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Abstract. The FAST proposal aims to support ITER operations and to tackle the power exhaust problem in view 
of DEMO. An new extreme high current (10MA, q95~2.3) scenario has been designed to test the possibility of 
actively controlling MHD modes linked with the low q95 value. The MHD stability analysis performed has 
shown the possibility of using active coils to control the onset of the most important modes and to avoid the 
related possible disruption. In the Reference scenario (6.5MA) it has been studied the possibility of realizing a 
Snow Flake configuration, by using the present poloidal system (coils plus power supplies), with a consequent 
impressive reduction of the foreseen power flow on the divertor plates. 

1. Introduction 

An ITER and DEMO accompanying program is presently under development with different 
collaborations between the ITER partners. The Advanced Scenarios dedicated satellite, JT60-
SA [1], is presently under construction in Japan. A current matter of concern is a possible 
optimal experiment to support ITER operations problems (giant Edge Localized Modes 
(ELMs), disruption, plasma controls,…) and to tackle the challenging problem of the Power 
Exhaust in view of DEMO. In this stream, the FAST device is presently under discussion as a 
possible DEMO and ITER satellite [2]. The main FAST goals are: exploring plasma wall 
interaction (with particular attention to the Power Exhaust problem [3]) in reactor relevant 
conditions; testing tools and scenarios for safe and reliable Tokamak operation up to the 
border of stability, with particular attention on avoiding disruptions; studying fusion plasmas 
with a significant population of fast particles. One of the FAST peculiarities is the capability 
of addressing all of these items simultaneously in a single, fully integrated scenario with 
dimensionless physics parameters close to DEMO and ITER. The present paper aims at 
studying an evolution of the reference scenario, focusing on low-q operation, which allows 
exploring 10 MA plasmas. In particular, we refer to regions with 2<q95<2.7 that are 
interesting to push fusion performances, but could be too risky to be tested in ITER. The main 
goal, of course, is not the increase of the performances, but the development of some safe and 
robust tools to mitigate the occurrence of MHD driven disruptions, when operating close to 
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some machine limit, under very large plasma magnetic energy density conditions. 
Specifically, we investigate a new FAST scenario at Ip=10 MA, BT=8.5T, with a q95 ≈ 2.3 that 
would correspond to Ip ≈ 20 MA in ITER. The possibility to safely work at q95 < 3 (q95 ≈ 2.6) 
has been shown recently at JET [4], although with a slight degradation of the energy 
confinement (H98 ≈ 0.9). The key point is to demonstrate the possibility of using in FAST 
passive conducting structures and active coils to stabilize and control potentially dangerous 
ideal and resistive MHD modes. To this purpose, FAST will be equipped with a set of 
feedback controlled active coils [5] located between the first wall and the vacuum vessel and 
accessible for maintenance with the remote handling system, carrying currents up to 20 kA 
with AC frequency up to few kHz. Another quite important point has been recently developed 
in FAST: the possibility to realize a Snow Flake divertor configuration by only using the 
standard poloidal coils and their power supplies [Error! Bookmark not defined.]. 
Simulation by the code TECXY have shown a reduction of the divertor plates power flow 
largely exceeding the expected value due to the increase of the flux expansion. 

2. Snow Flake divertor 

The new snow flake (SF) divertor magnetic configuration, recently suggested to mitigate the 
power load on tokamaks [6] could be tested experimentally in FAST [7] for plasma currents 
up to the reference scenario of 6.5 MA [7, 8] under plasma performances and power exhaust 
loads relevant for DEMO. In order to identify its main features and highlight the differences 
with SN we simulated numerically SF and SN for the three different main FAST scenarios, 
namely standard H-mode, advanced tokamak (AT) and extreme H-mode [8, 9]. The 2D 
simple and manageable TECXY code [10] used takes into account all the plasma physics, but 
simplifies the overall neutral dynamics with an analytical model for recycling and considers 
the target plates perpendicular to the flux lines.  
The main striking result [11,12] is that the peak loads drop strongly with SF. The mitigation 
factors for outer targets (OT) in their presently most likely location are plotted in FIG. 1 
versus the plasma density at separatrix (ne,s=0.7, 0.5 and 1.8×1020 m-3 respectively for the three 
scenarios). They are much larger than expected from topological arguments (fr,OT~2.3 on OTs 
and fr,IT~1.8 on inner target) indicating the action of additional mitigating mechanisms. The 
drop of the point indicated by an arrow is simply due to the plasma partially detached from 
the target already with SN, because of the lower power input into the SOL, PSOL=20 MW 
against 30 MW of the other points at same ne,s. Comparing the SF versus SN overall volume 
power losses has allowed identifying the SF features driving these changes. All data points of 
either configurations group in a clear and meaningful way only as a function of the average 
neutral density in the divertor volume [11]. By further correcting the SF density for the ratio 
of the SF and of the SN of the particle dwell time, all the points even merge in one curve, see 
FIG 2. This factor, almost constant and ~4.7 means also losses significantly higher for SF, as 
expected. The cases where the OT location is farther than the reference one, included in these 
plots, imply a negligible role for the farthest (from the X point) divertor volume. Indeed, it is 
in the volume close to the X point that a travelling particle spends the largest part of its time 
and the total number of interactions with neutrals can raise notably, provided the local neutral 
density is high enough. Apparently the volume losses saturate to 80% for neutral densities 
that appear manageable also from the point of view of the plasma performances.  
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FIG. 1. Mitigation factor for the peak heat load 
with SF as a function of the density at 
separatrix. The points at high density are all at 
PSOL=30 MW except that indicated by the arrow 

