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TRANSP	
  is	
  a	
  9me-­‐dependent,	
  1	
  ½	
  D	
  tool	
  for	
  interpre9ve	
  
and	
  predic9ve	
  analysis	
  of	
  tokamak,	
  ST	
  and	
  RFP	
  plasmas	
  

Output	
  of	
  TRANSP	
  (Plasma	
  State	
  File)	
  is	
  standardized	
  for	
  simplifying	
  
input	
  to	
  other	
  computaRonally	
  intensive	
  codes	
   2	
  

INPUT:	
  Experimental	
  data	
  and	
  
model/calculaRon	
  assumpRons	
  

NB	
  source	
  
(NUBEAM)	
  
Fully	
  validated	
  
For	
  D-­‐T	
  ops	
  

Neutral	
  transport	
  

Equilibrium	
  solver	
  

Plasma	
  transport	
  solver	
  

OUTPUT	
  MHD,	
  *AE	
  stability	
  codes,	
  
ELITE,	
  IPS,	
  SciDACs,	
  etc.	
  

GyrokineRc	
  codes	
  
(GTC-­‐NEO,	
  GYRO,	
  GS2,	
  GTS…)	
  

RF	
  source	
  
(TORIC	
  [ICH],	
  LSC,	
  

TORAY,	
  
GENRAY	
  [ECH,	
  

LHCD])	
  

“Plasma	
  State”	
  



Kernel	
  of	
  the	
  code	
  is	
  the	
  solu9on	
  of	
  the	
  par9cle,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
energy	
  and	
  momentum	
  transport	
  equa9ons	
  

InterpreRve:	
  INPUT:	
  Te,	
  Ti,	
  ne,	
  ω,….. 	
  OUTPUT:	
  De,I,	
  χe,I,φ,…..	
  
PredicRve:	
  	
  	
  	
  INPUT:	
  χe,I,	
  D,	
  ….	
   	
  	
  	
  	
  	
  	
  	
  	
  OUTPUT:	
  Te,I,	
  ne	
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ParRcle:	
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Comparisons	
  of	
  inferred	
  transport	
  coefficients	
  against	
  those	
  from	
  models	
  
can	
  be	
  made	
  in	
  “interpre9ve”	
  mode	
  



The	
  compute	
  intensive	
  parts	
  of	
  TRANSP	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
now	
  make	
  use	
  of	
  parallel	
  processing	
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PTSOLVER:	
  	
  	
  is	
  a	
  modular	
  mulRvariable	
  Newton-­‐based	
  solver	
  used	
  in	
  
the	
  predicRve	
  mode	
  that	
  advances	
  Te,	
  Ti,	
  ni,	
  ω	
  from	
  one	
  plasma-­‐state	
  
to	
  the	
  next.	
  
Choice:	
  NCLASS,	
  NEO,	
  TGLF,	
  GLF23,	
  CDBM,	
  RLW,	
  MMM,	
  ….	
  

• 	
  	
  	
  TGLF	
  is	
  parallel	
  over	
  wave-­‐numbers	
  and	
  flux	
  surfaces	
  
• 	
  	
  	
  Scales	
  well	
  to	
  over	
  1000	
  cpu	
  at	
  NERSC	
  
• 	
  	
  	
  Stand-­‐alone	
  version	
  for	
  benchmarking	
  XPTOR/TGYRO	
  

NUBEAM:	
  	
  	
  	
  	
  can	
  now	
  be	
  run	
  with	
  1000’s	
  of	
  processors	
  to	
  allow	
  much	
  
improved	
  staRsRcs	
  over	
  past	
  versions	
  

•  Recent	
  benchmark	
  performed	
  with	
  PENCIL	
  and	
  BBNBI	
  
•  GPU	
  version	
  under	
  development	
  

	
  
TORIC:	
  	
  	
  MIT	
  parallel	
  version	
  of	
  TORIC5	
  is	
  used	
  that	
  is	
  parallel	
  over	
  
poloidal	
  modes	
  
	
  
GENRAY	
  and	
  CQL3D:	
  	
