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ABSTRACT

For the first time, the predictive capabilities of the mixed Bohm/GyroBohm, Weiland and retuned’
GLF23 transport models are investigated with discharges from the ITPA ITB database by fully
predictive transport simulations. A range of plasma conditions is examined for JET, JT-60U and
DIII-D discharges with ITBs. Fully predictive transport simulations show that the predictions with
the Bohm/GyroBohm model agree very well with experimental results from JET and JT-60U. This
indicates the importance of the interplay between the magnetic sheaf.agpdlow shear in ITB
formation. In order to achieve a good agreement in DIlI-D,dk&tabilisation had to be included

into the model, showing the significant role played by dhstabilisation in governing the physics

of the ITBs. The Weiland and GLF23 transport models show only limited agreement between
the model predictions and experimental results. The Weiland model fails to form a clear ITB in
any of the three tokamaks, the main reason being the oversize growth rates of ITG and TEM.
The growth rates exceed significantly the, g shearing rates and the growth rates calculated with
the gyrokinetic cod&INEZERO. The average temperatures and density predicted by the Weiland
model are typically in fair agreement with experiments. The GLF23 model often predicts the ITB,
but its radial location is too far inside the plasma. This leads to strongly underestimated central
temperatures. The heat transport outside the ITB is very well reproduced by the GLF23 transport
model. The discharges modelled here are the same as studied with the gyrokinetic flux tube code
KINEZERO by C. Bourdelle et al. in this journal.

1. INTRODUCTION

The accuracy of predictive transport modelling in plasmas with Internal Transport Barriers (ITBs)
is not as good as that in the standard ELMy H-mode scenario. This stems mainly from the fact
that the ITB formation mechanisms are not yet fully understood [1, 2]. In addition, small dif-
ferences in some plasma profile may move the discharge or the simulation over the threshold
of the micro-instability, causing thus large differences in the predictions due to large changes in
the growth ratesy of some micro-instability (c.f. ITB appearence/disappearence). Furthermore,
the time dependent, non-stationary nature of the ITB plasmas challenges the transport models to
work under different plasma conditions within one simulation, like diffekgptofiles and tem-
perature and density profiles. Because of this, simplified and not self-consistent approaches are
usually employed in predictive modelling of ITBs [3, 4, 5]. In addition, very few attempts of
predictive transport modelling of ITBs in the ITPA (International Tokamak Physics Activity) ITB
database [6] covering several tokamaks have been carried out. As a consequence, the aim in this
work is to consider and assess all the aforementioned three problems — by making and comparing
fully predictive, self-consistent transport simulations with several transport models for discharges
from three different tokamaks.

The leading candidates for ITB triggering and also governing the physics of the ITBs are the



turbulence suppression by theg..p shearing rate [7, 8, 9, 10], by negative or small magnetic
shear [8, 10, 11, 12, 13], by-stabilisation [11, 14], by a large density gradient [15, 16] and by
the rational values of the-profile [17, 18]. In this work, we have used three different transport
models, the mixed Bohm/GyroBohm [8, 19], the Weiland [20, 21] and GLF23 [22, 23], to carry out
all the transport simulations. However, none of these transport models includes all the enumerated
ITB triggering and physics mechanisms. On the other hand, different transport models emphasise
different ITB formation mechanisms more strongly and ignore some of them. Therefore, a success
or a failure by some model under certain plasma conditions (for example reversed versus flat
profile) or in some tokamak provides very important information on the relative importance of
wexp flow shear, magnetic shear;stabilisation, etc. in ITB formation. It may also reveal some
ideas on what quantities to vary in order to control ITBs in an optimum way.

In order to investigate whether the three transport models perform similarly in the ITPA ITB
database, three pairs of high performance discharges from JET, JT-60U and DIII-D are selected.
Having discharges from three different tokamaks enables us to recognise common and non-common
features of ITB formation and dynamics between different tokamaks. More importantly, it is pos-
sible to perform a cross-tokamak ITB/transport model validation — a critical step necessary to
improve the predictive capability of the ITB plasma scenario in the next step devices. One of the
discharges in each pair (each tokamak) has aflafile whereas the other one has a strongly
reversedy-profile. This allows the;-profile and magnetic shear dependencies predicted by the
transport models to be compared with each other and with experiments on different tokamaks. Ul-
timately, the goal of this study is to clarify what mechanisms govern the physics of the ITBs and
whether the mechanisms are the same in different tokamaks under the same, and also different,
plasma conditions.

The accuracy of the predictions by the transport models is evaluated with the statistical anal-
ysis between the simulation and experimental results. The main emphasis in the transport model
evaluation is on the radial location and strength of the ITB. In addition, the growth rates of the
lon Temperature Gradient (ITG) modes and Trapped Electron Modes (TEMs) calculated by the
Weiland transport model are compared with those calculated by the gyrokinetic flux tube code
KINEZERO [24]. Also, the growth rates predicted by the Weiland and GLF23 transport models
are compared with theg, g shearing rates. A more extensive micro-stability analysis of the same
discharges using the ITPA ITB database is performed by C. Bourdelle et al. in this journal [25].

One of the fundamental principles in this work is to make fully predictive transport simula-
tions. The concept of 'full predictability’ means that five transport equations, i.e. ion and electron
heat transport, main ion particle transport, toroidal momentum and current diffusion equations, are
solved. Thus, the simulations yield predictions 1or 7., n;, v4 andg, respectively. Predicting
the density is important because the self-consistent interaction of the temperature and density and
their gradients is crucial in the calculation of the growth rates of ITG and TEM. In addition, ITB
formation is strongly affected by the density gradient [16]. Moreover, the off-diagonal contribu-



tions in the transport matrix, i.e. the density and temperature gradients, may cause heat and particle
pinches, respectively, and thus influence the ITB dynamics significantly. In order to improve the
reliability of the transport/ITB model and its predictive capability, it is of a paramount importance

to solve also the toroidal momentum equation rather than use the experimentally measured value
for vs. This is due to the key role played by in the value of theus, s flow shear (at least with
unidirectional NBI). Using the experimental valueQfwould give too strong indications to the

ITB model where and when to form the barrier. In addition, this approach would break the ’full
predictability’ and self-consistency principles adopted in this work. Furthermore, extrapolation of
the simulation predictions to next step devices would be less reliable. However, at this point we
need to note that the GLF23 transport model is integrated only for energy transport and current dif-
fusion in thecronNos transport code [26], and thus, the experimental density and toroidal rotation
are used for the simulations carried out with this model.