FIG 2. Comparison of the global volume losses 
(radiation+charge exchange) for SF and SN as a 
function of the average neutrals density corrected 
for the dwell time ratio with SN 

  
FIG. 3. Comparison SF/SN of the profiles along 
the target of (from top to bottom): power load, 
density, electron temperature. AT scenario case 
with PSOL=30 MW and nes=0.5×1020 m-3 

FIG. 4. Iso-q(ψ) map; q95 and q(ψ)=2 surfaces are 
shown. The red line is a simplified representation of 

the conducting structures.  
In the inlet: the qψ(R) profile is reported. 

 
Finally, we compare in FIG. 3 SF/SN for actual power load, density and electron temperature 
onto the targets for the AT scenario only, as the most explicative case. The others can be 
found in [11] but their main features can be also imagined from FIG. 3 and FIG. 1. From the 
technical point of view these new loads can be kept below the safety limits of 15 MW/m2 by 
tilting the targets to a strike angle of 20° only, which should imply no operational concern. 
Furthermore the Te,p drop from 100 to ~25 eV driven by the very high density, ne,p> 3×1020 m-

3, would heavily depress the sputtering rate of impurities from the target surface that strongly 
depends on the sheath voltage drop, ~3Te. The large plate density is sign of a strong kick-off 
towards detachment, which is however fully attained only in the extreme H-mode where 
Te,p~2 eV and ne,p~6×1020 m-3. We carried out also a sensitivity analysis on the recycling 
coefficient, Rc, as the most critical TECXY parameter for the neutrals dynamics ruling the 
mitigation. Since its high value, Rc=0.9985, is viewed as the main cause of dropping the 
power load, we considered only lower values, namely Rc= 0.997 and Rc=0.9835. They give 
respectively an increase factor ~2 and ~10 of the input particles flux into the SOL from the 
core. This latter is Γ⊥= 1.5×1021 s-1 in the standard H-mode SN configuration, consistently with 
previous simulations with EDGE2D [13]. The apparently poor consequence [12] excludes that 
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we are in a peculiar and then ‘unstable’ position and then gives the results fully reliability 
within the limits of our modelling. A more quantitative evaluation will require a better 
treatment of neutrals, considering the actual divertor geometry and the local sources and 
sinks, using codes like EDGE2D or SOLPS. 

3. Development of 10 MA scenario 

It is well known that, lowering the edge safety factor, both the kink and the tearing MHD 
modes become more unstable [14], hence setting an upper limit to the plasma current in order 
to avoid hard disruptions. However, following a suitable trajectory in the q95-li plane during 
the plasma current ramp-up, it is possible to reach plasma equilibria at the very low q95≥2 
[14]. This can be even easier in X-point tokamaks, thanks to the stabilizing role played by the 
strong edge magnetic shear. Recent JET experiments [4], with q95 ≈ 2.6, have confirmed the 
possibility to safely work at q95 < 3 even for large machines at very high plasma current. 
Moreover, other experiments (performed on RFX operated as a Tokamak [15] and recently 
confirmed by some very preliminary tests on DIII-D [16]) have hinted the possibility of using 
active coils to control Resistive Wall Mode (RWM) when operating at q95≈2. These facts 
have encouraged to study the possibility of FAST scenarios up to q95≥2 [17]. In particular, 
several different equilibria have been studied to check the possibility to have a class of 
plasmas with a slightly different current profile, hence with different stability properties.  
For all the equilibria the plasma current is Ip = 10MA and the poloidal beta βp=0.44. The 
minor plasma radius slightly changes, allowing a variation of q95; accordingly, also the ratio 
b/a changes (“a” is the minor plasma radius and “b” is the minor radius of the conductive 
structures). The current density profiles are varied to get different pairs of q95-li values. In 
FIG. 4 we show the typical q(ψ) map, and the q(R) profile. The closeness of the q(ψ)=2 
surface to the plasma boundary suggests a possible interaction of the modes associated with 
this surface with the FAST conductive structures, and the possibility to stabilize these modes 
by active coils. The absence of the q(ψ)=1 surface is an artefact introduced to allow linear 
MHD codes to easily study the tearing and external kink instabilities. 
Four different equilibria have been produced, with the following parameters: 