  Parallel	
  versions	
  are	
  being	
  interfaced	
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Free	
  boundary	
  equilibrium	
  solver,	
  ISOLVER,	
  implemented	
  –	
  
essen9al	
  for	
  full	
  TRANSP	
  predic9ve	
  applica9ons	
  

Free	
  boundary	
  TRANSP	
  “validated”	
  against	
  high	
  
elongaRon	
  NSTX	
  discharge	
  

Used	
  	
  ISOLVER,	
  TRANSP	
  
predicRve	
  simulaRons	
  to	
  
project	
  NSTX-­‐Upgrade	
  
operaRng	
  points	
  
	
  
ValidaRon	
  has	
  been	
  
performed	
  against	
  TSC	
  
	
  
Now	
  have	
  ability	
  for	
  users	
  to	
  
supply	
  Fortran	
  control	
  
algorithms	
  

S.	
  Gerhardt	
  



Control	
  algorithms	
  are	
  presently	
  being	
  	
  
developed	
  for	
  NSTX-­‐U	
  

•  Uses	
  Expert	
  file	
  for	
  	
  
–  RotaRon	
  profile	
  control	
  (NBI,	
  NTV	
  through	
  applicaRon	
  of	
  3D	
  fields	
  as	
  

actuators)	
  –	
  NTV	
  physics	
  model	
  incorporated	
  in	
  algorithm	
  (plan	
  to	
  
implement	
  in	
  code	
  proper)	
  

–  Plasma	
  current	
  profile	
  control	
  (NBI,	
  current	
  ramp	
  rate	
  as	
  actuators)	
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Mul9-­‐zone	
  PT_SOLVER	
  (with	
  model	
  or	
  user	
  input)	
  used	
  for	
  
benchmarking	
  physics	
  models	
  

•  Rebut-­‐Lallia-­‐Watkins	
  model	
  (µtearing-­‐based)	
  successful	
  in	
  
predicRng	
  Te	
  profiles	
  in	
  NSTX	
  plasmas	
  where	
  µtearing	
  is	
  calculated	
  
to	
  be	
  unstable	
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TGLF	
  predic9on	
  of	
  JET	
  hybrid	
  discharge	
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TRANSP-TGLF validation using JET plasmas

• TRANSP-TGLF simulations of Te, Ti, vtor, and ne
compared with measurements

– Example of approximate agreement for Te, Ti; high for vtor
found in a JET high performance Hybrid

(Ip=2.5→1.7MA, Pnb=18MW, βn=2.6, H98y2=1.3)
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•  PredicRon	
  of	
  ion	
  &	
  electron	
  temperature,	
  density	
  and	
  
rotaRon	
  profiles	
  

R.	
  Budny	
  



MMM	
  model	
  used	
  as	
  basis	
  for	
  predic9ng	
  requirements	
  for	
  
fully	
  non-­‐induc9ve	
  discharge	
  opera9on	
  in	
  NSTX-­‐U	
  

•  Uses	
  GENRAY	
  (ECH),	
  TORIC	
  (HHFW),	
  NUBEAM	
  (NBI)	
  modules	
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•  Triage	
  support	
  
–  All	
  failed	
  runs	
  are	
  examined	
  by	
  a	
  member	
  of	
  the	
  support	
  staff	
  and	
  

users	
  are	
  noRfied…normally	
  the	
  same	
  day	
  

•  Code	
  VerificaRon	
  
–  Daily	
  regression	
  tests	
  

•  User	
  Group	
  MeeRngs	
  
–  Normally	
  meet	
  yearly	
  at	
  APS-­‐DPP	
  meeRng	
  (not	
  in	
  2014)	
  
–  Dedicated	
  meeRng	
  planned	
  for	
  week	
  of	
  March	
  23	
  at	
  PPPL	
  

•  Strategic	
  Planning	
  
–  Group	
  is	
  preparing	
  a	
  report	
  for	
  PPPL	
  Director	
  by	
  July	
  1	
  