All the necessary input data for the three pairs of discharges from JET, JT-60U and DIII-D are
taken from the international multi-tokamak ITB database [6]. The input data includes the geometry,
the power deposition profiles, the external current density profiles, toffgas well as the initial
and boundary conditions for the transport equations to be solved. Neo-classical quantities are
calculated using thercLass transport code [27]. The simulations using the Bohm/GyroBohm
and Weiland models are performed with tierTo transport code [28] and the simulations using
GLF23 with thecroNOS transport code [26].

One of the main problems in transport simulations, in particular in the multi-tokamak database
and with several transport models, is that the input data and simulation procedures can be treated
in various ways. As a consequence, in order to minimise their impact on the modelling results,
we try to keep the simulation parameters and procedures as identical as possible — both among
the simulations in different tokamaks and with different transport models. Therefore, the same
set of numerical simulation parameters, such as time steps, number of grid points, equilibrium
calculation, etc., are consistently used and treated in an equal manner. Although time steps and
equilibrium are not done exactly in the same wayirTo and crRoNos, such differences do
not induce any significant bias in the kind of comparisons carried out in this studyro and
CRONOS transport codes were checked to give very similar results with the same input data when
using a simple transport model. Finally, the simulation results are handled equally when analysing
the accuracy of the predictions and comparing the goodness of the models.

This paper is structured in the following way. The transport coaEsro and CRONOS are
described in section 2. In addition, a brief description of the transport models (Bohm/GyroBohm,
Weiland and GLF23) is given. In section 3, the simulation results from the six modelled discharges
are compared with the experiments. The successes and failures of the transport models in repro-
ducing the dynamics of the ITBs are illustrated. Section 4 is devoted to the statistical analysis of
the simulation predictions. The prediction accuracy of the transport models is evaluated. Finally,
the conclusions with a summary are discussed in section 5.



2. TRANSPORT CODES AND TRANSPORT MODELS

JETTO is one and a half dimensional integrated transport modelling code solving the time-dependent
transport equations averaged over the magnetic flux surfaces [28]. There are several options for
example for the equilibrium calculation, handling the heating and current drive, boundary condi-
tions etc. in the code. We have always used consistently the same code options, described in more
detail below, in all theeTTO Simulations performed during this study.

In order to be most consistent between the simulations, the input data from the ITPA ITB
database has been used as thoroughly as possible. This makes the comparisons of the simula-
tion predictions between the discharges and tokamaks most 'code and modeller’ independent. As
a consequence, the external power deposition and driven current density profiles by NBl and ICRH
as well as torque and.g are taken from the ITB database. In addition, the initial conditions for
ne, Te, Ti, ¢ andv, as well as the boundary conditions for the same quantities are taken from the
database. The boundary conditions are taken on top of the H-mode pedestal although the simu-
lations are performed from = 0 to p = 1.0 wherep is the normalised toroidal flux coordinate.

The boundary conditions for the current diffusion equation, i.egtheofile evolution, is the total
plasma current, taken from the database.

The equilibrium is solved with thesco equilibrium solver that is insideeTTo. All the neces-
sary quantities (toroidal magnetic field, major and minor radii, ellipticity and triangularity) for the
equilibrium reconstruction are read from the ITB database. This simplified approach to construct
the equilibrium is used because the exact plasma boundary is not available for all the simulated
discharges.

The original semi-empirical Bohm/GyroBohm transport modelamTo [19] was amended to
include an empirical ITB formation condition in Ref. [8]. The empirical ITB formation threshold
condition was derived from the experimental JET database with discharges having ITBs with a low
positive magnetic shear. Recently, this ITB formation condition was supported in Ref. [29] where
also ITB discharges with a negative magnetic shear were used. The set of diffusion coefficients
can be written as follows:

Xe = 1-0XgB + 2OXB + Xneo—al, (1)
Xi = 0-5XgB +4.0xs + X?eo, (2)
XeXi
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In equations (4)—(7)I, andT; are the electron and ion temperatures, respectivelis the elec-

tron density,B,, the toroidal magnetic fieldz the major radiusg the safety factorg the speed

of light andvy, andw,. are the electron thermal velocity and plasma frequency as wetll ias

the major radius andthe inverse aspect ratio. All the neo-classical transport quantities, such as
the neo-classical ion heat conductivity*°, electrical resistivity, bootstrap current, etc., are calcu-
lated withncLAss code [27], which is coupled toETTO and CRONOS. Yneo_a1 t€FM represents
transport arising from the Electron Temperature Gradient (ETG) modes and has a similar form to
one proposed by Ohkawa [31]. The non-locality in the Bohm transport appears in the last term
wherep is the flux surface label defined y= |/® /7B /a.s With a.z being the radius of the
circle covering the same area as the elongated plagma.is the value ofy at the separatrix in

the L-mode and on top of the edge barrier in the H-modlas the toroidal magnetic flux. All

the quantities appearing in Egs. (1)—(7) are expressed in Sl units except the tempé&tadncss

whose unit is eV.

ITBs are introduced with the Heaviside step function multiplying the modified Bohm transport
in Eq. (5). The controlling parameter is given by the ITB formation threshold condition found in
Ref. [8]. We fixed the empirical constant§ = 0.1 andC3; = 1.0 because the optimum value
for C, varies between around 0 and 0.2 and €&rbetween 0.5 and 1.6 among the simulated
discharges from each three tokamaks. Inside the argument of the step funetigns the flow
shearing rate by Hahm-Burrell [30] angrg is a simple approximation of the linear growth rate
defined asyrr¢ = v,/ R with vy, ; being the ion thermal velocity. Mathematically, when the
argument in the step functiat; + s — Cswgxs/MTc = 0 changes its sign, the ITB either forms
(H(x < 0) = 0) or collapses K (x > 0) = 1). Physically, when the Bohm-type of anomalous
transportyg is fully suppressed in Egs. (1)—(3), the internal transport barrier forms.

The toroidal velocity is calculated from the momentum balance equation similarly to the other
transport equations using the torque from the neutral beam injection as the source term. The
anomalous toroidal viscosity coefficient is assumed to be equal to the ion heat transport coefficient
as in Eq. (2). There is experimental evidence on JET and other tokamaks that in the NB heated
plasmas, the toroidal viscosity coefficient coincides with the ion heat diffusion coefficient, both
radially (at least inside /a = 0.8) and with time [32]. The poloidal rotation is assumed to be
neo-classical and is calculated BgrLASS.

