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Mission	of	ITER	

•  Demonstrate	the	scien.fic	and	technological	feasibility	of	
fusion	energy	for	peaceful	purposes	

•  Achieve	fusion	power	of	500	MW	with	Pfus/Pin	(≡	Q)	≥	10	for	300-500	s	
(i.e.,	sta.onary	condi.ons)	

•  Aim	at	demonstra.ng	steady-state	opera.on	with	Q	≥	5	
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ITER	Will	Provide	a	Unique	Facility	to	Study		
Burning	Plasmas	

•  Q=10	will	be	a	great	scien.fic	and	technical	achievement	
•  ITER	will	provide	new	scien.fic	perspec.ves	and	answer	key	ques.ons	due	to:	

•  Lower	ρ*,	ν*	while	at	high	ne/nGW,		alpha	par.cles,	self-hea.ng	from	alphas	
•  Larger	size,	current,	power	and	long	dura.on	
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What	Will	We	Learn	ScienSfically?	

•  My	personal	perspec.ves	
•  What	I	hope	we	will	learn	from	ini.al	opera.on	through	Q=10	

campaign	

•  Not	comprehensive	literature	review		
•  Influenced	by	rela.vely	recent	work	

•  Goal	is	to	challenge	us	to	address	the	many	open	issues	in	
prepara.on	for	par.cipa.on	in	ITER	

•  Will	not	address	the	engineering/technological	and	regulatory	
issues,	which	are	as	important	as	the	scien7fic	issues	
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Going	from	the	Edge	to	the	Core	

•  Plasma-Boundary	Interac7ons	
•  Pedestal	performance	
•  Core	transport	
•  Disrup.ons	
•  Alpha-par.cle	physics		
•  Integrated	performance	
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Will	the	Heat	Flux	Width	Be	Determined	by	Turbulence?	

•  λq	∝	1/Ip	∝	1/Bpol	

T.	Eich,	Nucl.	Fusion	53	(2013)	093031		
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•  XGC1	(PPPL)	reproduces	exis.ng	data	varia.on,	but	

predicts	turbulence	broadens	the	width	in	ITER.		
•  Is	this	correct?	
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RadiaSve	DissipaSon	Demonstrated	on	ASDEX	Upgrade	

•  Excellent	results	on	AUG	at	
high	Psep/R	with	nitrogen	
seeding	

•  But	at	~7PLH		
•  (PLH	--	power	threshold:			

L-mode	to	H-mode)	
•  No	stable	opera.on	yet	for	

power	exhaust	with	neon	
•  Implica.ons	for	ITER	

remain	to	be	determined.	

A.	Kallenbach	et	al.,	Nucl.	Fusion	55	(2015)	053026	

(Psep/R)max	=	10	MWm-1		(cf.	~15	MWm-1	for	ITER)	
Feedforward	D	puff,	Feedback	N	puff	
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Will	RadiaSve	DissipaSon	MiSgate	the	ITER	Heat	Flux?	
•  Is	an	X-point	radiator	possible	on	ITER?	

•  How	is	discharge	performance	affected	
during	par.al	detachment	when	close	
to	PLH	~1?	

•  If λq is	narrow,	will	required	seeding	
rates	be	compa.ble	with	the	burning	
plasma?		
•  (see	R.J.	Goldston	et	al.,	PPCF	59	(2017)	

055015	and	M.	Reinke	Nucl.	Fusion	57	
(2017)	034004)	

•  Maximum	ELM	size	that	can	be	
buffered	by	radia.ve	divertor?	

N-seeding	examples	(from	M.	Bernert	et	
al.,	PSI	2016)	

AUG 

Ip	=	1.2	MA,	BT	=	2.5	T	
PIN		=	18-21	MW	
frad	~	75%,	H98	=	0.9	
Type	III	ELMs	

JET	

Ip	=	2.5	MA,	BT	=	2.6	T	
PIN		=	18	MW	
frad	~	75%,	H98	=	0.7	
Type	I/no-ELMs	

Courtesy	of	R.	Pils	
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Can	We	Suppress	ELMs	in	ITER	with	RMP	Fields?	

•  RMP	ELM	suppression	achieved	on	ASDEX	Upgrade	with	metal	wall	
•  Loss	of	ELM	suppression	at	low	rota.on	in	DIII-D	consistent	with	island	model	

•  Island	model	remains	an	ac.ve	topic	of	discussion	
•  Need	a	dimensionless	criteria	for	ELM	suppression	for	ITER	predic.on		

W.	Sulrop	et	al.,	PPCF	2017;	R.	Nazikian,	et	al.,	IAEA	2016		 R.	Moyer,	et	al.,	PoP	2017		

Time	(ms)	

DIII-D	AUG	
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Going	from	the	Edge	to	the	Core	

•  Plasma-Boundary	Interac.ons	
•  Pedestal	performance	
•  Core	transport	
•  MHD	stability	
•  Alpha-par.cle	physics		
•  Integrated	performance	
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Height	and	Width	of	Pedestal	Set	by	a	CombinaSon	of	Stability	
and	Transport	Mechanisms	

•  Stability	defined	by	peeling-ballooning	modes	
•  Kine.c	Ballooning	Modes	(KBM)	used	in	EPED	model	

•  Defines	the	pedestal	pressure	
acting as an amplifier of the peeling-ballooning stability con-
straint. We then test the EPED1 model extensively. The
model is tested against a dedicated experiment on DIII-D, in
which predictions were made before the experiment, and
against a broader database of DIII-D results, include ITER
demonstration experiments. An initial EPED1 prediction for
the ITER pedestal is given at the end of Sec. IV, and results
and future plans are discussed in Sec. V.

II. THE PEELING-BALLOONING PEDESTAL
CONSTRAINT

In the peeling-ballooning model, ELMs are triggered,
and the pedestal constrained, by intermediate wavelength
MHD instabilities driven by the large pressure gradient and
resulting bootstrap current in the edge barrier region. A set of
profiles depicting the large density and temperature gradients
!which drive large current gradients via the bootstrap effect"
in the barrier is shown in Fig. 1!a". A schematic of peeling-
ballooning stability boundaries is given in Fig. 1!b". As
shown, the stability boundary varies strongly with plasma
shape, and the trajectory with which the pedestal evolves
toward its stability limit is strongly impacted by collisional-
ity !!!". At high !!, the bootstrap current is suppressed and
relatively high n#10–30 ballooning modes are limiting,
while at low !!, relatively low n#3–6 current-driven kink/
peeling modes are limiting. Many high performance H-mode
discharges operate at moderate !!, where the pedestal height
and overall performance are maximized, and intermediate n
#5–20 peeling-ballooning modes provide the constraint on
the pedestal height. Because of nonlocality, and the complex
interplay of plasma shape, collisionality, and safety factor
!q95", it is very challenging to develop accurate parameter-
izations of the peeling-ballooning constraint. Hence the con-
straint is usually calculated numerically using two-
dimensional !2D" MHD stability codes.

The hypothesis that ELMs are driven by MHD modes
has existed essentially since the discovery of H-mode. The
importance of peeling-ballooning coupling was noted in
high-n studies.1 Extension of the theory to higher order, and
its numerical implementation in the ELITE code, allowed
quantitative treatment of intermediate-n modes, and success-
ful comparisons to experiment.2,3 In parallel, a number of

efficient MHD stability codes were developed or repurposed
for studies of intermediate-n edge stability !e.g., Refs. 4–10".
Recent edge stability review papers summarize many
results.5,11 Note that the term “peeling-ballooning” is used
here to describe instabilities driven by the current and pres-
sure gradients across the edge barrier region. The dominant
current term is generally the kink !or current gradient" term,
but the term “peeling” is maintained to emphasize that these
current gradients exist near the edge of the plasma !in con-
trast to core “kink-ballooning” modes where the drive comes
predominantly from pressure and current gradients in the
core".

