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Abstract. The Fusion Advanced Study Torus (FAST) has been proposed as a possible European ITER satellite.
This paper presents advanced core transport modeling work in order to predict FAST operational scenarios by
combining existing predictive models and most recent transport experimental results from various devices, in
particular JET. A special attention has been paid to the role of rotation, which appears an essential ingredient to
achieve improved core ion confinement. Rotation is modeled by assuming a turbulence driven inward momen-
tum pinch that allows for peaked profiles even in the presence of peripheral torque sources such as due to edge
intrinsic rotation or NNBI at high plasma density. The impact of rotation on plasma performance has been
evaluated either according to existing transport models or according to recent JET results on ion stiffness mitiga-
tion in presence of rotation and low magnetic shear. 7.5 T / 6.5 MA standard H-modes with 30 MW ICRH, or 20
MW ICRH and 10 MW NNBI, or 15 MW ICRH and 15 MW ECRH have been simulated. 3.5 T / 2 MA fully
inductive AT scenarios have also been simulated, with 4 MW LH and 30 MW ICRH. All scenarios have been
simulated using different transport models, either theory based or semi-empirical making use of recent JET ex-
perimental findings, and results critically assessed. The work has provided a sound scientific basis for the predic-
tions of FAST performances and a range of scenarios for specific numerical studies of the role that FAST could
play in investigating burning plasma physics as an ITER satellite.

1.Introduction

The Fusion Advanced Study Torus (FAST) has been proposed as a possible European ITER
satellite [1] providing plasma conditions for integrated studies of plasma—wall interaction,
burning plasma physics, ITER relevant operational issues and steady-state scenarios. Predict-
ing performance and scenarios in future fusion devices beyond the level of 0D scaling laws is
a challenging task. On one hand we do not yet have at disposal fully validated core and edge
predictive transport models, on the other hand assuming 1D profile conservation starting from
data in existing machines and using dimensionless parameter scaling is at least partially hin-
dered by expected differences between present and future machines, such as in plasma rota-
tion, amount of electron heating and impurity concentrations. In this situation, the predictive
activity must wisely combine both theory based simulations and empirically based considera-
tions, with the strongest possible link to experimental results in existing devices.

In this spirit, the initial study of FAST scenarios [2] has been refined by considering both the
predictions of several physics based or semi-empirical transport models and the recent trans-
port experimental results on devices such as JET, DIII-D and C-MOD. H-mode and Ad-
vanced Tokamak are the investigated FAST scenarios. For H-mode the first analyzed (refer-
ence) case is characterized by B=7.5 T and I =6.5 MA. Heating power equal to 30 MW is
provided by the ICRH system at 73 MHz in ¢ He) D mlnorlty scheme. B=6 T and 1,=5.5 MA
characterize the second case, where the heating power is given by 15 MW, pr0V1ded by the
ICRH system at 58 MHz in (*He)-D minority, and 15 MW, provided by the ECRH system
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(170 GHz, 1* Harmonic O-mode from LFS). Third, the effect of replacing 10 MW of ICRH
power with 10 MW of NNBI power (with beam energy of 700 keV) in the H-mode reference
scenario is investigated. Last, for the Advanced Tokamak scenario B=3.5 T and I,=2 MA are
the chosen parameters. The heating power is 30 MW, either provided fully by the ICRH sys-
tem at 35 MHz in ("He)-D minority, or by 20 MW ICRH and 10 MW NNBL plus 4 MW pro-
vided by the LH at 5 GHz, n||=2.3.

2. Simulations set-up

The simulations have been carried out using the JETTO code ([3], part of the JAMS JET suite
of integrated codes). For ICRH heating profiles we have either used the PION code [4] called
self-consistenly by JETTO or the TORIC
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code [5] which is run outside JETTO and
requires a few iterations. Good match be-
tween the RF deposition predicted by the
two codes is shown in Fig. 1 for the case
with n3pe/n=3%.