•  Interfacing	
  with	
  IDM	
  
–  FY15:	
  	
  develop	
  translator	
  from	
  Plasma	
  State	
  	
  ↔	
  	
  	
  IDM	
  
–  FY15:	
  	
  make	
  standalone	
  NUBEAM	
  	
  and	
  GENRAY	
  compaRble	
  with	
  IDM	
  

Opera9onal	
  Items	
  

10	
  



TRANSP: status and progress 

Black: available to users    Red: under development  

2013	
   2014	
   2015	
  

RF	
   EC:	
  TORAY,	
  GENRAY	
  
IC:	
  TORIC	
  
LH:	
  LSC	
  

LH:	
  GENRAY	
  
	
  

EC:	
  TORBEAM	
  
LH:	
  GENRAY+CQL3D	
  
HHFW:GENRAY+CQL3D	
  

NUBEAM	
   Halo	
  neutrals	
  for	
  
mulRple	
  CX	
  events	
  
Fast	
  ion	
  diffusion	
  
due	
  to	
  MHD	
  

GPU	
  support	
  
SOL	
  beam	
  ionizaRon	
  
(upgrade	
  2D	
  neutrals,	
  
TF	
  ripple	
  loss	
  model)	
  

RF	
  Coupling	
  to	
  
Fast	
  Ions	
  

TORIC	
  à	
  NUBEAM	
   RF	
  coupling:	
  
TORIC	
  ß	
  NUBEAM	
  

Isolver	
  FB	
  
equilibrium	
  

Evolve	
  q	
  and	
  IP	
  
consistent	
  with	
  coil	
  
and	
  vessel	
  currents	
  

Shape	
  control.	
  	
  
Neo	
  added	
  to	
  q-­‐
advance	
  

Include	
  toroidal	
  
rotaRon	
  in	
  equilibrium	
  
soluRon	
  

PT-­‐Solver	
   MMM,	
  GLF23,	
  TGLF,	
  
RLW,	
  NEO,	
  Chang-­‐
Hinton,	
  Paleo	
  

Density	
  feedback	
  
(with	
  gasflow	
  rate	
  
and	
  wall	
  recycling)	
  

Developing	
  flux-­‐based	
  
implicit	
  solver	
  (with	
  
AMG)	
  to	
  speed	
  
convergence	
  of	
  TGLF	
  



TRANSP	
  use	
  has	
  shown	
  a	
  sharp	
  increase	
  over	
  the	
  last	
  two	
  
years	
  -­‐	
  #	
  runs	
  and	
  #	
  cores	
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TRANSP	
  is	
  being	
  used	
  worldwide	
  to	
  analyze	
  and	
  predict	
  
performance	
  on	
  present	
  and	
  future	
  devices	
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AUG	
   CMOD	
   DIIID	
   EAST	
   HL-­‐2A	
   ITER	
   JET	
   MAST	
   MST	
   NSTX	
   TFTR	
   RFX	
  

2014	
   590	
   301	
   715	
   92	
   36	
   769	
   201	
   491	
   29	
   2007	
   61	
   0	
  

2013	
   916	
   634	
   468	
   32	
   11	
   273	
   189	
   405	
   5	
   1188	
   99	
   0	
  

2012	
   18237	
   425	
   779	
   28	
   1	
   1232	
   273	
   592	
   32	
   1691	
   149	
   2	
  

2011	
   328	
   939	
   1076	
   1	
   19	
   454	
   275	
   338	
   7	
   4134	
   90	
   20	
  

2010	
   890	
   462	
   989	
   401	
   34	
   417	
   62	
   816	
   277	
   1813	
   22	
   0	
  

2009	
   1606	
   276	
   908	
   248	
   131	
   316	
   179	
   742	
   26	
   993	
   26	
   0	
  

Also	
  in	
  2014:	
  
ARIS	
   	
  21	
  
FNSF 	
  113	
  
JT60	
   	
  1	
  
KDMO 	
  10	
  
KSTR 	
  29	
  
LTX 	
   	
  157	
  



Summary	
  

•  TRANSP	
  has	
  incorporated	
  state-­‐of-­‐the-­‐art	
  source	
  and	
  transport	
  
models	
  for	
  use	
  as	
  either	
  an	
  interpreRve	
  or	
  predicRve	
  analysis	
  tool	
  
–  Driven	
  by	
  community	
  input	
  and	
  needs	
  

•  Treatments	
  and	
  solvers	
  are	
  becoming	
  increasingly	
  sophisRcated	
  
and	
  comprehensive	
  

•  Provide	
  links	
  to	
  other	
  computaRonally	
  intensive	
  codes	
  (macro-­‐,	
  
micro-­‐fast	
  ion	
  stability,	
  RF	
  full	
  wave,	
  etc.)	
  