The implementation of high spatial and temporal reso-
lution diagnostic systems has allowed the accurate measure-
ment of profiles in the edge barrier region necessary for rig-
orous testing of the peeling-ballooning model. Such tests,
involving accurate equilibrium reconstruction including
bootstrap current, and stability calculation over a wide range
of mode numbers !typically n#3–30", have now been suc-
cessfully carried out on numerous H-mode tokamaks in well
over 100 cases.3,5,8,10–26 Peeling-ballooning stability depen-
dencies on shape,3,5,11,18,20 aspect ratio,14,18,19 beta !Shafra-
nov shift",12,13,20 collisionality,3,11 and rotation13,14,19,22 have
been explored in numerous cases.

Tests of the peeling-ballooning model in type I ELM
discharges have consistently found that, within measurement
error, the pedestal is constrained, and ELMs are triggered, by
peeling-ballooning instability. In order to maximize the life-
times of plasma facing materials in devices such as ITER, it
is of interest to also consider discharges which mitigate or
avoid large type I ELMs. Such discharges have been inves-
tigated with the peeling-ballooning model. It is found that in
discharges in which ELMs are controlled via resonant mag-
netic perturbations, the pedestal can approach but not exceed
the peeling-ballooning stability boundary.26,13 Type III ELM
!Refs. 16 and 17" and enhanced D-alpha operation23 are also
found to exist in regimes below and approaching the peeling-
ballooning boundary. Grassy ELMs,21 small type I ELMs,3

and type II ELMs !Ref. 17" are also found to occur near the
peeling-ballooning stability boundary. Quiescent H-modes
are found to occur near the kink/peeling portion of the
peeling-ballooning stability bound.24,13 In short, the peeling-
ballooning stability boundary provides a constraint on the
maximum pedestal height, and ELM control or mitigation
schemes, active or passive, can be optimized to yield pedes-
tal values near or at, but not exceeding, this boundary. Hence
this boundary provides a figure of merit for the pedestal in all
regimes, which an optimal ELM control or mitigation
scheme will seek to approach as closely as feasible.

The studies discussed above extensively test the peeling-
ballooning model, but rely on reconstructions of equilibria
from actual discharges, and hence can be conducted only
after an experiment. To develop a predictive model, peeling-
ballooning stability must be characterized as accurately as
feasible without making use of information available only
after the experiment. To this end, we employ peeling-
ballooning stability calculations on sets of model equilibria,
increasing the pedestal height until the stability boundary is
found. The technique employed is very similar to that de-

0
0.0 0.1 0.2

Density (1019 m–3)
T (keV)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2
4
6
8

10
12
14
16
18
20

ITER model profiles with predicted pedestal
(βN,ped=0.65)

Normalized Poloidal Flux (ψN)

Peeling
Unstable

Strong Shaping

Ballooning
Unstable

Stable

Pedestal Pressure Gradient

Pe
de

sta
lC

urr
en

t

De
ns

ity
(10

19
m–3

)
Te

mp
era

tur
e(

ke
V)

High *

Mid *
Low *

FIG. 1. !Color online" !a" Radial profiles of density and temperature illus-
trating: !1" a typical edge barrier structure across the outer 4% of the con-
fined plasma, !2" the shape of model profiles described by Eq. !1", and !3"
model profiles for ITER at the EPED1 predicted pedestal height and width.
!b" Schematic of peeling-ballooning stability, illustrating the effect of
plasma shape and collisionality !!!".

056118-2 Snyder et al. Phys. Plasmas 16, 056118 !2009"
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Figure 6. (a) Edge profiles for a model equilibrium illustrate the pedestal region (light shaded) and the central half (dark shaded) of the
barrier which must be at or beyond criticality in the BCP technique. (b) The KBM constraint, calculated with the BCP technique, for two
different model equilibria (DIII-D-like and ITER-like) shows a dominant βp,ped ∼ "2

ψN
, or equivalently, "ψN ∼ β

1/2
p,ped, dependence (dotted

line). (c) The calculated KBM constraint shows a relatively weak but complex dependence on density (i.e. collisionality).

dotted line in figure 6(b). Note that this approximate "ψN ∝
β

1/2
p,ped dependence is expected, due to the characteristics of

ballooning stability in the bootstrap-current dominated regime
of the edge barrier in standard aspect ratio shaped tokamaks
[12]. Generally, the BCP calculated KBM constraint can be
written in the form of "ψN = β

1/2
p,pedG(ν∗, ε, . . .) where G is a

weakly varying function of collisionality (ν∗), aspect ratio (ε)

and other dimensionless parameters, with values typically in
the range 0.07–0.1 for standard aspect ratio shaped tokamaks.

3. The EPED pedestal model

The P–B and KBM constraints described in the previ-
ous two sections can then be combined to yield a pre-
dictive model (EPED1.6) for the pedestal height and
width. The inputs (I) to the model are eight scalar
parameters which are used to define the model equilib-
ria, I = [Bt(T), Ip(MA), R(m), a(m), δ, κ, ne,ped(1019 m−3),

βN,global], where R is the geometric major radius, a is the minor
radius, δ is the triangularity, κ is the elongation, ne,ped is the
pedestal electron density and βN,global is the global Troyon nor-
malized β. The first six input parameters, describing plasma
shape and fields, are generally well known for future devices as
well as future experiments on existing devices. The accuracy
to which the final two parameters, which determine pedestal
collisionality and global Shafranov shift, are known varies de-
pending on the device and control methods employed. When
necessary, EPED predictions can be made over a range in these
parameters. The outputs of the EPED model are the pedestal
height, usually given as a pressure (pped) or a normalized
pedestal beta (βN,ped), and the pedestal width in normalized
poloidal flux ("ψN). Note that in comparisons with experi-
ment, the measured width is defined to be the average of the
electron temperature and density widths as discussed in [12],
and that the model predicts only this average, not any separate
variation of the temperature and density widths.

An illustration of the EPED1.6 model is given in figure 7.
The solid line shows the calculated P–B constraint, the dotted
line is the KBM constraint, and the solid diamond shows their
intersection, the EPED1.6 predicted pedestal height and width.
As discussed in section 1, the EPED model supposes that
confinement in the edge barrier is so good that profiles will
continue to rise until strong limiting instabilities, the P–B and
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Figure 7. The EPED1.6 model predicts a pedestal height and width
(solid diamond) from the intersection of calculated P–B (solid line)
and KBM (dotted line) constraints. This can then be compared with
observations, here shown by an open square, for DIII-D discharge
132003.

KBM, are triggered. Hence, following the transition into high-
performance H-mode, the initially narrow and stable (below
both lines and to the left of the diamond in figure 7) barrier
will steepen until the KBM boundary is reached locally, and
then follow the KBM critical contour (dotted line) up and to the
right until the P–B boundary is reached, at the point marked by
the diamond. The edge barrier will then hover near (Quiescent
H-Mode or small ELM regimes) or execute a limit cycle around
(large ELM regimes) this point in parameter space, and in
either case, the diamond provides a reasonable approximation
to the expected pedestal height and width in quasi-steady high-
performance H-mode.

Note that the differing functional dependences of the P–B
(pped ∼ "

3/4
ψN

) and KBM (pped ∼ "2
ψN

) constraints ensure a
unique nontrivial solution, and that the predicted height and
width both depend on both the P–B and KBM constraints.
That is, if either constraint is systematically incorrect, both the
predicted height and width will be systematically incorrect,
and hence both aspects of the model can be tested against
measurements of the pedestal height (which is relatively easy to
measure) as well as the width. Note also that the pedestal height
can be maximized either by improving P–B stability (raising
solid line in figure 7), or, counter-intuitively, by degrading

5

Snyder,	P		et	al,	Nucl	Fusion	51	103016	(2011)	Snyder,	P		et	al,	Phys.	Plasmas	16	056118	(2009)	
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EPED	Successfully	Predicts	the	Pressure	in	the	Pedestal	in	
	Current	Experiments	

•  The	height	of	the	pedestal	is	a	key	parameter	in	es.ma.ng	the	
confinement	.me.	