The transport coefficients ireTTo with the implemented Weiland model can be described the
following simplified way:

Xe = Xe,weil + OlXB + Xneo—als (8)
Xi = Xiweil + 0.1xB + Xx{', (9)
D = Dyenn + 0.1x8, (10)

wherex. weils Xiweil aNd Dy.i describe the effective transport coefficients from the ITG and TEM
turbulence calculated by the Weiland model [20, 21, 33, 34, 35]. The actual diffusion coefficients



calculated by the Weiland model and givenstorro, include also the off-diagonal terms in the
transport matrix. The collisions and electro-magnetic effects are ignored in the simulations per-
formed in this work. The reason for using additional 10% of the actual Bohm transport is to intro-
duce the edge transport outside the core region0.8 where the Weiland model is not compatible
with edge plasma turbulence. This is motivated by the fact that on one hand the diffusion coeffi-
cients from the Weiland model are typically small in the edge region due to the absence or small
values of ITG and TEM there and on the other hand, 10% of Bohm is negligibly small compared
With xiweil Xewei IN the core region. As a consequence, the edge transport arising for example
from the resistive ballooning modes or drift alfven waves is effectively taken into account while
the core transport is not biased by transport coming from other sources than those predicted by the
Weiland model. As a very important detail, there are no empirical or numerical fitting parameters
in the presenieTTO implementation of the Weiland model.

The micro-turbulence suppression by the, g shearing rate is implemented in the Weiland
model in a heuristic way as follows:

e % 3 ”’“_k:‘“ x H(7 — wexn) (11)
whereH (z) is the Heaviside step functioty, the characteristic growth rate of mode k (ITG, TEM,
...) andk is the characteristic perpendicular wave vector. Theg shearing rate is calculated in
the same way as with the Bohm/GyroBohm transport model, the viscosity assumed to be equal to
the ion heat diffusivity.

The simulations using the GLF23 transport model [22] have been performed artheos
transport code [26], in which the v1.61 'retuned’ version of GLF23 has been implemented. The
electron and ion temperatures are predicted according to the model while densities and toroidal
rotation are fixed to their experimental values. The ion densities (deuterium and carbon) are calcu-
lated from the experimental electron density dfg profiles, read from the ITPA ITB database.
Since the GLF23 model is not relevant for the outer part of the plgsma 0.8, the mixed
Bohm/GyroBohm model is used for the prediction in this outer region. Also, the ion neoclassical
diffusivity is used as a lower bound for the thermal diffusion coefficients, both in ion and elec-
tron channel. This prevents numerical instabilities where the GLF23 model predicts an anomalous
transport equal to zero. Ther,p shearing rate is calculated inside the GLF23 module, consis-
tently with the profiles provided bgroNos. a-stabilisation is also taken into account inside the
GLF23 model.

3. COMPARISON BETWEEN THE SIMULATION RESULTS AND EXPERIMENTS OF
THE DISCHARGES FROM JET, JT-60U AND DlIII-D

The selection of the simulated discharges was strongly inspired and encouraged by the Interna-
tional Tokamak Physics Activity (ITPA) group on transport and ITB physics and the earlier work
carried out by the group [4]. LINK TO CLARISSE’S WORK! In order to see whether the agree-



ment between the experimental and predicted results by the transport models is consistent in the
multi-machine ITB database, two discharges from each tokamak, i.e. JET, JT-60U and DIII-D,
were chosen. One of the discharges in each pair has a monotonic @pfiaile while the other

one has a strongly reversegprofile. This is motivated due to the strong influence of the magnetic
shear and-profile on the dynamics of the ITB. As a consequence, predictive modelling of these
three pairs of discharges will reveal firstly the differences in the transport model predictions due
to variations in the magnetic shear agpgrofile and secondly, the consistency in the prediction
capabilities of the models over the multi-machine database. This will further give us indications
on the predictive capability of the models in future tokamaks, like in ITER, in the ITB plasma
regime. The main plasma parameters for the six simulated discharges are presented in Table 1.
The micro-stability analysis of the same discharges is performed in [25].

Table 1: The simulated discharges from the ITPA ITB database.

Tokamak| Pulse No.| B, [T] | I, [MA] | P, [MW] | Reversed
JET 46664 3.4 3.4 22 no
JET 53521 3.4 2.0 22 yes
JT-60U 34487 3.7 15 13 no
JT-60U 39056 3.7 1.3 8 yes
DIlI-D 87031 2.1 1.6 9 no
DIlI-D 95989 2.1 1.6 5 yes

The fully predictive simulations+,, T, 7;, ¢ andv,, predicted) for each discharge are performed
for the whole time that exists in the ITB database. The shortest time was 0.4 s for JT-60U discharge
no. 39056 and the longest one was 10.0 s for JET discharge no. 53521. The maximum length of the
simulations is motivated in the ITB regime because the ITB discharges are usually not in steady-
state, for example with respect to theprofile evolution. As a consequence, in order to assess
the goodness of the model prediction and model comparison in an optimum way, it is essential to
extend the simulations as long in time as possible. This stems from the fact that if the model can
sustain an existing ITB, it is not necessarily able to trigger or collapse it. For some pulses (JET),
the data cover both the preheating and main heating phases while for other discharges, like the
guasi steady-state discharges in JT-60U, the data cover only the high performance phase.

The time evolution of one of the simulated discharges with a monotgpiofile (pulse no.
87031 in DIII-D) is illustrated in figure 1 (solid curve). The simulation predictions with the
Bohm/GyroBohm (dashed), the Weiland (dash-dotted) and GLF23 (dotted) models are also shown.
As can be seen, the volume averaged temperatures and density are predicted well by the transport
models for this discharge (density is not predicted with GLF23). On the other hand, the reason for
showing the time traces for this discharge is that the predicted plasma profiles are the worst for
this discharge, for example with respect to the ITB location, among the six simulated pulses. In
the coming analysis of the plasma profiles, the instants of the plots have been chosen to be at the



end of the high power phase, i.e. at the end of the simulation. However, in the statistical analysis
presented in section 4, all the profiles at each simulated time point from the start until the end of
the simulations have been used when calculating the mean and standard deviation of the prediction
uncertainties.

Figures 2—4 illustrate the profiles @f, T, n. andv, for the three pairs of discharges from JET,
JT-60U and DIII-D in the respective order at the end of each simulation. In JT-60U, the toroidal
rotationv, is replaced with thg-profile because the toroidal velocity almost vanishes due to the
balanced NBI although it is predicted similarly to JET and DIII-D discharges. In all the three
figures, the label scheme is as follows: the solid curves correspond to the experimental data from
the ITPA ITB database, and the dashed, dash-dotted and dotted curves to the simulation predictions
by the mixed Bohm/GyroBohm, Weiland and GLF23 transport models, respectively. Also in each
figure, the plots on the left-hand side present the data and simulation results for the discharge with
a monotonic or flay-profile and on the right-hand side for the discharge with a revergedfile
in each tokamak, respectively.