•  Extensive	
  use	
  of	
  TRANSP	
  capabiliRes	
  (presently	
  and	
  planned)	
  by	
  a	
  
large	
  number	
  of	
  insRtuRons	
  around	
  the	
  world	
  

•  Running	
  TRANSP	
  on	
  FusionGrid	
  allows	
  for	
  Rmely	
  support	
  and	
  quick	
  
debug	
  turnaround	
  by	
  PPPL	
  ComputaRonal	
  Plasma	
  Physics	
  Group	
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The	
  objec9ve	
  of	
  this	
  workshop	
  is	
  to	
  make	
  TRANSP	
  more	
  
powerful	
  and	
  user-­‐friendly	
  

•  Discuss	
  present	
  and	
  future	
  use	
  of	
  TRANSP	
  
–  Short	
  &	
  long-­‐term	
  needs,	
  desires	
  

•  What	
  upgrades	
  will	
  make	
  TRANSP	
  more	
  valuable	
  to	
  the	
  
internaRonal	
  community,	
  including	
  ITER	
  
–  Upgrades	
  to	
  physics	
  modules	
  	
  
–  Code	
  modernizaRon	
  and	
  framework	
  (i.e.,	
  single	
  executable?	
  

Modularize?	
  Both?	
  
–  Auempted	
  to	
  leave	
  plenty	
  of	
  Rme	
  for	
  discussion	
  

•  IdenRfy	
  and	
  encourage	
  development	
  external	
  to	
  PPPL	
  
•  Discussions	
  will	
  aid	
  in	
  the	
  development	
  of	
  the	
  TRANSP	
  

strategic	
  plan,	
  which	
  is	
  to	
  be	
  presented	
  to	
  PPPL	
  Director	
  on	
  
July	
  1	
  
–  Strategic	
  plan	
  will	
  detail	
  (addiRonal)	
  personpower	
  resources	
  and	
  

funding	
  levels	
  needed	
  to	
  address	
  goals	
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Extra	
  vugraphs	
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Use	
  of	
  experimental	
  data	
  is	
  integral	
  to	
  TRANSP	
  

17	
  

Input	
  

0-­‐D	
   Device	
  geometry	
  (walls,	
  limiters,	
  NB/RF	
  source	
  	
  
configuraRon,	
  powers,…),	
  neutral	
  density	
  b.c.,	
  
....	
  

1-­‐D	
   Ip(t),	
  BT,	
  outer	
  boundary,	
  φdia,	
  Vloop,	
  Da,	
  neutrons,	
  	
  
recycling	
  coefficient,.…	
  

2-­‐D	
   ne(ρ,t),	
  Te,I,	
  nimp	
  or	
  Zeff,	
  Pheat,	
  Prad,	
  vφ,θ,	
  Bθ/Bφ,	
  	
  
neutrons,	
  full	
  equilibrium	
  (opRon)	
  	
  



Coupled	
  TRANSP-­‐TSC	
  predic9ons	
  have	
  been	
  done	
  for	
  ITER	
  

•  Use	
  free-­‐boundary,	
  plasma	
  
control	
  capabiliRes	
  of	
  TSC	
  

•  Source,	
  transport	
  solver	
  
capabiliRes	
  of	
  TRANSP	
  

•  Examine	
  performance	
  
(confinement,	
  MHD	
  stability)	
  
of	
  various	
  heaRng	
  mixes	
  in	
  
ITER	
  ITB	
  plasmas	
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Figure 2. Schematic of the TSC/TRANSP computational loop. In analysis mode only the heating and current drive profiles from TRANSP
are used by TSC, while in predictive mode also the thermal diffusivities profiles are used.