Snyder,	P.B.	et	al.,	Nucl.	
Fusion	51,	103016	(2011)	

! 40!

• Steady-state plasma sustainment and control, extending the relatively short 
(several second) durations of inductive operation, to non-inductive continuous 
operation 
 

These gaps and the complexity of the integrated physical processes in the boundary 
plasma make it difficult to extrapolate with confidence from existing experiments to 
future burning plasma devices. If left unresolved these issues of core-boundary 
integration have the potential to lead to serious performance degradation in future 
burning plasma devices, including ITER. The critical role the boundary plasma plays in 
providing conditions for the burning core plasma while simultaneously handling its 
exhaust motivates an expanded research program to understand and integrate the physics 
of the boundary plasma and to explore innovative solutions to this challenge. 

II. 4. 2. Research progress since the 2009 ReNeW report and current status:  
 

The interface between the edge plasma and the confined central plasma takes place at the 
magnetic separatrix, defining a transition from open to closed magnetic field lines. In 
high confinement plasmas (H-mode) a transport barrier spontaneously develops in this 
region resulting in a narrow layer of steep gradients in density, temperature and pressure1. 
The top of the H-mode transport barrier marks the inner surface of the edge plasma and 
serves as the boundary condition for the central plasma. The plasma parameters at the top 
of the pedestal directly impact the operation of the core plasma, with the pedestal top 
pressure largely determining its ultimate performance and fusion gain2. 

The recently developed EPED model 3  successfully describes pedestal pressure by 
combining a local pressure gradient limit for short wavelength MHD stability with longer 

wavelength MHD stability of the 
entire pedestal pressure profile. 
This model has successfully 
reproduced, within ~20 percent, the 
pedestal top pressure across a range 
of devices and conditions as shown 
in Fig. II-22.  While this highly 
significant accomplishment now 
provides a basis for predicting the 
pedestal pressure in future burning 
plasma tokamaks,  

the EPED model requires as input 
all of the tokamak’s operational 
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predictions of pedestal pressure height with data 
from a range of experiments and conditions3 



What	will	the	Pedestal	Parameters	be	in	ITER?	

•  High	gas	fuelling	to	avoid	W	
accumula.on	in	the	core,	and	this	
degraded	the	pedestal	confinement.	

•  N2	seeding	helps	par.al	recovery	of	the	
pedestal	confinement	

M.	Beurskens	et	al,	PPCF	(2013)	
M.	Kotschenreuther,	Nucl.	Fusion	57	(2017)	064001	

•		 	GENE	simula.ons	indicate	increased	
transport	due	to	the	ρ* scaling	of	ExB	
shearing		and	lower	Zeff		in	the	ITER-like	
Wall	on	JET	
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Will	the	H-mode	Density	Limit	Be	Set	by	the	
Ballooning	Instability?	

•  High	Z	PFC	is	requiring	gas	puffing	to	increase	the	scrapeoff	density.	
•  On	ASDEX	Upgrade	and	JET,	when	αsep		reaches	∼	2–	2.5,	consistent	with	the	

theore.cally	predicted	onset	of	ballooning	modes,	confinement	degrades	and	the	
density	limit	of	the	H-mode	is	found.	

T.	Eich	et	al	2018	Nucl.	Fusion	58	034001	
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Shi^	of	Density	Profile	In	the	Pedestal/Scrapeoff	Region	Is	Important	
for	Stability	and	Confinement	and	Not	Explicitly	Addressed	in	EPED	

•  Lithium	coa.ngs/injec.on	on	NSTX-U	and	DIII-D	have	resulted	in	higher	
pedestal	pressures	and	energy	confinement	.mes	

•  The	shit	of	the	density	profile	near	the	scrapeoff	enables	higher	pedestal	
pressures.		

10 
 

with growth rates of the same order as ExB shearing rates. The role of kinetic ballooning 

modes (KBM) remains unclear [49]. Figure 4 shows the edge profiles of highly shaped 

plasmas in NSTX with different amounts of lithium evaporated before the discharge [50]. 

 

 
 

Figure 4: NSTX data taken from reference [50]. Comparison of edge profiles for three 
discharges with different levels of pre-discharge lithium evaporation. Arrows indicate the 
direction of increasing pre-discharge lithium. Note that there is a difference in NBI heating 
power also. 
 

The edge density profile is clearly shifted further inward with increasing levels of pre-

discharge lithium evaporation (a), allowing a higher pedestal top pressure (d). At the same 

time the mid-plane neutral pressure was found to be reduced.  

At the EAST tokamak, a study comparing boronisation, siliconisation and lithium 

vaporisation before and during pulses showed that the hydrogen content could only be 

reduced significantly using lithium. The lithium vaporisation led to H-mode plasmas in 

EAST [51]. With application of Li long 30 s H-modes could be performed with small ELMs 

and a quasi-coherent mode (QCM) with frequencies around 30-50 kHz [18]. Two different 

enhanced recycling regimes have been identified, both showing QCMs which increase 

transport across the separatrix. While the low enhanced recycling regime is unstable with 

increased radiation and a density rise occurs, in the high enhanced recycling regime the 

QCMs provide enough transport to remain stable [52]. The edge coherent mode (ECM) 

established in EAST discharges with real-time lithium aerosol injection provides energy and 

particle transport so that an ELM-free phase is achieved and maintained for 18 s [53, 54]. 

NSTX	

Maingi	R.		et	al.,	
Journal	of	Nuclear	
Materials	463	
(2015)	1134		
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ASDEX-Upgrade	Observes	Effect	of	Gas	Fueling	and	Impurity	
Seeding	on	Density	Profile	

•  Gas	fueling	shits	the	density	profile	outward	(reduced	
τE)	while	

•  Impurity	seeding	shits	the	density	profile	inward	
(improved	pedestal	temperature	and	τE)		
–	minimizes	the	role	of	the	high	field	side	density.	

AUG	

Dunne,	M	G,	et	al.,	Plasma	Phys.	
Control.	Fusion	59	014017	
(2017)	

ASDEX Upgrade

What is a radiative divertor?

Gas puffing

Increases SOL/pedestal density

Can degrade confinement

Creates (at sufficient heating power)
high-field side high-density front (HFSHD)

HFSHD increases with heating power

Impurity seeding

Nitrogen (for example) radiates strongly in
divertor region

Reduces density in HFSHD

What does this do to pedestal profiles?

Gas puffing

Nitrogen seeding
HFSHD

M. Dunne (IPP) 57th APS conf., Savannah (GA) 23/06/2015 2 / 7
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Figure 3: Profiles of (a) electron temperature and (b) electron density for the very-low (black) and
medium (red) fuelled cases. The temperature pedestal decreases significantly with increased fuelling,
and, while the density pedestal increase slightly compensates this, its outward shift results in a lower
pedestal top pressure.

is exactly the opposite of what happened in the gas puff scan shown in the previous section; we

will now analyse the experimental profiles and pedestal stability to determine if the confinement

change mechanism is the same.

Shown in figure 6 are (a) temperature and (b) density profiles for discharge #31228 for

reference (red) and nitrogen seeded (blue) time points. As in section 3.1, the temperature profiles
have been aligned such that Te,sep=100 eV and the density profiles are then automatically aligned

to these temperature profiles via Thomson Scattering. In this case, when nitrogen seeding is

applied the HFSHD shrinks in magnitude and the density profile shifts radially inwards again.

Interpretive stability analysis in this case shows that both time points are consistent with the

peeling-ballooning model, but indicates no change in the critical α value; as pointed out in [18],
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Role	Density	Profile	Shi^s	Explains	Several	Important	
ObservaSons	

ü  Par.cle	and	energy	reflec.on	coefficients	with	W-PFCs	are	greater	than	C-PFCs	
resul.ng	in	higher	pedestal	densi.es	and	steeper	density	gradients. 		