The ECRH heating profiles have been
provided by the GRAY code [6], which is
also outside the JAMS suite and required
iterations with JETTO. For AT scenarios
FRTC [7], within the JAMS suite, has
been used to calculate LH heating and cur-
rent drive profiles.

The NNBI power and torque profiles have
been computed using the orbit following
ASCOT code [8] called self-consistently
by JETTO or the NEMO [9] and SPOT

FIG.1. ICRH deposition profiles for ions (a) and
electrons (b) with red lines for TORIC and blue
lines for PION (7.5T, 73 MHz, n3y./n.=3%).

[10] codes which are run outside JETTO.

Different core transport models have been used: first principle models (Weiland [11] and
GLF23 [12]) and semi-empirical models (mixed Bohm-gyroBohm (BgB) [13] and Critical
Gradient Model [14]). In the CGM simulations the electron threshold has been calculated af-
ter [11] and ion threshold after [15] whilst the stiffness coefficients have been chosen follow-
ing the results of recent transport experiments on JET [16,17,18], i.e. %s.~1 for electrons and
%si~2-4 for ions, which implies rather high stiffness for both heat transport channels. The ped-
estal values have been chosen in accordance with pedestal scaling as the modelling work has
focused on the core transport issues. All the simulations have been made with evolving cur-
rent, ion and electron temperatures. For the H-mode scenario the density profile has been in
first instance assigned with rather flat shape according to typical H-mode density profiles, in
second instance calculated with first-principle models, resulting in significant peaking due to
the low collisionality. When the effect of rotation is considered, the toroidal momentum
transport equation is also solved. According to recent theory developments [19], the assump-
tions of Prandtl number Pr= x,/x; =1 and pinch number Rv,, /xo~4 are made, where vy is a
turbulence driven inward momentum pinch. These assumptions have also been confirmed ex-
perimentally in JET and other devices [20,21,22]. In all the following figures, the radial coor-
dinate is the square root of the normalized toroidal magnetic flux, indicated as rhotn.

3. Reference H-mode scenario with 30 MW ICRH

In Fig. 2 the ion and electron temperature profiles together with the assigned density profile
for 30 MW ICRH H-mode are shown using different transport models. It is evident that,
whilst for electrons the range of predicted temperatures is not large, although the BgB model
gives much broader T, profiles than all other models, for ions there is a wide range of predic-
tions, up to a factor 2 in central Tj. A choice must then be made amongst the different models



3 THC/P2-05

to select the most reliable prediction, since it is not granted that all the above models work
well in the domain of high Bt machines, as they have commonly been validated against data
of medium-size, lower Br machines. We tend to attach better reliability to the predictions of
GLF23 which has the broadest phys1cs ba51s and to CGM which is derived directly from JET
experimental data, and which
a‘i E i turns out to agree to good extent
= with  GLF23. Therefore we
would retain as most reliable
prediction, for the FAST refer-
ence H-mode scenario with 30
MW ICRH, values of Tj~13
keV, Teo~15 keV with a density
neo~2.4 10* m? and a confine-
ment time t~0.4 s, yielding
0 e neoTioT ~ 1.5 10*! keVs/m®.
FIG.2. Ion (a) and electron (b) temperature profiles for 7.5T reference H-mode scenario, 30 MW
ICRH calculated with PION, using different transport models: red profiles are for BgB, blue for

Weiland, black for GLF 23 and green for CGM. The assigned density profile is shown in (a) with dot-
ted line.
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In order to obtain a more physics based simulation, also the density profile has been calcu-
lated consistently by the different models (BgB, Weiland, GLF23). Temperature and density
profiles obtained using different transport models are shown in Fig.3. Good agreement be-
tween the 3 different models has been found in predicting a rather peaked n. profile, which
makes conditions easier from the point of view of plasma-wall interaction, still retaining high
central n. values. The 51mulat10ns with GLF23 corresponds to Tip~11 keV, T¢~13 keV Wlth a
density neo~3.3 10%° m™ and a confinement time ©~0.5 s, yielding neoTioT ~1.7 10°! keVs/m’.