R = 6.2 m, a = 2.0 m, elongation κ ∼ 1.8 and triangularity
δ ∼ 0.45.

The pedestal is modelled with EPED1 [29], a peeling–
ballooning ideal MHD stability model. Within the range
of plasma currents accessed, IP = 7–10 MA, and densities
required, n0 ∼ (7.0–8.5)×1019 m−3 (with nped ∼ (4.0–5.0)×
1019 m−3 at ρped ∼ 0.94), the pedestal temperature is predicted
to be Tped = 3.3–3.7 keV. All simulations presented herein
aim at keeping Tped within this window. Since transport
models used for H-mode plasmas (like the baseline and the
hybrid scenarios) that are dominated by E × B rotational
shear stabilization have deficiencies when applied to reversed
shear plasmas and high pressures [30], no first principle
transport model is used in this work. Instead, a semi-empirical
approach is adopted to produce an ITB in the electron and ion
temperature through a modified thermal diffusivity profile: a
combination of an L-mode Coppi–Tang model for the interior
region [25] and two terms to model, respectively, the ITB foot
and the pedestal [7]. The ITB foot location, ρITB, is defined
as the location of minimum thermal diffusivity. The thermal
diffusivity profile is then scaled to obtain H98 ∼ 1.6, while
maintaining Tped in the correct range. A target global energy
confinement time multiplier of H98 ∼ 1.6 is in fact found to
be necessary to obtain both 100% non-inductive current in the
desired range and a plasma fusion gain of Q ∼ 3–5 [31].

The electron density profile and magnitude are prescribed,
with a peaking factor of n(0)/⟨n⟩ = 1.3–1.5 in H-mode. The
helium concentration is determined by an input τ ∗

He/τE = 5
and includes the buildup to burn conditions. The hydrogen
(DT) fuel density is determined from quasi-neutrality assuming
equal amounts of D and T. The impurity density profiles
are assumed to be the same as the electron density, with
their fractions prescribed as a function of time. Radiation
includes bremsstrahlung, cyclotron (Trubnikov model), and
line (coronal equilibrium).

The plasma configurations must be consistent with the
power and particle handling in the divertor. Although scrape-
off layer plasma and neutral particle analysis are not done
as part of these time-dependent calculations, all scenarios
are attempting to elevate the radiated power from the core
plasma in order to keep the conducted power to the divertor
in the proper range [32]. It is assumed a 2% concentration of

berillium and 0.4% of argon (0.01% in L-mode), which provide
25–45 MW of core radiated power, depending on the scenario,
and bring the conducted power to the divertor to 80–100 MW.

2.3. Heating and Current Drive Sources

The steady-state scenario is significantly dependent on the
heating and current drive sources, since the current deposition
profiles, in combination with the bootstrap current, determine
the safety factor profile. The external power heating sources
considered herein are 33 MW of neutral beam (NB), 20 MW of
helium-3 minority heating ion cyclotron (IC) at a concentration
of 2%, 20–40 MW of EC, and 20–40 MW of LH. Each of the
sources have defined parameters such as frequency, particle
energy, spectra, and steering angle. The frequency of the IC
and the steering angles for the NB and EC used in this work
are based on previous optimization studies of the total driven
current [31, 33].

The alpha particle source models are an orbit following
Monte Carlo and Bosch-Hale reactivity formulation. The
ICRF source model is the TORIC full wave [34] with a Fokker–
Planck treatment of the resonant species and equivalent
Maxwellians for other fast species (NB ion and alpha particles).
A frequency of 48 MHz is used here to obtain on-axis
deposition and to accommodate the strong magnetic axis
shift; a FWCD component of ∼200–400 kA on axis is taken
for 20 MW of IC, estimated by scaling from CURRAY ray-
tracing analysis [7]. The NB source model is the NUBEAM
orbit following Monte Carlo [35, 36]. The NB has 1 MeV
particle energy, with the capability to steer from on-axis to off-
axis. Off-axis steering is used here for both beams, providing
deposition profiles peaked at ρ ∼ 0.35 and up to ∼3 MA
of non-inductive current for 33 MW of injected power (ρ is
defined as the squared root of the normalized toroidal flux).