•  Decreases	the	ion	temperature	and	the	edge	stability	

•  Reduced	recycling	due	to	lithium	coa.ngs	reduces	the	density	gradients	and	improves	
edge	stability	

•  Scrapeoff	inboard	high	density	region	can	create	an	inverted	density	profile	and	fuel	
the	pedestal	density,	shiting	the	density	gradient	rela.ve	to	temperature	gradient	and	
reduces	confinement	and	stability.	

•  Nitrogen	seeding	cools	the	scrapeoff	plasma	reducing	the	density	in	the	high	density	
region	shiting	inboard	the	density	gradient	and	improves	confinement	and	stability	

ü  Recently,	combined	pellet	injec.on,	gas	puffing	and	nitrogen	seeding	has	restored	τE	
(Lang,	NF	2018)	

ü  One	dimensional	modeling	is	unlikely	to	capture	all	of	the	physics	associated	with	
pedestal.	 Wolfrum,	E.		et	al.		Nuclear	Materials	and	Energy	12	(2017)	pg.	18	
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Going	from	the	Edge	to	the	Core	

•  Plasma-Boundary	Interac.ons	
•  Pedestal	performance	
•  Core	transport	
•  Disrup.ons	
•  Alpha-par.cle	physics		
•  Integrated	performance	
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Why	Is	Core	Confinement	(SSll)	Important?	

Near	igni.on:	
•  Pfus	α W2	

•  W	~	Pfus*τΕ/5
•  Pfus	α HIPB98(y,2)

5.3		
	-	assuming	ITER	scaling	

•  A	15%	uncertainty	translates	into	
a	factor	of	~2	uncertainty	in	Pfus									

Chapter 2: Plasma confinement and transport

(in s, MA, T, MW, 1019 m�3, AMU, m), and in
‘physics’ variables as

⌧ELMy
E,th / ⌧B⇢�0.70

⇤ ��0.90⌫�0.01
⇤ M0.96q�3.0"0.732.3

a .

(21)

The RMSE of this scaling (Eq. (20)) with respect
to the ITERH.DB3 standard dataset is 15.6%, and
its prediction for ITER is 4.9 s. It should be men-
tioned that the Kadomtsev constraint is not satisfied
when Alcator C-MOD is removed from the dataset
on which IPB(y,2) was based. Everything else being
kept the same, this leads to, instead of Eq. (20), the
IPB98(y,3) scaling in Table 5, which gives a very
similar point prediction for ITER as IPB98(y,2). At
present, available physical empirical evidence is felt
not to be conclusive enough to justify making a pref-
erential recommendation between the just mentioned
log-linear scalings.

The scalings (18) and (20) are not very di↵er-
ent from the ITERH.EPS97(y) scaling [315], which
was based on an earlier version of the DB3 database
and on using TAUC93 rather than TAUC92. (As
in previous regression analyses, a correction factor
TAUC92 [305] or TAUC93 [180] has been used to
normalize the data from closed divertor configura-
tions in ASDEX and PDX to data from the more
ITER like configurations found in the other devices.
TAUC92 and TAUC93 di↵er only in the method for
normalizing the PDX data, see [180,305].) Eqns (18)
and (19) were developed using TAUC92. However,
when the TAUC93 normalization is used instead, the
data also satisfy the gyroBohm constraint, and the
confinement time prediction for ITER increases by
less than 5%.

Although the new dataset is clearly better condi-
tioned than the previous dataset, some of the exist-
ing problems remain and new complications have
been added. For example, a limitation is that it is
still not possible to establish distinct scalings for
the various ELM types with the current database.
It should also be noted that the di↵erent heating
schemes may introduce new systematic di↵erences
between the machines through heating profile e↵ects
that are not dealt with in this global database.

6.3.2. ELM free H-mode thermal
confinement scaling

The ITERH.DB3 ELM free H-mode standard
dataset of 1131 observations, as defined in Sec-
tion 6.2, satisfies both the high-� and the gyroBohm
constraints, as was the case for ITERH.DB2. The
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Figure 9. Comparison of H-mode thermal energy con-

finement time with the scaling expression in Eq. (18) for

ELMy data in the ITER H-mode database version DB3.

resulting high-� constrained ELM free H-mode scal-
ing expression for ITERH.DB3 in ‘engineering’ vari-
ables is

⌧ELM free
E,th = 0.0314I0.94B0.27P�0.68n0.34

⇥M0.43R1.98"0.100.68 (22)

(s, MA, T, MW, 1019 m�3, AMU, m), which trans-
lates to the ‘physics’ form

⌧ELM free
E,th / ⌧B⇢�0.89

⇤ ��0.92⌫�0.13
⇤

⇥M1.78q�2.77"�1.172.90. (23)

The RMSE for this fit is 15.6% and the distribu-
tion of the fit is shown in Fig. 10. Equation (22) is
similar to the scaling developed from ITERH.DB2,
referred to as ITERH93-P [180], and the projections
to ITER are almost the same.

6.3.3. L-mode thermal confinement scaling

The present L-mode database [112] consists of
2938 observations from 14 tokamaks (Alcator C-
Mod, ASDEX, DIII, DIII-D, FTU, JET, JFT-2M,
JT-60U, PBX-M, PDX, TEXTOR, TFTR, Tore-
Supra and T-10), of which 1881 are L-mode points.
The remainder relate to ohmically heated and
enhanced L-mode operation. The L-mode database

Nuclear Fusion, Vol. 39, No. 12 (1999) 2205

τE,TH
IPB98(Y,2) = 0.0562 HIPB98(y,2)Ip

0.93BT
0.15ne

0.43P−0.69R1.97M0.19κa
0.78ε 0.58



20	

Significant	Scaeer	in	the	Power	Threshold	Required	
for	L	to	H	TransiSon	

•  Scaler	is	alributed	to	“Hidden	
Variables”	–	recycling,	height	of	the	X-
point,	triangularity,	rota.on	velocity,		
RMP	perturba.ons…	

•  Power	threshold	is	not	a	monotonic	
func.on	of	density	
•  Role	of	ion	transport	iden.fied	by	

F.	Ryter	et	al	2014	Nucl.	Fusion	54	
083003	

•  Do	not	have	a	predic.ve	model	for	the	
power	threshold.	

Mar.n,	Y.R.		et	al.,	Journal	of	Physics:	
Conference	Series	123	(2008)	012033		
	

 
 
 
 
 

 

 
 
Figure 1. Actual versus fitted threshold power for tokamak time slices used in the fit (Alcator 

CMod, ASDEX Upgrade, DIII-D, JET, JFT-2M, JT-60U). In addition, spherical tokamaks and 

helical system threshold power are superimposed to show their distance to the fit (MAST, NSTX, 

CHS). 

 

4. Individual density dependence 

The density dependence of the threshold power plays an important role in the predictions for ITER 

since its planned density range will be rather large. It is currently envisaged that an H-mode in ITER 

will be accessed via an L-H transition at low density, followed by a ramp to the vicinity of the 

Greenwald density limit, while relying on possible hysteresis in power to maintain the H-mode since 

the power available at the beginning of ITER’s operation will remain below the estimated threshold 

power at high density. With a mild density dependence of the threshold power the hysteresis effect 

might be sufficient to maintain the plasma in H-mode while the density is increased. However, if the 

threshold power strongly depends on the density, the hysteresis effect might not be sufficient to 

maintain the H-mode or even less to access good confinement. The auxiliary input power could fall 

below the H-L transition level as PThresh increases with density causing an H-L transition. Detailed 

studies of fitting residuals and recent results from individual devices revealed that the density 

dependence in individual devices might differ from the average dependence obtained in the global fit 

[18, 19]. Therefore, the density dependence is now analysed for each device, from the data contained 

in the threshold DB. 

 The density dependence was evaluated by fitting the threshold power with the plasma density and 

magnetic field for each individual datasets, with the same selection criteria as before, assuming that 

the plasma surface area S does not vary significantly for one device. The obtained density dependences 

show some increase with the plasma size. Alcator C-Mod data with high BT demonstrate a strong 

density dependence despite its relative small size indicating an additional magnetic field influence. 

