar-
ios. Weak ITBs seem presently more suitable in this re-
spect, due to the fact that strong ITBs (such as in the
presence of strongly reversed g profiles) are prone to im-
purity accumulation and can easily get out of control, lead-
ing to excessive pressure gradients and disruptions.

Integrated core-edge transport modeling tools have
become available at JET within a specific project, Inte-
gration of Transport and MHD Codes at JET, which has
coupled existing core and edge transport codes as well as
heating, MHD, and microstability codes to create a ver-
satile tool directly linked to JET and also ITPA databases.
This has led to an increased number of modelers working
on JET results under the coordination of the JET Trans-
port Task Force, and to a significant progress in the JET
modeling activity, providing support for the interpreta-
tion of experimental sessions and also for scenario de-
velopment work.
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