The predictions with the Bohm/GyroBohm model show rather good agreement with experi-
ments for JET discharge no. 46664 (positive shear). Although the ion and electron temperatures
are overestimated, the radial location of the ITB and toroidal rotation are almost perfectly matched.
On the contrary, the Weiland model exhibits no sign of an ITB and thus underestimates the central
ion temperature significantly. Both the Bohm/GyroBohm and Weiland models underestimate the
heat transport outside the ITB & 0.5) while the density is well reproduced. On the other hand,
GLF23 reproduces well the anomalous heat transport outside the ITB, as shown in the temperature
profiles. However, it fails to predict the ITB, leading to the strong underestimation of cé&ntral
andT,.

For JET discharge no. 53521, the Bohm/GyroBohm model predicts the ITB 10 cm too wide,
and thus overestimates the ion temperature. There is no clear ITB in the electron temperature
profile although the central value agrees well with the experimental one. The Weiland model un-
derestimates the heat transport outside the ITB which leads to the overestimatj@mdf’,. The
largest problems in JET that the Weiland model has are wijthwvhich is strongly overestimated
in the outer part of the plasma, and with the cenfral The GLF23 model predicts the location
and strength of the ITB well i}, and thus the ion temperature is in good agreement with the
experiment. Interestingly, the electron heat channel does not show any ITB and consequently, the
central electron temperature is significantly underestimated. However, the electron heat transport
is again well reproduced outside the ITB.

The agreement between the experimental and simulated data with the Bohm/GyroBohm model
is very good also in JT-60U, in particular with respect to the radial location of the ITB. Interest-
ingly, with the positive shear, the model overestimateandn,. whereas with the negative shear,
it does quite the opposite while the ion temperature matches the experimental value well in both
cases. This could be an indication of the stronger turbulence suppression (for example TEM) with



the negative magnetic shear than predicted by the Bohm/GyroBohm transport model. In neither
case does the Weiland model exhibit an ITB nor a good agreement with experiments.

JT-60U pulse no. 39056 has almost a current hole in the cerdipfoaching infinity) as shown
by the solid curve in figure 3(h). ImETTO, the maximum value of the-profile must be limited
in order to prevent the simulations from crashing. This limit, which is in this gase = 30, is
one reason for the predicteeprofile to deviate from the reconstructed one. There are two reasons
why the predicted;-profiles between the two transport models (dashed versus dash-dotted), and
also between the experimental one (solid), look so different with each other. Firstly, the bootstrap
current is very large (about 65% of the total current) with the prediction of the Bohm/GyroBohm
model due to the strong ITB (pressure gradient) and much smaller (about 30% of the total current)
with the prediction of the Weiland model with small pressure gradient. Secondly, the Tower
predicted by the Weiland model enhances the current penetration to the centre of the plasma. In all
the other five discharges (they do not exhibit a current hole), the agreement between the simulated
and experimentaj-profile is much better, in particular with the Bohm/gyroBohm model. The
agreement depends on the prediction accuracy of the location and strength of the ITB, with the
location and strength being directly linked to the location and amount of the driven bootstrap
current, respectively.

In DIII-D, the Bohm/GyroBohm model does not predict the shap€ @ndn,. profiles as well
as in JET and JT-60U. In addition, the radial location of the ITB is somewhat overestimated by
p ~ 0.15, which is, as a figure of merit for an ITB model, however, not particularly bad. Fur-
thermore, the model has large difficulties in predicting correctly the shape of the toroidal rotation
profile. The disagreements are firstly due to the fact that there is no ITB in the density profile in
the experimental data whereas the simulations predict that and secondly, the ion temperature and
toroidal rotation profiles peak towards the magnetic axis, not predicted by the model. The quali-
tative difference in the shape of the experimental plasma proffleandv, peaking and no ITB
in n.) between DIII-D and JET or JT-60U indicates that the ITB dynamics and turbulence may be
governed by other mechanisms than those in JET and JT-60U. In order to obtain a better consis-
tency in the accuracy of the predictions over the various tokamaks, we will try to include explicitly
the role ofa-stabilisation (Shafranov shift) in the Bohm/GyroBohm model. dhstabilisation is
not taken into account in the standard Bohm/GyroBohm model, presented in section 2.

The Weiland model fails to reproduce an ITB and the shape of the plasma profiles in either
DIlI-D pulse. However, transport outside the location of the ITB is better reproduced in DIII-D
than in JET or JT-60U. Reproducing the toroidal rotation seems to be again the biggest problem.
GLF23 model predicts a clear ITB for pulse no. 87031, but far too close to the centre of the plasma
att = 1.85s. However, earlier in the shot at= 1.7s, a broader ITB was predicted. This ITB
was in much better agreement with the experiment, but it did not survive and shrank up to the
radial location shown in figure 4(a). For pulse no. 95989, some hints of a weak inner ITB appear
along the time evolution of the GLF23 simulation, but it does not develop properly. As for JET



discharges, the temperatures are well reproduced outside thé)ITB: (» < 0.8), especially for
T:.

In order to study the possible role @fstabilisation with the Bohm/GyroBohm model, the ITB
formation threshold condition, given in equation (5), had to be modified. At least for trapped
electron modes, according to Ref. [36], stabilisation of the growth of the modes is predicted when
the condition3/8 + s — 3/5a < 0 is fulfilled. In the following approach, we will apply the same
stabilisation criterion also to ions. When combining this expression with equation (5), the amended
ITB threshold condition takes the following form:

XB = XBg X @(Cl + s — CSWEXB/VITG — 3/50[) (12)

wherea is defined as in MHD, i.ea = —2Rq*uy/B*dp/dr with p being the pressure ang

the permeability of the vacuum. The numerical constanwas kept in the same valué'(=1.0)

as in equation (5). In order to be as consistent as possible with the old (equation (5)) and new
(3/8 +s — 3/ba < 0) ITB threshold conditions, the numerical constahtwas set to 0.5. This
stems roughly from the sum of the original equation (5) whéyrevas equal to 0.1 and the new
TEM stabilisation term that requires, = 3/8. Effectively, the new ITB condition replaces the
constant’; = 0.1 with 0.5 — 3/5a.

The effect of thex-stabilisation with the amended ITB threshold condition is illustrated in fig-
ure 5 for the two DIII-D discharges. The experimental data (solid curves) and the predictions
by the standard Bohm/GyroBohm model (dashed curves) are the same as in figure 4 whereas the
dash-dotted lines correspond to the simulations with the amended model witksthbilisation.

The agreement between the experiments and modelling improves in all respects (except maybe the
marginal decrease ifi,) after the inclusion of the--stabilisation term, for either DIII-D discharge,
independently of the difference in tieprofile and magnetic shear. The radial location of the foot

of the ITB has moved inwards with respect to the previous simulations, being in much better agree-
ment with the experiment. In addition, the model predicts somewhat stronger peaking towards the
axis inT; as observed in the experiments. Still, the model does not predict the toroidal rotation
profile well, in particular with the flag-profile (pulse no. 87031).