These density exponents αn are shown in figure 2 as functions of (a) the plasma minor radius a and (b) 

the product of a and BT, where the different symbols correspond to different values of the magnetic 

field for different devices as indicated in the legend. The error bars indicate the uncertainty in the 

exponents obtained from the fit. One can see that the gentle increase in density exponent with plasma 

size and magnetic field emerges over the uncertainty range. 
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(752/178), JET (3111/1291), JFT-2M (1019/241), JT-60U (109/81), MAST (20/20), NSTX (13/11), 

PBXM (5/5), TCV (131/94), TUMAN-3M (15/15). Corrections were applied to ASDEX-Upgrade data 

(injected power, absorbed power) and Alcator C-Mod data (absorbed power, plasma density, ion grad 

B drift direction).  

 A new selection criteria (SELEC2007) has been defined to select ITER like plasmas only from 

the DB. This was done with the aim of reducing the uncertainty in the threshold power scaling 

coefficient estimation. It is based on the selection criteria SELDB2 [1], made on a series of 10 binary 

conditions, which selects single null configurations (except PBX-M) with ion grad B drift towards the 

X point, deuterium plasmas, and rejects ts with too low plasma density (Alcator C-Mod: ne20(unit of 

1020m-3) < 0.8,   ASDEX Upgrade: ne20 < 0.2,  DIII-D: ne20 < 0.2,  JET: ne20 < 0.1, JFT-2M: ne20 < 0.2,  

JT-60U: ne20 < 0.1), too low safety factor at the 95% flux surface (q95 < 2.5), too close to the beginning 

of heat pulse, too large counter-NBI fraction (Pctr/PNB > 0.8), too small gaps between plasma surface 

and wall (d < 5 cm), too high radiation losses (Prad/PL > 0.5). SELEC2007 furthermore rejects 

transitions obtained in Ohmic conditions since they are not relevant for ITER and also rejects Electron 

Cyclotron only heated discharges since this heating scheme, mainly used in small devices, regularly 

leads to high threshold power values (as far as the present database displays). Note that the prediction 

of the threshold power for ECRH in ITER is allowable with the present scaling because the 

equalization between Te and Ti can be established in large devices. Configurations different from 

single null and plasma elongation lower than 1.2 have also been rejected. 

 Applying this selection criteria, one obtains the following distribution: Alcator C-Mod (115 ts), 

ASDEX Upgrade (175 ts), DIII-D (56 ts), JET (562 ts), JFT-2M (58 ts), JT-60U (58 ts). The large 

fraction of JET data sometimes plays like a fulcrum for the extrapolation to ITER. 

 The H-mode threshold power is known to depend on the plasma density, magnetic field and 

plasma size. Two descriptions of the plasma size have been used so far, the couple of major and minor 

plasma radii and the plasma surface area. The latter comes from threshold studies in ASDEX [13] and 

DIII-D [14] while the former is more appropriate to describe the effect of the aspect ratio. This 

description however is not useful in the frame of this study since the aspect ratio covers a rather 

limited range in the selected ITER like plasma configurations. A power law scaling, including the line 

average plasma density, the magnetic toroidal field and the plasma surface area, is then used for fitting 

the experimental threshold power more precisely defined as the loss power PL which equals the sum of 

the ohmic power POHM and absorbed power Pabs minus the time variation of the total plasma energy 

dW/dt, minus the power loss by fast ions due to unconfined orbits and charge-exchange processes: 

   

    PL = POHM + Pabs – dW/dt – PFloss .     (1) 

 

 Fitting the power law expressions via their corresponding logarithmic expressions in the least 

square sense over the 1024 ts data set leads to the following expression: 

 

    PThresh = 0.0488 e±0.057 ne20
0.717±0.035 BT

0.803±0.032 S0.941±0.019 ,  (2) 

 

where PThresh is the threshold power expressed in MW, ne20 the line average electron density in 1020m-3, 

BT the magnetic field in T and S the plasma surface area in m2. The uncertainties in the exponents 

correspond to the standard errors and the RMS value of the fit is 30.8%. This expression was 

estimated without the Kadomtsev constraint, but the resulting exponents almost verify it: if the density 

and magnetic field exponents were considered as correct (αn = 0.717 and αB = 0.803), the surface area 

exponent αS would be 0.844 to satisfy the dimensionality of the expression; 8αn + 5αB – 8αS = 3. 

 Another fitting expression with the use of the minor radius a (m) and the major radius R (m) 

instead of the surface area S is also obtained as follows: 

 

    PThresh = 2.15 e±0.107 ne20
0.782±0.037 BT

0.772±0.031 a0.975±0.08 R0.999±0.101 . (3) 
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Isotope	Effect	on	Confinement	Varied	Widely	
Depending	on	OperaSng	Regime	

•  Diversity	of	scalings	challenges	theory	and		
•  gyro-Bohm	scaling:	<A>-0.2	

•  ITER	scaling	for	ELMy	H-mode:	τEthermal	∝	<A>+0.19	

S.	Scol,	S.	Sabbagh,	C.	K.	Phillips	
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Recent	JET	Isotope	Scaling	of	Confinement	in	H	and	D	with	
the	ITER-like	Wall	is	A0.4	

  

H:	1.0MA/1.0T	and	1.4MA/1.7T		
D:	1.0MA/1.0T,	1.4MA/1.7T,	1.7MA/1.7T			

τth,e ~   A0.40±0.04     Pabs
-0.54±0.03  IP1.48±0.17  BT

-0.19±0.09 ne
-0.09±0.10  fELM

-0.12±0.02  

•  Favorable	isotope	effect	on	τth,e	in	type-I	
ELMy	H-modes	

•  Stronger	isotope	effect	than	in	IPB98(y,2)	
scaling	(τth,IPB98(y,2)	~	A0.2)	

Caveat: A, ne, fELM  correlated and ne, Ip correlated 
But τth,e ~ A0.4 robust against different choices of plasma parameters in regressions 
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Significant	Progress	in	Modeling	Transport	in	the	Core	
Using	GyrokineSc	Models	

•  Pedestal	parameters	were	an	input	to	this	
TGLF-09	study	

•  Outstanding	issues	include		
•  Internal	transport	barriers	
•  Regimes	that	are	mul.-scale	(ion-scale	and	

electron-scale	turbulence)	

Nucl. Fusion 51 (2011) 083001 J.E. Kinsey et al

3. Validation of TGLF: transport modelling of
experimental profiles

The TGLF-09 model has been validated against a large profile
database of 151 L- and H-mode discharges from the DIII-D,
JET and TFTR tokamaks. Included are 25 DIII-D L-mode
discharges (DB1), 40 DIII-D H-mode discharges (DB2),
30 DIII-D hybrid discharges (DB6), 8 DIII-D ITER Demo
discharges (DB7), 28 JET H-mode discharges (DB4), 4 JET
hybrid discharges and 16 TFTR L-mode discharges (DB9). We
note that two of the DIII-D hybrid discharges have a similar
ITER shape and were included in DB6 instead of DB7. The
profile data for all JET and TFTR discharges and many of
the DIII-D discharges were obtained from the ITER Profile
Database [17, 18]. The rest of the DIII-D data were obtained
by private means. We first examine the global figures of merit
which include the average ⟨RW ⟩ and RMS error !RW in the
incremental stored energy (energy stored above the boundary
condition) where

⟨RW ⟩ = 1
N

∑

i

(Wsi/Wxi ) (1)

and

!RW =
√

1
N

∑

i

(Wsi/Wxi − 1)2. (2)

Here, i is the discharge index, N is the total number of
discharges and Ws,x refer to the simulation and experimental
incremental stored energies, respectively. The incremental
stored energy Winc is given as