EQ#1: q95=2.54, li =0.48, b/a=1.98;   EQ#2: q95=2.30, li =0.50, b/a=1.87; 
EQ#3: q95=2.27, li =0.60, b/a=1.79;   EQ#4: q95=2.20, li =0.66, b/a=1.78 
The stability analysis of these equilibria is reported in one the following sections. 

4. Transport analysis 

In order to estimate the kinetic profiles (ne, Ti , Te) and confinement time that can be expected 
in the 10 MA/8.5T FAST scenario, predictive transport simulations have been performed 
using the JETTO 1.5D transport solver with one of  the equilibria described earlier, but 
evolving the current density profile using neoclassical resistivity. The GLF23 model has been 
used to predict the ne, Ti and Te profiles, but effects of rotation have been neglected, since as 
discussed in [18] they are generally small in H-mode plasmas and become significant in 
Advanced Tokamak scenarios. The heating applied was 30 MW of ICRH  in (3He)-D 
minority, with ~20 MW deposited collisionally to thermal ions and 7.5 MW to electrons, 
mostly collisionally. Zeff was set to 1.5 and radiated power was 5 MW. Pedestal values of ne 
(3.2 1020 m-3) and  Ti, Te (4 keV) have been chosen in order for the total confinement to 
follow the standard H-mode confinement scaling law, with H98~0.82 taking into account the 
observation of confinement reduction in JET scenarios at low q95 . The steady-state profiles 
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obtained are shown in FIG 5. The total energy confinement time was 0.5 s and the equivalent 
fusion gain QDT=3.7. 

5. MHD analysis 

We study ideal MHD current-driven modes; the plasma is hence assumed as perfectly 
conducting. Being q>2.5 at the plasma boundary for all the equilibria under study, we expect 
that the n=2 ideal kink is stable. Hence, we focus on n=1 ideal modes, computing the ideal-
wall limit position with the MARS [19] and MARS-F [20] codes. FIG. 6 shows the instability 
growth rate γ (normalized to the Alfvén time τA) as a function of the position of an ideal wall 
conformal to the plasma boundary. Evidently, for EQ#1 the ideal wall limit position is around 
1.31a, while for EQ#2 it is around 1.25a and for EQ#3 it is around 1.41a (a is the plasma 
minor radius). Conversely, for EQ#4 n=1 ideal kink is stable for any position of the 
conducting wall (even with no wall). These differences are due to different q profiles, as 
shown in FIG. 7. Of course, an accurate tailoring of the current rise [4] and of the plasma 
heating will be necessary to pilot the current profile towards the stable situation of EQ#4. An 
internal q=1 surface may appear, which has been neglected in the present analysis to allow an 
easier study of external kink instabilities. This could lead to the development of sawteeth; if 
these are sufficiently small, the plasma discharge may not be significantly affected [4].  

Focusing the attention on the first three equilibria, for which the n=1 external kink is 
potentially unstable, it is important to investigate the effect of the actual conducting structures 
of FAST (vessel, conducting plates, active coils). If such conducting structures are close 
enough to the plasma (i.e. inside the limiting position that can be obtained from FIG. 6), they 
could in principle stabilize the mode if they are made of an ideal conductor, thanks to eddy 
currents induced by any plasma perturbation. Due to the finite resistivity of such conductors, 
these eddy currents will eventually decay, so that the instability still grows, but on the "slow" 
electromagnetic time constant rather than on the "fast" Alfvén time scale. In these conditions, 
a RWM develops, which can be possibly actively controlled magnetically with suitable 
feedback coils. 

 
FIG 5. Steady-state profiles of ne, Ti , Te simulated for the FAST 10 MA/8.5T  

scenario using the GLF23 model in the JETTO transport code. 