The same simulations, with thestabilisation included according to equation (12), were also
repeated for JET and JT-60U discharges. Very interestingly, the simulation results between the
old and new ITB models were very similar. Only in one case (JET pulse no. 53521), the central
ion or electron temperature changed more than 1 keV. In all the four cases, the footpoint of the
ITB changed less thap < 0.05, being closer to the experimental footpoint of the ITB in two
cases and further also in two cases than in the simulations without-teem. Thus, since the
ITB shrank radially in DIII-D (approximately by ~ 0.1), it indicates that the new ITB threshold
condition has larger values around the ITB location than the old ond).be- 3/5a > 0.1. On
the other hand, in JET and JT-60U including thetabilisation did not change significantly the
radial location of ITB. Therefore, the comparison of the new and old ITB threshold conditions
gives approximately.5 — 3/5a ~ 0.1 in JET and JT-60U. This indicates that the valuexab



stronger in JET and JT-60U than in DIlI-D, at least around the ITB, and accordingigbilisation

plays a larger role in determining its radial position. A similar conclusion by Bourdelle et al. [25]
from the micro-stability analysis stated thahas larger impact on ITBs in JT-60U than in DIII-D.
However, from the modelling point of view, taking into account thetabilisation improved the
simulation predictions of the Bohm/GyroBohm model significantly in DIII-D whereas in JET and
JT-60U, the modelling results changed only marginally. This can be interpreted that in JET and
JT-60U, the effect ofvr can be hidden, possibly by coincidense, in the value of conétanthile

in DII-D, o must be taken as a separate contributor to the ITB formation threshold condition. In
conclusion, a better agreement between the modelling predictions in the multi-machine database
Is achieved when the-stabilisation is explicitly taken into account as in equation (12), rather than
hidden in constant’; as in equation (5).

It is quite solid to state that the Weiland model is not capable of predicting the ITB plasmas
satisfactorily in the multi-tokamak database. The overall agreement of the temperature and density
profiles is in many cases not so poor, at leastfoandn,., but the absence of the ITB justifies
the negative statement above. There are probably several reasons for the failure. One of the most
obvious reasons is illustrated in figure 6. The linear growth rates presented in figure 6 are shown
before the subtraction of tha: .5 shearing rate. The linear growth rates calculated by the Weiland
model exceed theg, g shearing rate by a factor of 2—10, depending on the discharge. In order to
trigger an ITB, theug, g flow shear must be multiplied artificially typically by a factor of about 10
even if the ratioy/wg«p would be less than 10. This is because the artificially increased shearing
rate decreases gradually transport (as shown in equation (11)) which then allows the temperature
profiles to steepen, and this further leads to increased growth rates, and to compensate these, the
wgxp Shearing rate needs to be further increased. This seemed to be true at least in JET and DIII-D
where the dominant contribution to thg,.g flow shear comes from the toroidal rotation due to
unidirectional NBI.

However, although ther.p shearing rate is too small to suppress the growth of the micro-
turbulence within the ITB, ultimately, the problem in the Weiland model originates from the large,
oversize growth rates rather than from the smajlg shearing rate. Oversize growth rates as
compared with theg, g shearing rate predicted by the Weiland model in ITB plasmas are recently
reported in [37]. As a comparison, the growth rates calculated witlkktkezeEro gyro-kinetic
code are illustrated in figure 6 by the dotted lines. The growth rates represent the maximum growth
rate in the regiorkyp; < 2 with ky being the poloidal wave number of the mode andhe ion
larmor radius. This region is characteristic for the ITG and TEM instabilities. The temperature
and density profiles;, Z.¢ and all the needed plasma parameters are taken from the corresponding
JETTO Simulations with the Weiland model at the same time as the plasma profiles shown in
figures 2—4. As can be seen, the growth rates calculated by the Weiland model are systematically
larger than those calculated ByNEzERO for all six discharges. They are also larger than predicted
by the simple estimate fofr¢ used in the Bohm/GyroBohm transport model. In JET and JT-60U,



the growth rates predicted by the Weiland model are about a factor of 2 larger than those by
predictedkINEZERO Whereas in DIII-D, the factor is above 3. In JET, the growth rates predicted
by KINEZERO are of the order of theg, g flow shear whereas in DIII-D theg, g shearing rates
exceed the growth rates over the whole radius. The large shearing rates in DIlI-D are due to the
fact that the Weiland model predicts the toroidal rotation profiles poorly. In add&ivEZERO
predicts full stabilisation of ITG/TEM inside = 0.3—0.55 (depending on the pulse) whereas the
Weiland model gives significant growth rates uppte 0.1-0.2. According t&INEZERO, With

the plasma profiles predicted by the Weiland model, the most contributing micro-instability in the
JT-60U plasmas is TEM whereas in DIII-D, the dominant micro-instability is ITG. In JET, both
instabilities contribute rather equally to Although the growth rates predicted by the Weiland
model were significantly larger than those prediate’NEZERO, the micro-stability analysis with

the Weiland model is in qualitative agreement wititNeZERO results, i.e. TEM dominates in JT-

60U and ITG in DIlI-D while both instabilities are roughly equal in JET. Predicting too high growth
rates is actually a generic problem of the fluid models, like the Weiland model, as compared with
the kinetic models as the thresholds of the instabilities are too low [38]. A more extensive micro-
instability study of the same discharges wiiINEZERO using the experimental plasma profiles
from the ITPA database is reported in [25].

In the version of the Weiland model used in this work, the Electro-Magnetic (EM) effects and
the collisions were switched off. The reason for not having those effects on was that we preferred to
use exactly the same model for all the simulations (discharges). However, we could not run all the
simulations with them on due to numerical instabilities, in particular in the particle transport. As an
example of a simulation with EM effects and collisions switched on, the growthyreDIII-D
pulse no. 95989 is shown in figure 6(f) by the dotted line. It looks that including the EM effects
and collisions might be a good approach towards forming an ITB, at least in this case because the
wgexp Shearing rate is almost exceeding the growth rate. Another way to improve the predictive
capability of the Weiland model would be to modify the effect of the negative and small magnetic
shear on the growth of the unstable modes. In the present version, which is the standard version
of the model, the impact of the magnetic shear on the growth rates is rather weak. Preliminary
results with the modified Weiland model yielded somewhat smaller growth rates leading to profile
steepening and a signature of an ITB in regions with a negative or small magnetic shear.