Winc =
ρ̂BC∑

ρ̂=0

[neTe + niTi] dV −
ρ̂BC∑

ρ̂=0

[
neTe,BC + niTi,BC

]
dV,

(3)
where ρ̂BC is the radius of the boundary condition and TBC is
temperature evaluated at the boundary location. For all 151
discharges, the RMS error in the incremental stored energy
Winc (energy above the boundary location) is !RW = 19% for
TGLF-09 which is lower than !RW = 32% obtained using
GLF23. The effective offset for TGLF is ⟨RW ⟩−1 = 1% while
GLF23 has a value of ⟨RW ⟩ − 1 = −17% (underpredicted).
Figure 4 shows the predicted versus experimental Winc using
the TGLF-09 model. Examination of the local figures of
merit (the RMS error σT and offset fT) shows that TGLF-09
exhibits better agreement with the temperature profiles for
all 151 discharges than GLF23. The average RMS errors
in [Ti, Te] are [13%,15%] for TGLF-09 and [21%,23%] for
GLF23. The average offsets are [0.002,0.006] for TGLF-09
and [−0.05,−0.10] for GLF23. Here, we predicted the
temperature profiles using the XPTOR transport code with the
same methodology described in [2]. The results for TGLF-
APS07 are nearly identical to the TGLF-09 results because the
change in the collision model mainly impacts the very low-k
modes which tend to be quenched by E × B shear effects in
most of discharges in the database. This is not found to be the
case in our ITER predictions.

TGLF-09 has also been validated against recent DIII-D
experiments designed to evaluate the four primary ITER
operational scenarios incorporating the same shape and aspect

∆RWinc = 19%
〈RWinc〉 -1 = -1%

TGLF-09 
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Figure 4. Predicted incremental stored energy Winc from the
TGLF-09 model versus experimental Winc for 151 DIII-D, JET, and
TFTR L-, H-mode, and hybrid discharges.

ratio as ITER [19]. Overall, we find the level of agreement
with the profiles from these ITER shaped discharges is as good
as what was obtained in the 151 discharge database study.
The one exception is discharge #133137 where TGLF-09
underpredicts both temperature profiles. Figure 5 shows the
RMS errors (defined below) in the temperature profiles for 92
DIII-D and JET H-modes and hybrids in the top panel and
11 DIII-D ITER demo discharges in the bottom panel. The
ITER demo database includes 8 discharges from DB7, two
DIII-D hybrids with a similar ITER shape from DB2, and
DIII-D ITER demo discharge #133137 which was not shown
in figure 4. The horizontal dashed lines indicate the average
RMS errors for Te,i. Here, the four ITER scenarios include
the baseline conventional edge-localized mode (ELM)y H-
mode scenario, which targets Q = 10 at a plasma current of
15 MA the hybrid scenario, which targets high neutron fluence
at a reduced current of 12.5 MA the steady-state scenario,
which seeks fully noninductive operation at 9 MA with Q ≈
5; and the advanced inductive (AI) scenario which targets
high fusion gain by optimizing high plasma current operation
with increased magnetohydrodynamic (MHD) stability limits
characteristic of hybrids.

The RMS error σT and offset fT between the predicted
and experimental temperature profile for a given discharge are
computed using the ITER Profile Database [17] definition,

σT =

√√√√ 1
N

∑

j

ϵ2
j

/√√√√ 1
N

∑

j

T 2
x,j

fT = 1
N

N∑

j=1

ϵj

/√√√√ 1
N

∑

j

T 2
x,j ,

where ϵj = Ts,j − Tx,j is the deviation between the j th radial
simulation point Ts,j and the corresponding experimental point
Tx,j and T is the local ion or electron temperature. The
RMS error quantifies the scatter of the simulated profile about
the experimental data normalized to an average value. The
offset provides a measure of the amount by which the overall
simulated profile needs to be shifted downwards (positive) or
upwards (negative) in order to minimize σT. Both fT and σT

4

Kinsey	J.	E.	et	al.,		
Nucl.	Fusion	51	
083001	(2011)	
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DIII-D	

the individual execution of the components internal to
EPED1. This IPS-EPED1 workflow replicates the original
EPED1 capability, but at a fraction of the wall clock time.
As indicated in Fig. 3, the EPED1 model2 maps the
equilibria-stability parameter space using the TOQ and
ELITE component codes. The IPS-EPED1 nested workflow
utilizes the capabilities of the IPS framework to launch these
tasks in parallel. A typical IPS-EPED1 iteration uses up to
700 cores on the Edison Cray XC30 platform at NERSC,47

and simulation results are obtained in less than 2 min (domi-
nated by the time for one TOQ plus one ELITE run for the
highest mode number). The IPS-EPED1 workflow has been
verified against the original EPED1 for the database of 362
runs presented in Ref. 2. The average difference for the calcu-
lated pedestal pressure between original EPED1 and IPS-
EPED1 is 0.147 kP, which is within the algorithmic uncer-
tainty of EPED. This verification scan was conducted using
the integrated IPS-DAKOTA optimization and parameter
sweep environment.48 Using this environment, multiple IPS-
EPED1 executions are dispatched concurrently within a single
instance of the IPS, with DAKOTA coordinating the parame-
terization of each run and aggregating the final results.

In this section, we apply the iterative workflow to simula-
tion of a DIII-D discharge. The discharge—chosen because of
its relevance to the ITER baseline scenario—is characterized
by low torque and dominant electron heating. Simulation

results are summarized in Fig. 4. The inputs to the simulation
are the plasma shape, Bt, Ip, the configuration of the heat, parti-
cle, and current sources (neutral beam and electron cyclotron
radio-frequency heating), the pedestal electron density ne;ped

(indicated by a red circle in Fig. 4) and the ion effective charge
Zeff . For the core region, we set the innermost TGYRO flux-
matching radius at q1 ¼ 0:3 (i.e., the sawtooth inversion ra-
dius) and the last at qcore ¼ 0:8. The transition region, next,
begins at qcore ¼ 0:8 and ends at qped ¼ 0:9. The pedestal
region, finally, covers the region qped < q < 1. To illustrate
the predictive capabilities of this workflow, the initial value of
the normalized plasma beta was chosen to be bguess

n ¼ 1:26, a
value that is intentionally far from the experimental value of
bn; exp ¼ 1:69.

The iterative workflow starts with the pedestal predic-
tion from the EPED1 model. Internally, the EPED1 model
generates a series of KBM-critical equilibria and profiles
with increasing pedestal pressure to find the maximum ped-
estal height ptop and width wtop consistent with PB stability.
When PB criticality is reached, it is expected that an ELM or
edge harmonic oscillation will be triggered, preventing fur-
ther increase of the height and width).2,15 The profiles associ-
ated with the maximum pedestal height are used as an input
to the ONETWO transport code to calculate the sources of
particles and heat in the plasma. The TGYRO code computes
the inverse scale-lengths for which the neoclassical and tur-
bulent fluxes (as predicted by the NEO and TGLF models)
match those sources. Smooth temperature and density pro-
files (at any desired number of flux-matching radii) for both
electron and ion are then evaluated using the integrals
defined in Eq. (16). The value of bn from the updated equi-
librium calculation is used for a new run of the EPED1
model. This cycle is repeated until the solution converges.
The final iteration of the simulated profiles (dark red) is in
good agreement with experimental measurements, and the
final value of the normalized plasma beta bfinal

n ¼ 1:68
closely matches the experimental value of 1.69. Note that the
final converged solution is independent of the initial guess
bguess

n , as illustrated in Fig. 5. In this plot, multiple self-
consistent simulations of the same discharge were carried
out for a broad range of bguess

n , yielding the important result
that all converge to the same steady-state solution. Cases
where the value of the initial guess is similar to the final
solution will of course result in faster convergence, but a
very accurate initial guess is evidently not a requirement for
convergence of the iteration scheme.