 
Since the geometry of the conductors in FAST is rather complex and quite far from being 
conformal to the plasma as supposed in 2D equilibrium codes (as the ones used by MARS and 
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MARS-F), the CarMa computational tool [21, 22] has been applied, allowing a realistic fully 
three-dimensional treatment of the conductors. In particular, a 3D finite elements mesh of the 
vacuum vessel has been produced (FIG. 8). The port extensions have been simulated with 
some conducting patches with a resistivity somewhat higher than the bulk value of 1.29 µΩm. 
No conducting plates have been introduced, since it has been demonstrated [23] that their 
poloidal coverage is too small to have a significant effect on external kink stabilization. 
Several electromagnetic modes and the corresponding time constants have been computed, 
also making a Fourier analysis of the dominant toroidal and poloidal harmonics (n,m) (FIG. 9 
and TABLE I). We notice that the values reported in TABLE I do not take into account the 
presence of the plasma, being purely electromagnetic time constants. Moreover, the same 
(n,m) dominant harmonic may be present in different electromagnetic modes (e.g. an 
axisymmetric current flowing either in the toroidal or in the poloidal direction). 
Coupling this model of the conducting structures with the plasma responses corresponding to 
the aforementioned equilibria, we found that for EQ#1 and EQ#2 the instability growth rate is 
still on the Alfvén time scale, hence making any magnetic active control practically 
impossible. In this analysis, we are neglecting the possible stabilizing contribution of plasma 
flow and kinetic damping. Conversely, for EQ#3 a true RWM is present; its growth rate is of 
the order of 450 s-1 when neglecting the port extensions. In this case, an active magnetic 
control of the instability might be possible. To this purpose, the computational model has 
been enhanced with a set of 18 active feedback coils [5], whose mesh is reported in FIG. 10. 
The coils are subdivided in two arrays of 9 coils aligned along the torus: the first one in the 
gap between the upper and equatorial port, the second one in the gap between the equatorial 
port and the lower port. A preliminary non-optimized proportional feedback controller has 
been designed. The n=1 harmonic of the tangential magnetic field at the midplane in the 
outboard position is assumed as controlled variable. The feedback controller acts on the n=1 
component of the current in the aforementioned axisymmetric coils. A trial-and-error 
procedure has been adopted to find a fixed phase shift between upper and lower coils. In FIG. 
11 we show the behaviour of the instability growth rate as a function of the proportional gain. 
Evidently, a critical value can be found, such that for gains above this threshold the mode is 
stabilized. The same procedure for the a-priori determination of the critical gain has been 
validated experimentally on the RFX-mod device [24]. The stabilization of the mode can be 
accomplished even with a reduced set of control coils, although with a higher critical gain, as 
suggested in [25]. 

 
ηpatch 1.29 µΩm   2.5 µΩm 5 µΩm 

Mode τ [ms] τ [ms] τ [ms] 

n=0,m=0 (toroidal) 34.6 27.3 21.8 

n=0,m=0 (poloidal) 14.3 13.4 12.7 

n=0,m=1 (up-down antisymmetric) 17.9 15.0 13.1 

n=1,m=1 (up-down) 24.2 20.3 17.8 

n=1,m=1 (inboard-outboard) 15.3 12.4 10.1 

 
TABLE I. A few vessel electromagnetic time constants. 
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FIG. 6. Ideal wall limiting positions FIG. 7. Safety factor profiles 

  

FIG. 8. 3D finite elements mesh of vacuum 
vessel 

FIG. 9. Current density corresponding to the 
slowest n=1,m=1 mode 

  

FIG. 10. Cutaway view of the three-dimensional 
finite elements mesh of vessel (gray), ports 

(red), active coils (blue) 

FIG. 11. Effect of a non-optimized proportional 
feedback controller (red: critical gain) 

6. Conclusions 

An extreme scenario (Ip =10MA, q95~2.3) has been designed for the FAST proposal, and its 
main confinement properties have been analysed. An accurate MHD analysis has shown the 



8  FTP/P1-07 

possibility to, at least, slow down the onset of dangerous MHD modes due the low q95. A 
feedback system, using in-vessel active coils, could be implemented to avoid dangerous hard 
disruption. In support of the solution of the power exhaust problem, in view of DEMO, a 
Snow Flake divertor configuration has been developed, showing the possibility of a strong 
reduction of the power flow, even exceeding the one foreseen by the natural enlargement of 
the flux expansion.    
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