The problems with the GLF23 model are different from those of the Weiland model, as de-
scribed above. The GLF23 model predicts the ITB (in three of the four simulated discharges),
unlike the Weiland model, but the footpoint of the ITB is located too far inside the plasma. As
a result, the prediction of the central temperatures is underestimated. This conclusion is quite
different from the results obtained by Kinsey et al. in Ref. [39] where an excellent agreement is
found on the ITB prediction using GLF23. This paper even studies one shot in common with the
present work (i.e. DIII-D 95989, d@t= 0.88 s), and finds a correct prediction of the ITB. The main
difference between the two modelling studies is that we carry out time-dependent simulations of a



discharge over several energy confinement times, while in Ref. [39], GLF23 is used to find a sta-
tionary solution at a given time slice. The two procedures would be equivalent if GLF23 was able
to reproduce the whole discharge evolution starting ftem0.41 s. But we lose in our simulation
the broad ITB quite rapidly during the discharge evolution. Therefore, firstlygmefile is dif-
ferent from the experimental onetat 0.88 s and secondly, the calculated temperature profiles do
not correspond to the stationary solution of the time slice-at).88 s. Thus, we deduce from this
difference between the two studies that the turbulence stabilisation conditions operating in GLF23
are not robust enough to perform an accurate time-dependent simulation of an ITB discharge. This
suggests that some adjustments of the turbulence stabilisation mechanisms are necessary in the
model, in view of triggering more easily broader ITBs.

The growth rates predicted by the GLF23 transport model are compared with.theshearing
rates in figure 7. It can be seen that for discharges where the shearing rate exceeds the growth rate
(JET pulse no. 53521 and DIII-D pulses 87031 and 95989), GLF23 predicts the ITB at that radius.
For the two DIII-D discharges, the growth rate is above, but quite close toghe shearing rate,
in the region).2 < p < 0.4. Therefore, the model is close to triggering a wider ITB, which would
be in better agreement with the experiment. This occurs but only transiently (e.g. for shot 87031 at
t=1.7 s). As a consequence, the turbulence stabilisation mechanisms in the model might require a
small adjustment, although the simulations performed here do not show clearly which one should
be amplified (magnetic shear, s flow shearp-stabilisation, ...). Nevertheless, a distinctive and
remarkable feature of GLF23 is the very good agreement of its temperature predictions outside the
ITB. This shows that GLF23 predicts the correct level of anomalous heat transport in the absence
a strong local turbulence stabilisation (like ITB).

4. STATISTICAL ANALYSIS OF THE SIMULATION PREDICTIONS

In order to be able to quantify and compare the agreement between the simulation predictions and
experiments, a statistical approach to the simulation results must be applied. There are several
ways to do it. In this study, we calculate the simulation offsets (mean) and standard deviation with
the subtracted offset according to the following equations:

Kk (L)

my =35 =5 /K, (13)
Z;\le(}/j_m ,i)2
oy =25 (NY /K, (14)
where my ; and Y} are defined as
Yj = (Yexp() — Yoim(2))/ Yeim () (15)
my; = (X, Y;)/N for each . (16)

The inner summation from = 1 to N in equations (13)—(16) is over the radial grid poims £
51) from p = 0.0 to p = 0.8 and the outer summatian= 1 to K is over evenly distributedy
time points within the time interval of the simulation, i.e. the instants where the radial profiles



have been taken. The reason for using- 0.8 as the most outer radial point in the statistical

analysis is that the data, in particul&randv,, are not very accurate outside that radius. The
calculated quantityny symbolises the time averaged modelling offset of the quaitityvhich
can be eitheff;, T, n. orvs. The quantityo? stands for the variance between the experimental
measurement and the modelling prediction of the quaftityWhat is important in the definition

of 0% is that the mean offset (errom)y ; at each time pointis subtracted. This is an elegant way

to weigh the agreement of the radial location and the strength of the ITB between the simulation
and experiment, rather than emphasising the overall agreement of the actual values of the quantity
Y over the radius.Y.,(z;) is the measured value (ITPA database value) of a given quantity at
the radial pointr; andY;, (z;) is the simulated one at the same point. Consequentlyandoy
characterise the time averaged modelling offset and the time averaged standard deviation with the
subtracted offset, respectively, compared to the measured quantities over the whole duration of the
simulation. The prediction offsets are presented in table 2 and the standard deviations in table 3
for all the 6 simulated discharges, illustrated in figures 2—4.

Table 2: The simulation offsets between the experiments and simulations with the Bohm/GyroBohm transportymgdéke

Weiland transport modehy w and the GLF23 transport modety ¢ of the quantityy”.

Tokamak| Pulse No.| mrip | mriw | MTiq | MTeB | MTeW | MTe,G | MueB | Mue,W | Myy B | My, W
JET 46664 | -0.11| -0.13 | 0.36 | -0.08| -0.14 | 0.73 | 0.12 | 0.01 | 0.09 | -0.37
JET 53521 | -0.15| -0.50 | 0.08 | -0.17| -0.25 | 0.33 | 0.04 | 0.24 | 0.29 | -0.59
JT-60U 34487 | -0.11| 0.12 - -0.15| -0.14 — -0.09| -0.11 - -

JT-60U 39056 | -0.14| 0.07 - -0.13 | 0.19 - -0.02| 0.16 - -

DIII-D 87031 022 | 032 | 0.33| 0.11 | -002 | 054 | 0.03| 0.12 | 0.33 | -0.05
DIII-D 95989 | -0.07| 0.39 | 055 | -0.02| 0.09 | 0.76 | 0.26 | -0.05 | 0.21 | -0.13

Table 3: The standard deviations of the simulation predictions with the Bohm/GyroBohm smogelwith the Weiland model

ov,w and with the GLF23 modelty ¢, including the subtracted meany ;.

Tokamak| Pulse No.| o1 | oriw | OTi,G | OTeB | OTe,W | OTe,G | One,B | Tne,w OvyB | OvyW
JET 46664 | 0.11| 0.22 | 0.56 | 0.15| 0.06 | 0.69 | 0.11 | 0.09 | 0.33 | 0.26
JET 53521 | 0.23| 0.17 | 0.25| 0.11| 0.20 | 0.36| 0.16| 0.18 | 0.35| 0.24
JT-60U 34487 | 0.12 | 0.39 — 0.05| 0.06 0.05| 0.07 - -

JT-60U 39056 | 0.12 | 0.19 - 0.09 | 0.27 0.17| 0.31 - -

DIlI-D 87031 | 0.25] 0.60 | 0.42 | 0.08| 0.23 | 043 | 0.22| 0.19 | 0.54 | 0.29
DII-D 95989 | 0.18| 0.79 | 0.72| 0.15| 0.26 | 0.56 | 0.36 | 0.07 | 0.32 | 0.39

The accuracy of the simulation predictions can be evaluated in many ways.