FIG. 3. lon and electron tempera-
ture profiles (a) and calculated
density profiles (b) for 7.5 T refer-
ence H-mode scenario, 30 MW
ICRH calculated with PION, using
different transport models: Bohm-
gyroBohm in red, Weiland in blue,
GLF23 in black.
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Substituting 15 MW of ICRH with 15 MW of ECRH power gives the temperature profiles
shown in Fig. 4, where they are directly compared to those with 30 MW ICRH. Differently
from Fig. 2, for both cases ICRH profiles are provided by TORIC, and the BgB model was
used in an older version. The substitution of 15 MW ICRH with 15 MW ECRH is not benefi-
cial from the point of view of confinement, although it alleviates the issue of high impurity
influx from ICRH antenna. In fact, increased electron heating and decreased ion heating, to-
gether with the decrease in ITG threshold associated to higher T¢/T; values and the high elec-
tron stiffness, yield colder ions and not significantly hotter electrons than the full ICRH case.
Therefore we have proceeded with the analysis focusing on the 30 MW ICRH H-mode, and
investigating in detail the effect of plasma rotation.

5. H-mode scenario simulations including the effect of rotation

Finally, also the role of toroidal rotation has been taken into account. From recent experimen-
tal results it seems to have a key role in achieving improved ion core confinement
[16,17,18,23,24], not only through the well-known threshold up-shift, but through a signifi-
cant reduction of the ion stiffness. Such ion core confinement improvement is an essential in-
gredient for obtaining steady-state scenarios with a core region of enhanced pressure gradient
and associated bootstrap current. The rotation has been included in the simulations by self-
consistently modelling also the momentum transport with the physical assumptions described
in Sect.2. Two sources of rotation have been considered. First, the edge driven intrinsic rota-
tion, which, due to the inward pinch, can be transported into the plasma core. This intrinsic
rotation is a well known observation in tokamaks [25,26], but a quantitative understanding of
the phenomenon is still lacking, therefore extrapolation to non-existing devices is to be taken
with care. Second, the core torque due to 10 MW NNBI, which allows a safer prediction
through the ASCOT code.

5.1 H-mode scenario with 30 MW ICRH and intrinsic rotation

Given the present lack of understanding and theory-based predictive capability on intrinsic
rotation, we have assumed for FAST an edge rotation value w,=30 krad/s, as provided by the
scaling in [25], although such scaling has recently been questioned on the basis of new JET
experimental evidence [26]. However, since high values of intrinsic rotation are measured in
C-MOD, a high field compact machine conceptually similar to FAST, it may be still legiti-
mate to assume for FAST an edge rotation value as predicted by the existing C-MOD driven
empirical scaling. No torque sources are included. Fig.5a shows the rotation profile obtained
with the assumptions described above. A very significant rotation gradient is predicted. In or-
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FIG. 5. Assigned peaked density and calculated rotation (a) and T, T, (b) profiles for 7.5 T 30 MW
ICRH H-mode scenario using Pr=1, Rv, /x,~4 and edge intrinsic rotation for momentum transport
and CGM for heat transport with low ion stiffness in the rotating case.(c)Threshold (kcr) and stiff-
ness (chis) profiles for ions and electrons.
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order to estimate the rotation impact on confinement we have not used first-principle models
like Weiland or GLF23, which contain only the effect on threshold, but we have used the
CGM model in which the stiffness value has been decreased in the centre as found in JET and
discussed in [17,18]. The assumed profiles for threshold and stiffness are shown in Fig.5c.
Whilst the threshold profiles are calculated using theory-based formulas, the stiffness profiles
have been taken from JET results with/without rotation. Obviously this extrapolation is to-
tally arbitrary, but we presently lack a theoretical model describing the effect of rotation on
ion stiffness, which has been experimentally found much more significant than the threshold
up-shift in JET. Fig.5b shows the impact on ions (electrons are unaffected by rotation). It is
seen that in the H-mode scenario the impact of rotation is significant from p~0.5 to the centre.
With the effect of the rotation the ion temperature increases by 1.5 keV.