A deeper understanding of the robustness of the core-
pedestal coupling approach can be obtained by visualizing
the evolution of the solution in the bn " ptop plane, as shown
in Fig. 6. We define ptop as the value of the pressure profile
evaluated at 1.5 times the pedestal width in from the separa-
trix. This plane is a natural choice for studying the coupled
core-pedestal problem since bn is modified by TGYRO for
fixed ptop, whereas EPED1 modifies ptop at fixed bn. The
circles and diamonds in Fig. 6 represent the value of the
global pressure at the top of the pedestal after the execution
of the pedestal and core solvers, respectively. The dashed-
dotted segments mark the progression of the solution through
the execution of the two solvers at successive iterations for

FIG. 4. Evolution of the simulated kinetic profiles for a DIII-D discharge
and comparison with the experimental measurements. The profiles from the
initial run of EPED are shown by the dark blue curves. The squares in these
curves indicate the radii at which TGYRO performed the flux-matching cal-
culations. The final step of the simulated profiles (dark red) is compared
with experimental measurements, showing agreement across the entire
plasma radius.

042507-7 Meneghini et al. Phys. Plasmas 23, 042507 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  198.129.105.27 On: Thu, 21 Apr
2016 01:05:19

Meneghini	O.	et	al,	
Physics	of	Plasmas	23	
042507	(2016)	

•	Coupled	TGLF-EPED	model	
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MulS-scale	(Ion	and	Electron)	Turbulence	Is	now	Being	
Studied	on	Leadership	CompuSng	

•  Only	with	full	fidelity	can	the	experimental	levels	of	electron	thermal	
transport	be	understood	in	Alcator	C-Mod	

•  Coupling	of	electron	and	ion	scale	instabili.es	produces	a	lower	cri.cal	
a/LTi	than	ion-scale	simula.ons	

N.T.	Howard	et	al	2016	Nucl.	Fusion	56	014004		
	

C-Mod	
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Will	Alpha	ParScles	Affect	Thermal	Transport?	

• 	Improved	core	confinement	in	ASDEX	Upgrade	rela.ve	to	TGLF	predic.ons	
alributed	to	electromagne.c	and	fast	ion	effects	using	GENE.	

H.	Doerk	et	al.	2018,	Nucl.	Fusion	58	016044	

See	also	J.	Citrin	et	al.,	PRL	111,	155001	(2013)	

AUG	
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How	Peaked	will	ITER’s	Density	Profile	Be?	

•  The	density	peaking	is	beler	correlated	with	ν	eff	than	n/nG	
•  C-Mod	not	affected	by	central	fueling		
•  ITER	will	have	minimal	central	fueling,	except	for	pellet	injec.on.	

Greenwald	M.	et	al.	Nuclear	Fusion	47,	L26	(2007)		
	

C-Mod	

is clear that the overlay is better when the peaking is plotted
vs !EFF than with n/nG. The C-Mod results, without a core
particle source, demonstrate that the main effect is via trans-
port rather than fueling locations and strongly support the
notion that ITER will operate with mildly peaked density
profiles; ne(0)/hnei may be up to 1.5. Gyrokinetic modeling
was carried out for these discharges, by adjusting density
profiles to match a zero particle flux condition, which is
required for equilibrium.233 The dependence on collisionality
was recovered in these simulations, with shorter wavelength
fluctuations (khqs> 0.5) responsible for much of the differ-
ence in particle transport. The key to the pinch seems to be a
reduction in the ITG drive, which may not be applicable in
ITER. Overall, this work is consistent with the recent models
of particle transport that depend on the interplay of ITG and
Trapped Electron Mode (TEM) drift wave turbulence.234

Early studies of impurity particle transport used a ruby
LBO system to inject trace amounts of non-intrinsic, non-
recycling impurities, observing various impurity charge
states with a wide range of spectroscopic diagnos-
tics.207,235,236 The LBO system effectively provides
a delta-function impurity source in space and time. The sub-
sequent evolution of spectral line brightness is then analyzed
to obtain impurity transport properties. Impurity confinement
times, sZ, in the L-mode were on the same order as the energy
confinement time, that is, 0.020–0.030 s. In EDA H-modes, sZ

is on the order of 0.1–0.2 s (see Fig. 30) somewhat longer
than sE. In ELM-free H-modes, impurities tend to accumulate,
with a confinement time long compared to the discharge
length. Using the MIST impurity transport code,237 impurity
diffusion, DZ, and convection, VZ coefficients consistent with
the evolution of spectral brightness were obtained. In the core
of both the L-mode and EDA H-modes, the transport coeffi-
cients are well above the levels predicted by neoclassical
theory. However, in the vicinity of the H-mode transport bar-
rier, DZ and VZ are significantly smaller, approaching neo-
classical levels. Studies of soft x-ray emission from the
pedestals of H-modes found a strong inward convection of
impurities in the pedestal.207,238,239 This pinch velocity was

larger for ELM-free H-modes and led to extremely sharp pro-
files of impurity density in the pedestal, consistent with neo-
classical predictions. These early studies also investigated
poloidal asymmetries in impurity transport. More recently,
new insights on the poloidal variation of plasma parameters in
the pedestal region of C-Mod have been obtained with Charge
eXchange Recombination Spectroscopy (CXRS) measure-
ments from both the HFS and LFS midplane. This reveals
large (>6!) in-out impurity density asymmetries in the H-
mode and nearly symmetric impurity density profiles between
the HFS and LFS pedestals in the I-mode.240 Furthermore, the
HFS and LFS measurements in the I- and H-mode show that
potential and impurity temperature cannot both be flux func-
tions in the pedestal.180 These results are currently being
investigated with numerical models and in particular support
the idea that two-dimensional transport effects need to be
retained in impurity modeling of the pedestal region.

A newer LBO system,181 employing a multi-pulse YAG
laser, was paired with the XICS diagnostic to measure, for
the first time, the full profile evolution of a particular impu-
rity charge state, in this case Caþ17, following injection.
Transport coefficients were derived by using the STRAHL
code,241 which simulates impurity transport and atomic
physics, fitted with a synthetic diagnostic to replicate the
XICS and VUV (vacuum ultraviolet) measurements.242,243

These calculations were performed inside of an iteration
loop that varied the DZ and VZ profiles and minimized the
difference between the synthetic measurements and those
obtained on the experiment. Uncertainties in the transport
coefficients were calculated from the sensitivity of the calcu-
lation to input parameters (mainly, Te and ne) and the spec-
troscopic measurement uncertainties. This approach was a

FIG. 43. Density peaking ratios in C-Mod is overlaid on data from AUG and
JET showing that the appropriate scaling is collisionality (a) rather than n/nG (b)
thus implying a moderate level of peaking for ITER baseline discharges.
Reprinted with permission from Greenwald et al., Nuclear Fusion 47, L26
(2007). Copyright 2007 IOP.182

FIG. 44. Profiles of impurity transport coefficients, Dz (a) Vz (b), are
obtained from impurity injection experiments. These are compared to gyro-
kinetic simulations, which can simultaneously match the ion energy (c) and
impurity particle transport within experimental uncertainties. Electron
energy transport is under-predicted in these simulations (d). Reproduced
with permission from Phys. Plasmas 19, 056110 (2012). Copyright 2012
AIP Publishing LLC.268

110501-27 Greenwald et al. Phys. Plasmas 21, 110501 (2014)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  198.125.231.141 On: Mon, 12
Sep 2016 14:23:14
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•  Gyrokine.c	modeling	reproduces	the	density	profile	peaking		in	ASDEX-Upgrade	
•  In	some	current	experiments,	core	impurity	transport	is	dominated	by	neoclassical	

effects.	
•  Simula.ons	indicate	that	in	ITER	turbulent	transport	will	dominate	neoclassical	
	

AUG	

Angioni,	C.	et	al.,	
Nucl	Fusion	53	
023006		(2011)	

Will	GyrokineSc	Modeling	Describe	ParScle	and	
Impurity	Transport?	