One of the most

crucial points is whether one prefers the simulation results to agree with the experimental results at
one instant (typically at the end of the simulation) or throughout the simulation. In the case of ITB
formation and non-stationary plasmas during the simulation, as in this study, the best way to eval-




uate the goodness of the model performance is the latter option. However, then the interpretation
of the modelling offsets and standard deviations is not straightforward. Still, as a general rule one
can apply that if the standard deviation with a subtracted mean is small, the agreement with respect
to the location and strength of the ITB is good, provided that the offset is also small. A small time
averaged modelling offset or a rather small standard deviation alone does not necessarily imply a
good agreement.

There are several conclusions to be drawn from tables 2 and 3. The standard deviations are
clearly smaller in JET and JT-60U than those in DIII-D, in particular with the Bohm/GyroBohm
model. This can be interpreted that the main mechanisms in the transport modegl £ and
a-stabilisation) that govern the dynamics of the ITB might be different or playing different roles
in DIII-D from those in JET and JT-60U. After including thestabilisation in the model, the
difference in the modelling accuracy between DIII-D and JET or JT-60U decreased, in particular
in the ion heat and toroidal velocity transport channels. Still, the prediction accuracy is slightly
worse in DIlI-D. One reason for the dissimilar behaviour of the ITBs predicted by the model
could be the geometry and size of DIII-D that differ from those in JET and JT-60U significantly.
Moreover, the toroidal rotation profile is qualitatively different and thus may affect the dynamics
of the ITBs in a different way. There is evidence that different numerical factors multiplying the
wexp flow shear, which comes partly from the toroidal rotation profile, are needed in transport
modelling between JET and DIII-D [3].

Another conclusion is that the agreement between the simulations with the Bohm/GyroBohm
model and experiments is better in plasmas with a¢flptofile than with a reversed one. This
may be an indication that the turbulence suppression by the negative magnetic shear is different
than predicted by the model in equation 5. One way to modify this is to include some magnetic
shear dependence in GyroBohm term in equation 4. However, adding a factey/ (ike- 1)
into equation 4 has only a very minor impact on the plasma profiles because the GyroBohm term
contributes generally less to the totalandy. than the Bohm term.

By comparing the predictions with the Bohm/GyroBohm model between the different transport
channels one can conclude that the electron heat channel is best reproduced. The ion heat and
particle transport channels still fall typically within the category of acceptable prediction accuracy
whereas the toroidal rotation is beyond the reasonable accuracy. In the case of the Weiland model,
the agreement between the experiments and simulations is poorest in the ion heat and toroidal
rotation transport channels. This is probably because of more clear ITBs appearing in those two
channels due to the dominant ion heating. According to the statistical analysis, in order to best
improve the predictive capability of both the Bohm/GyroBohm and Weiland transport models in
ITB plasmas, understanding of the momentum transport, i.e. the role of anomalous viscosity must
be increased.

As a consequence of weighing the location and strength of the ITB in the statistical analysis,
the mean and standard deviation are large with GLF23 because it underestimates the location of



the ITB. What is remarkable is that GLF23 is the only transport model that predicts the ion heat
transport better than the electron heat transport.

5. SUMMARY AND CONCLUSIONS

The predictive capabilities of three transport models, Bohm/GyroBohm, Weiland and GLF23, have
been investigated in ITB plasmas from the ITPA ITB database. The main emphasis in the trans-
port model evaluation was on the prediction accuracy of the radial location and strength of the
ITB. The experimental data from the ITPA ITB database provided the basis for performing the
multi-tokamak transport model comparisons. Two discharges from JET, JT-60U and DIII-D were
simulated withhETTO andcrRONOS transport codes. The fully predictive simulations were carried
out for the whole time duration that exists in the ITB database. This is the first time when the
ITB/transport models have been tested on three large tokamaks with diffepeatiles and in a

fully predictive way for7;, T, n., ¢ anduv.

The Bohm/GyroBohm model predicted the location and strength of the ITB as well as the
profiles of 7}, T, andn, within a good accuracys( < 0.2) in JET. This good predictive capability
of the Bohm/GyroBohm model in JET was something to be expected because the ITB threshold
condition,0.1 + s — wgxs/MTc < 0, was derived using the ITB discharges from JET [8]. On
the other hand, it was derived using only ITB discharges with zero or positive magnetic shear and
therefore, it could have been not applicable to plasmas with a negative shear. Thus, this study has
been a thorough test of the model because there were pulses from three tokamaks and moreover,
one discharge from each tokamak had a negative magnetic shear.

What was more astonishing is that the predictions by the Bohm/GyroBohm model with the
same ITB formation condition were in better agreement with the experiments in JT-60U than in
JET. The standard deviations 6f 7, andn,. profiles were smaller on average in JT-60U than in
JET. In addition, the balanced NBI in JT-60U creates almost no toroidal rotation, causing.the
shearing rate to be born from the pressure gradient and poloidal rotation whereas in JET the main
contributor to theug, g shearing rate is the toroidal rotation. Nevertheless, despite the differences
in NBI, geometry, plasma current and heating power between the JET and JT-60U discharges, the
empirical ITB threshold condition seems to work very well in both tokamaks.

The agreement of the predictions by the Bohm/GyroBohm model was not as good in DIII-D as
in JET or JT-60U. The radial location of the ITB was overestimated approximately=by.10—

0.15 and the model did not predict the peakingZofand v, towards the axis. Therefore, the
ITB formation threshold condition was modified to include the effect of dk&tabilisation, as
shown in equation (12). This modified ITB threshold condition reproduced the location of the
ITB and the shape of the plasma profiles significantly better than the ITB condition without the
a-stabilisation in DIII-D. In JET and JT-60U, the difference between the simulations with and
without thea-stabilisation term was less than 10 %. Since after includingytiseabilisation the
predicted ITBs shrank in DIII-D, but notin JET and JT-60U, thstabilisation has a weaker effect



on ITBs, at least around the footpoint of the ITBs, in DIII-D than in JET and JT-60U. However,
from the modelling point of view, in order to reach a good agreement between the modelling and
experiments in DIII-D, the inclusion of the-stabilisation explicitly in the ITB formation threshold
condition, together with the modified value of consta@iptwas crucial. This can be interpreted that

in JET and JT-60U, the effect af can be hidden, possibly by coincidense, in the value of constant
C while in DIlI-D, a must be taken explicitly as a separate contributor to the ITB formation
threshold condition. In conclusion, the best agreement with the Bohm/GyroBohm transport model
in the multi-tokamak ITB database is achieved when dh&tabilisation is taken explicitly into
account, as shown in equation (12), rather than hidden into the value of cofigtant