The LH model is the ray-tracing 1D Fokker–Planck LSC
code [37], augmented with a correction factor (×1.6) based on
comparisons with GENRAY/CQL3D ray-tracing 2D Fokker–
Planck model [38]. The LH spectrum is peaked at n∥ = 2.15
and −3.9, with %n∥ = 0.2, and with 87% forward and
13% backward power weighting (which provides the factor
of 1.6 enhancement in the total driven current, compared to
the reference weighting 72.5% forward and 27.5% backward).
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Figure 17. (a) Normalized pressure vs minimum safety factor for all scenarios with 33 MW beam heating. The large q configurations with
8 and 16 MW of NB are not reported in this figure. (b) Normalized pressure vs pressure peaking factor. For the configurations with 40 MW
of EC only the reference case is reported in this figure. (c) Normalized pressure vs internal inductance. Open symbols indicate ideal MHD
stable equilibria, red and green symbols indicate equilibria unstable to ballooning modes with ncr , respectively, smaller and larger than
ncr = 50. Kink unstable plasmas are red with black border when stabilized by the wall, black when not stabilized.

and that are not stabilized by the ITER conforming wall.
The latter group is limited to plasmas with 40 MW of EC
heating with deposition peaked at ρ < 0.35. Red and
green symbols indicate equilibria that are ballooning unstable,
respectively with ncr < 50 and with ncr > 50, the latter being
characterized by a radial extent typically below 10% of the
minor radius. This separation is somewhat arbitrary; however,
since this data represents the stability at the end of the burning
phase, conclusions do not change for different choices of the
ncr threshold. Equilibria that are both ballooning and kink
unstable without a wall, but stabilized by an ideal wall, are
indicated as red symbols with a black border.

Scenarios with IC+EC heating have qmin < 1.5 in the
relaxed flat-top phase and have large internal inductance. As
discussed in sections 3–4, the current profile can be broadened
and the internal inductance can be reduced if the EC deposition
profile is peaked at ρ > 0.35. This will move the points
corresponding to scenarios with 40 MW EC in the stable
region, at qmin ! 1.5 and βN ∼ 2.5.

Scenarios with LH heating and current drive (combined
either with IC or with EC) have qmin > 1.5, lower internal
inductance ℓi < 0.9 and βN > 2.5.

The most stable equilibria have qmin > 2 in the relaxed
phase; they are computed to be weakly unstable to ballooning
modes and stable to ideal n = 1 kinks without wall. These
scenarios at βN ∼ 3 (with heating and current drive mix of
20 MW IC+40 MW LH and 33 MW NB) have pressure peaking
factor in the range of p(0)/ < p >= 2.5–2.65 and ITBs with
foot at ρITB > 0.6. As shown in figure 17(c) these plasmas
have βN > 4ℓi. The two red points, which operate above the
no-wall limit, have more peaked pressure profiles and ITBs
with foot at mid-radius. They are computed to be unstable to
n = 1 ideal kinks without wall and stable with ideal wall.

The improvement in the MHD stability at low peaking
factors is a well known result, both from theory (see chapter 3 in
the progress of ITER Physics Basis [12] and references therein)
and from experiments [10, 11]. Compared to figure 10 in [10],
which reports transient and stationary discharge performance
in reversed shear plasmas from ASDEX-U, DIII-D, JT-60U
and JET, our simulations fall in the low peaking region,
although our stability boundary appears shifted towards the

left, i.e. for the same peaking factor we find that the maximum
achievable βN is lower. The different plasma shape is likely
a reason for this discrepancy. Most of the database at high
βN in [10] is from DIII-D, where high performance has been
transiently achieved operating with strongly shaped plasmas.
More recent experiments with ITBs on JT-60U have found
values of βN ≃= 2.7–3.0 comparable with the limits found
herein, operating with similar plasma shape and comparable
pressure peaking factors [49, 50].