5.2 H-mode scenario with 20 MW ICRH and rotation driven by 10 MW NNBI

Instead of an intrinsic source of rotation we can provide a sounder source of rotation introduc-
ing the NNBI power [27]. In particular 10 MW of RF heating have been replaced by 10 MW
of NNBI. The NNBI power depositions, calculated by ASCOT, can be seen in Fig.6a and are
peaked at the plasma centre, although a very significant fraction of power is deposited exter-
nally due to the high density. In fig. 6b the torques are presented. The collisional torque is the
dominant one in the central region, whilst the JxB torque is dominant in the region p>0.5.

o
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o

FIG. 6. NNBI power depositions
(a) and torque (b) profiles cal-
culated by ASCOT for 7.5 T 10
MW NNBI + 20 MW ICRH H-
mode scenario using BgB for
heat transport.
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Fig.7 shows the rotation profiles obtained with 10 MW NNBI + 20 MW ICRH both in ab-
sence and in presence of an edge driven intrinsic rotation, compared with the cases at 30 MW
ICRH. In all cases the momentum equation is solved using the diffusivity and pinch calcu-
lated as discussed in Sect.2. The heat transport is calculated using the BgB model with the ad
hoc criterion that switches off turbulent transport in the region where a suitable combination
of ExB flow shear and magnetic shear is reached [13]. This is of course a very rough model,
which produces the same effect on transport (likely overestimated, if one compares with
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FIG. 7. Assigned peaked density and calculated rotation (a), T, T, (b) profiles and Pinch and
Prandtl numbers (c) for 7.5 T 30 MW ICRH (blue without and green with edge intrinsic rotation)
and 20 MW ICRH + 10 MW NNBI (black without and red with edge intrinsic rotation) H-mode
scenario using BgB for heat transport.
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Fig.5b) for any rotation value that fulfils such criterion, irrespective of its value. One can see
that the rotation induced by the NNBI, in the absence of intrinsic rotation, is already enough
to produce stabilization with respect to the full ICRH non-rotating case, thereby peaking the
temperature profiles significantly. Adding an edge intrinsic rotation under the assumptions
described earlier clearly dominates on the effect on the NBI torque, but the temperature pro-
files do not peak further due to the model assumptions. It is important to remark however that
the NNBI driven rotation is based on a sounder physics, and therefore would ensure in FAST
a basic level of rotation, on top of which intrinsic rotation can further improve the attained
rotation values.

6. H-mode extreme with 30 MW ICRH

In FAST, the extreme H-mode scenario requires 40 MW of external heating, supplied by
negative neutral beam injection (NNBI - 10MW) and ion cyclotron resonance heating (ICRH-
30MW), as discussed in [2,29]. The extreme H-mode is characterized by high magnetic field
B=8.5T and high plasma current I,=8MA for a discharge time duration of about 12s and peak
density up to 5x10*°m™. Here, preliminary numerical results obtained self-consistently by
the transport code JETTO iteratively used with the external bi-dimensional full wave-quasi-
linear solver (TORIC/SSFPQL) for only ICRH heating (30MW) in D plasma, are reported.
The GLF23 transport model has been used in these simulations and the density is predicted,
whilst rotation is not included. The ICRH frequency range 78 MHz < f,, = 82MHz has been
considered to deal with an off-axis power deposition profile (pi=0.07-0.21), while the 1-3%
*He dilution is chosen to optimize the minority-heating scheme efficiency [28]. In Fig. 8, the
electron and ion temperature (a), and electron density (b), are shown at the flat-top of the dis-
charge simulation.

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1
rhotn

b)
FIG. 8. Ion and electron temperature profiles (a) and calculated density profiles (b) for 8.5 T extreme H-
mode scenario, 30 MW ICRH calculated with TORIC, using the GLF23 transport model.