The Weiland model is not capable of predicting the behaviour of the ITB plasmas satisfactorily
in the multi-tokamak database. It did not predict a clear ITB for any of the simulated discharges.
Because of this, it tended to underestimate the central ion temperature. The electron temperature
and density were better reproduced, the standard deviations were smaller in those channels than
in the ion heat transport channel. This is probably due to the dominant ion heating among the
simulated discharges. The main reason for the failure of the Weiland model seemed to be the
oversize growth rates of the unstable modes (ITG,TEM,...), calculated by the model. The growth
rates exceeded tha;, s shearing rate by a factor of 2—10, thus preventing the ITBs from forming.
The growth rates predicted by the Weiland model exceeded those predictadiiyrro by a
factor of 2—-3. However, qualitatively both codes gave the same type (ITG, TEM) for the leading
micro-instability for each discharge. In addition, the Weiland model predicted unstable modes
up top = 0.1 — 0.2 whereaskINEZERO predicted unstable modes typically outside= 0.4.

Earlier simulations with the Weiland model showed a way to decrease or stabilise the growth of

the modes, in particular ITG, as having plasmas with short density gradient lengths [16]. However,

the simulated discharges had all a relatively flat density profile, making the turbulence stabilisation
by the density gradient rather inefficient. In addition, there are indications that taking into account

the electro-magnetic effects, collisions and modifying the dependence of the growth rates on the
magnetic shear leads towards better agreement of the Weiland model in ITB plasmas.

The GLF23 model predicted the existence of the ITB (in three of the four simulated discharges),
unlike the Weiland model, but the footpoint of the ITB was located too far inside the plasma. This
was due to the growth rates exceeding marginally.thgs shearing rates. As a result, the predic-
tion for the central temperatures was always underestimated. This suggests that some adjustments
of the turbulence stabilisation mechanisms are necessary in the model, in view of triggering broader
ITBs. A distinctive and remarkable feature of GLF23 is the very good agreement of its temperature
predictions outside the ITB, often even better than that predicted by the Bohm/GyroBohm model.
This shows that GLF23 predicts the correct level of anomalous heat transport in the absence of a
strong local turbulence stabilisation.

In general, as shown clearly by the statistical analysis in section 4, the most difficult trans-
port channel to predict was the toroidal rotation. The Weiland model in particular had significant



problems in reproducing the experimental toroidal velocity profiles. However, as toroidal rotation
profile is strongly, non-linearly linked to ITB formation and dynamics viadieg shearing rate,

an accurate prediction fat; is crucial. As a consequence, momentum transport is one of the key
areas where increased understanding can lead to significantly improved prediction accuracy in ITB
plasmas.

The interesting question to be raised is how reliably we can predict the behaviour of the ITB
plasmas in future devices, for example in ITER. The semi-empirical Bohm/GyroBohm with its ITB
formation threshold condition was derived empirically from JET ITB plasmas. Although it works
very well in JET and in a similar size tokamak (JT-60U) and also in a smaller size tokamak (DIII-
D) when including thex-stabilisation, it does not prove that the same modelling capability and
accuracy can be extrapolated to much larger size tokamaks. On the other hand, the predictions with
the first-principle transport models, the Weiland and GLF23, are not in a satisfactory agreement
even with the experimental results from the present tokamaks. In addition, from the modelling
and scenario development point of views, an ITB/transport model must be able to predict the time
evolution of ITB plasmas under a varyingprofile, not just be able to predict a stationary ITB
at one time slice. As a consequence, the predictions of these models in ITB plasma scenarios in
ITER cannot be regarded as reliable enough for the time being. This is a real problem for the
development of advanced tokamak scenarios for ITER, where a proper alignment between the
ITB and non-inductive current is critical for steady-state operation [40]. Whether this alignment
can be reached or not, depends strongly on the coupling mechanisms between the pressure and
current profiles, among them all those underlying the ITB physics. Therefore, future efforts must
be further directed towards clarifying the role of different stabilisation mechanisgms Ghearing
rate, magnetic shead,-stabilisation, role of rationaj surfaces, ...), as well as the magnitude of
turbulence suppression within the ITB. And finally that physics should be implemented into a
reliable first-principle transport model, in view of developing advanced tokamak scenarios for
steady-state operation in ITER.
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Figure 1: Time traces of the volume averaged ion temperature
(a), electron temperature (b) and electron density (c) for
DIII-D Pulse No: 87031. The solid lines correspond to the
experimental data and the dashed, dash-dotted and dotted
lines to the predictions by the Bohm/GyroBohm, Weiland and
GLF23 transport models, respectively.

Figure 2: Profiles of the ion temperature (a) and (b),
electron temperature (c) and (d), electron density (e) and
(f) and toroidal rotation (g) and (h) for JET Pulse No's:
46664 at t=6.0 s (left-hand side) and 53521 at t=12.0 s
(right-hand side). The solid lines correspond to the
experimental data and the dashed, dash-dotted and dotted
ones to the predictions by the Bohm/GyroBohm, Weiland
and GLF23 transport models, respectively.
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Figure 3: As in figure 2, but for JT-60U Pulse No’s: 34487
at t=5.0 s (left-hand side) and 39056 at t=6.8 s (right-
hand side). In addition, v , is replaced with q in (g) and (h).

Figure 4: As in figure 2, but for DIII-D Pulse No’s: 87031
at t=1.85 s (left-hand side) and 95989 at t=0.95 s (right-
hand side).
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Figure 5: As in figure 4 (solid is the experiment and
dashed the prediction by the Bohm/GyroBohm model),
but now the dash-dotted lines correspond to the predictions
with the amended ITB model including the stabilisation.
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Figure 7: The Wy, shearing rates (solid lines) and the
linear growth rates of the fastest growing mode (dashed
lines) calculatedby the GLF23 model for JET Pulse
No's: 46664 (a) and 53521 (b) and DIII-D Pulse No’s: 87031
(c) and 95989 (d). The timesof the micro-stability
analysis correspond to those in figures 2 and 4 for each
discharge, respectively.

Figure 6: The wy ,  shearing rates (solid lines) and the
linear growth rates(dashed lines) calculated by the
Weiland model for JET Pulse No’s: 46664 (a) and 53521
(b), JT-60U discharge no. 34487 (c) and 39056 (d) and
DIII-D discharge no. 87031 (e) and 95989 (f). The dash-
dotted lines present the growth rates calculated with
kinezero. The dotted line in (f) shows the growth rate when
the electro-magnetic effects and collisions are taken into
account in the Weiland model. The times of the micro-
stability analysis correspond to those in figures 2—4 for
each discharge, respectively.
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