7. Conclusions

Non-inductive advanced scenarios in ITER will need to operate
with ITBs at normalized pressures close to the ideal no-wall
limits, in order to achieve H98 ≃ 1.6 and Q > 5 at a plasma
current of 9 MA [2, 3, 11]. In this work we have discussed
the ideal MHD stability and the operational limits of steady-
state configurations with different combinations of heating and
current drive sources: IC with EC, LH with IC and LH with
EC, all combined with additional NB. Combined with about
50% of self-driven bootstrap current, these sources can deliver
between 7 and 10 MA of plasma current. For these heating
configurations, we have defined a range of flat-top equilibria
that are stable against ideal MHD instabilities and discussed
the effect of the various heating sources on the steady-state
equilibria.

It is found that 73 MW of heating power (20 MW each
of IC and EC combined with 33 MW NB), as planned for
the initial operations on ITER, can deliver up to 7.4 MA of
non-inductive current in the flat-top. Although this scenario
has fusion gain Q " 3.6 and it operates at βN " 2.4, it is
predicted to be ideal MHD stable for variations of the plasma
parameters around the operating point. It would be therefore a
good candidate to demonstrate the feasibility of steady-state,
stable operations at moderate βN, with densities close to the
Greenwald limit.

Different options are under consideration for the upgrade
of the heating system on ITER, including doubling the EC
power and adding up to 40 MW of LH [45]. The stability
of configurations with 40 MW EC power is found to be
sensitive to the position of qmin, which is controlled by the
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Figure 5. TRANSP results for NBI and total current density profiles
at the end of the off-axis (solid) and the on-axis phase (dashed) for
the same discharge as in figure 4.

regime extends up to our full off-axis power capability. As
the MSE system is linked to an on-axis beam, only the signal
during phases of its operation can be directly compared with
the modelling results. It is evident, however, that for the
case shown, the experimental MSE traces correspond—over
the whole radius range—far better to signals reconstructed
from TRANSP-runs including the NBI current drive with full
nominal efficiency than to those neglecting it. Figure 5 shows
the modelled NBI and total current densities for two time
instances, at the end of the off-axis and the second on-axis
phases. Such changes in the current density profile for low
power discharges are also confirmed by the observed shift in the
resonance location of occasionally appearing MHD activity.
In the discharge considered in figure 4, a small (3, 2) NTM
has been observed. This mode is not responsible for the
changes in the current profile as in several similar discharges
no MHD activity was observed at all. During the off-axis
beam phase, the mode rational surface is shifted inwards as
observed by radial well resolved electron cyclotron emission
(ECE) measurements by about 1 cm. In discharges with ECE
measurements up to the plasma centre also a shift of the
location of (1, 1) activity was observed, see figure 6. (In
these discharges the adjustment of the electron temperature
was achieved by central IRCH heating during the off-axis beam
phase.)

In the high heating power regime (which for low
triangularity (δ ∼ 0.2) is reached with less than 5 MW) the
current profile changes measured by the MSE system fall
significantly short of the predictions of the TRANSP code
(figure 7). The agreement can be substantially improved by
introducing an artificial diffusion of the slowing-down fast
particles, with an assumed diffusivity Dfast ≈ 0.5 m2 s−1.
Figure 8 shows the TRANSP current density profiles at the
end of the off-axis and on-axis injection phases, computed
both with and without fast particle diffusion. Whereas for
the on-axis NBI case, fast particle diffusion does not lead
to a significant change in the current density profile, in the
case of off-axis NBI a stronger peaking of the current density
profile is found. This peaking results from a significant NBI
current contribution in the plasma centre, introduced by the fast
particle diffusion. The additional central current is larger than
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Figure 6. Amplitude of the temperature perturbations (ECE) caused
by small fishbones in a discharge with one beam only (#18091).
Discharge parameters: 800 kA, Bt = 2.5 T, δ = 0.2,
PNBI = 2.5 MW, ne = 3.5 × 1019 m−3. At 3.5 s the on-axis beam
was replaced by an off-axis beam, the electron temperature was kept
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to be expected from a symmetric broadening of the NBI current
profile as the radial profile of the electron temperature and the
corresponding beam ion slowing-down time strongly influence
the current driven by the beam ions (figure 9). In the discharge
considered here, no MHD activity with the exception of type-I
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