7. AT scenario simulations including the effect of rotation

The role of rotation is essential in AT scenarios, as it has been shown experimentally in sev-
eral machines that the q profile alone is not sufficient to provide ion ITB formation. A test
simulation of a 3.5 T AT scenario with 30 MW ICRH with reversed q has been performed
using the BgB model. In the case with intrinsic rotation the ITB criterion embedded in the
model is switched on, yielding ITB formation. This is compared with the case without rota-
tion in Fig.9. A fully non-inductive pulse can be achieved with the intrinsic edge rotation,
fully reversed q profile, and sustained ITB at p~0.6. Indicative values are Tjp~20 keV, Teo~15
keV with a density nep~2 10%° m™ and a confinement time ©~0.2 s, yielding a value ngoTjpt ~8
10* keVs/m’. These parameters have to be regarded as overestimated due to the simplistic
assumptions of the BgB model. Attempts to use GFL23 were unsuccessful due to numerical
instabilities. As shown in Fig.7 for the H-mode scenario, also in AT scenario substituting 10
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MW of ICRH with 10 MW of NNBI power does not make a significant difference to the per-
formance within the assumptions of the BgB model. As remarked before, however, NNBI
provides a more reliable source for toroidal rotation, which is an essential ingredient for
achieving ITB formation.
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CTeseenl 1 Fig. 9: Density and rotation
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tron temperatures without and
with rotation (b) for a 3.5 T
ICRH+LH AT scenario with
\ reversed q profile. Rotation is
--------- driven by edge intrinsic rota-
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heat transport and TORIC for
h ICRH.
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8. Conclusions

In conclusions, refined core transport modelling of FAST scenarios based on a careful combi-
nation of existing theory based models and latest experimental results from existing machines
confirmed the expectation that FAST will be a valuable aid to ITER exploitation. The refer-
ence H-mode scenario performance has been assessed thoroughly, fully predicting T,, T,, n,,
and rotation, and evaluating the effect of rotation on thermal transport. The idea of lowering
the amount of ICRH power by introducing an additional type of heating has been evaluated.
ECRH does not seem advantageous, whilst NNBI offers various advantages, providing both
fast particle energy in parallel direction and a safer basis for the existence of a beneficial tor-
oidal rotation with respect to the mere intrinsic one. This will also allow to achieve fully non-
inductive AT scenarios with ITB formation. The simulations provided a range of scenarios on
which fast particle and burning plasma studies can be performed. Fig.9 shows TORIC calcu-
lations for the perpendicular beta of the fast *He ions (B,,*") heated by 30 MW ICRH at
*He=3% (peak power density on the minority species~15 MW/m’) in the reference H-mode
scenario, as a function of density and electron temperature. In the transport simulations pre-
sented above for the H-mode reference scenario, typical values at the ICRH deposition
(P~0.25) are T,~8 keV, n~2.8 10" m?, resulting in B, "~2%. These values are well in line
with the needs for exciting meso-scale fluctuations with the same characteristics of those ex-
pected in reactor relevant conditions, as investigated in detail in [28]. Lowering the *He con-
centration results ultimately in a lower beta due to lower peak values of power density and
lower minority density, although the fast ion energies increase. The extreme H-mode scenario
is of interest also for fast particle studies, as it helps their confinement due to the high current,
at the condition that plasma density is maintained low, as discussed in Sect.6 and in [28]. The
corresponding values of the perpendicular temperature of the energetic tail and f,,, in the op-
timized case of 82MHz and calculated by means of the anisotropic distribution function ob-
tained by TORIC+SSFPQL are reported in [28]. B, reaches a peak ~ 4% for a deposition very
close to the magnetic axis and ~ 1% for the more realistic case (78MHz) of absorption outside
to the q=1 surface. These values are consistent with the request of accessing ITER-relevant
conditions. The scenario flexibility available in FAST, as documented in this paper, is an im-
portant element for energetic particle physics studies.
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Fig. 9: Perpendicular beta of the fast
particle component calculated by
TORIC in reference H-mode scenario
with 30 MW ICRH (~I15SMW/m’ peak
power density) at *He=3% as a function
of T, for different density values.
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