Nucl. Fusion 51 (2011) 023006 C. Angioni et al
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Figure 7. (a) Comparison between predicted (full symbols,
quasi-linear GS2 with squares, triangles pointing down and triangles
pointing up, nonlinear GYRO with diamonds connected by a dashed
line) and measured (open symbols) values of R/Lne, plotted as a
function of the electron to ion temperature ratio Te/Ti and (b) the
same comparison, this time only for quasi-linear GS2 results,
plotted as a function of the real frequency of the most unstable mode
at kyρi = 0.3, for the entire dataset, with NBI heating only
(squares), NBI heating and low central ECH (triangles pointing
down), NBI heating and high central ECH (triangles pointing up).

as is shown in figure 10. The quantitative agreement between
the predicted values and the measured values of R/Lne is
good. In the quasi-linear results, the mean deviation between
experimental and predicted values of R/Lne is about 15%
(|"(R/Lne)| = 0.33) for the cases with NBI heating only,
about 30% (|"(R/Lne)| = 0.80) for the cases with low ECH
power, and only 10% (|"(R/Lne)| = 0.39) for the cases with
high ECH power. Despite this overall good agreement, we
note that rather large disagreements are found in a few specific
cases, which can be as high as 50% (|"(R/Lne)| = 1.1). In the
three cases modelled by the nonlinear GYRO simulations, the
agreement with the corresponding experimental data points
remains within 20%, a result which in our view can be

considered indeed satisfactory. In addition, it is important
to underline that the theoretical predictions reproduce the
dependence of the experimental measurements on various
plasma parameters, and in particular those as a function of
the electron to ion temperature ratio or as a function of
collisionality (not shown). We note also that, as illustrated
in figure 6, the right-hand side of equation (1) decreases with
increasing ECH power. This clearly indicates that the observed
dependence of the density peaking has to be accounted for by
a variation of the left-hand side of the same equation. That
is to say, it cannot be explained by means of neoclassical or
particle source effects, but must be a consequence of a turbulent
transport mechanism.

Figure 7(b) shows the real frequencies ωr of the most
unstable modes at kyρi = 0.3. The real frequency is found
to reverse sign in the cases with strong central ECH (triangles
pointing up). The investigation of the linear spectra reveals that
the values of ωr are positive, for all cases with NBI only and
with additional low ECH power. That is to say, ITG modes are
the most unstable modes over the entire wave number spectrum
considered. In contrast, in phases with large central ECH
power, the most unstable modes are found to be TEM (negative
ωr) over the entire wave number spectrum considered for most
cases and in a few cases over the range of wave numbers
from kyρi = 0.1 to kyρi = 0.6, with a transition to positive
frequencies for larger values of kyρi, but with lower values of
the growth rate. Figure 7(b) shows that both the predicted
and the experimental values of R/Lne are well ordered by
the real frequency of the mode. This property of the real
frequency of the unstable modes with respect to the peaking
of the electron density profile was already suggested in [10]
and has been fully explored more recently in [55]. In this
work we provide a clear demonstration of this property, under
the plasma conditions considered here. In this context, it is
of interest to compare figure 7(b) with figures 3(a) and (d)
in [10] and with figure 7(a) in [55]. Consistent with previous
studies [7, 8, 10, 12], an increase in density peaking in response
to the application of central ECH is observed when the most
unstable modes identified by linear gyrokinetic calculations
are ITG modes. In the regime at the transition between ITG
and TEM, the largest predicted values of R/Lne are obtained.
Moving further in the TEM instability domain, and increasing
further the absolute value of the real frequency, a decrease
in R/Lne is predicted to occur. This theoretical prediction
cannot be validated by the present experimental results, but
motivates further experimental studies on the same type of
H-mode plasmas in future AUG campaigns, in which a larger
amount of ECH power will be available as compared with
that used in the present experiments. As already mentioned
in the introduction, this theoretically predicted mechanism for
density flattening in the TEM turbulence regime has already
been proposed to explain the observation of density ‘pump-
out’ with central electron heating, which is regularly observed
in low density L-mode plasmas [7, 8, 10, 12].

A deeper understanding of the transport mechanism
responsible for the increase in the peaking of R/Lne in the
gyrokinetic simulations, and likely also in the experiment, can
be obtained using an expression of the particle flux which can
be derived from a formal solution of the linearized gyrokinetic
equation. The derivation of this expression can be found

9

r/a=	0.5	

Angioni,	C.	et	al,	
Nucl	Fusion	57	
02209	(2018)	
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What	will	be	the	RotaSon	and	Velocity	Profile	in	ITER?	

•  Core	rota.on	consistent	with	turbulent	Reynold’s	stress	in	L-mode	
•  Global	gyrokine.c	codes	are	predic.ng	core	rota.on	in	these	experiments	fairly	

well,	despite	concern	that	addi.onal	terms	not	in	present	codes	might	be	
important	(Parra	&	Calo	PPCF	2010)			
•  (see	also	W.	A.	Hornsby	et	al.,	Nucl	Fusion	58	056008	(2018)	

•  ITER	will	validate	models	of	intrinsic	rota.on	in	low	torque	plasmas	and	low	ρ*	

A.	Ashourvan,	et	al.,	PoP	2017;		
T.	Stoltzfus-Dueck,	PRL,	2012	

B.	Grierson,	et	al.,	PRL	2017		 DIII-D	
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Going	from	the	Edge	to	the	Core	

•  Plasma-Boundary	Interac.ons	
•  Pedestal	performance	
•  Core	transport	
•  Disrup7ons	
•  Alpha-par.cle	physics		
•  Integrated	performance	
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Some	Recent	Issues	on	DisrupSons	and	Runaways	

•  Locked	modes	and	Resis.ve	Wall	Modes	
	
•  Asymmetric	Halo	Currents	
	
•  Disrup.on	and	Runaway	Electron	Mi.ga.on	
	
•  Role	of	Whistler	Waves	

•  Disrup.on	predic.on	

•  Most	significant	issue	for	PFCs	–	emphasis	is	on	successful	mi7ga7on	



Will	ITER	Need	to	Control	n=1	and	n=2	Locked	Modes? 
•  Using	3D	MHD	plasma	response	metrics	
•  Combined	resonant	n=1,2	EF	criterion	for	

Ohmic,	L,	H-mode	scenarios:		
•  (δB/BT)pen=0.0001(ne)1.1BT-1.3R0.8(βN/

li)-0.7(ω/ωD)0.2	
•  Implies	need	to	correct	n=2	as	well	as	n=1	

•  Change	the	how	the	correc.on	coils	
are	wired?	

•  Top	and	bolom	coils	may	not	be	
needed	

•  ITER	will	explore	mode	locking	in	new	
regime	of	τR/τA,	χ||/χperp	and	collisionality.	
•  Will	non-resonant	error	fields	become	a	

considera.on?	

* See IDM# UMLSUW “Assessment of error field correction 
criteria for ITER” (Park, Logan et al., April 27)	

(δ
B/

B T
) p
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n
	

Error field penetration thresholds vs. density	

Line-averaged density (1019m-3)	
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How	Will	KineSc	Effects	Alter	ResisSve	Wall	Mode	
Stability	in	ITER?	

•  Past	models/ideas	
•  Collisions	provide	stabiliza.on	
•  stability	decreased	with	decreasing	

collisionality,	ν
•  Unfavorable	for	ITER	

•  Present	model 
•  Collisions	spoil	broad	stabilizing	

resonances	
•  Mode	stabiliza.on	vs.	ν	depends	on	

rota.on	profile,	ωφ

•  At	strong	resonance:	mode	stability	
increases	with	decreasing	ν	
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J.	W.	Berkery,	PRL	106,	075004	(2011)	



What	will	be	the	Role	of	Rota.ng	Halo	Currents	in	
ITER?	

•  Mul.-machine	characterizes	the	halo	current	rota.on	frequency	
•  M3D-C1	now	has	thick	wall	capability		
•  No	magne.c	boundary	condi.ons	are	applied	at	wall.	
•  Extended	these	results	to	3D	and	realis.c	ηW		and	3D	RWM	

•  To	assess	rota.ng	halo	currents	in	ITER,	need	to	couple	M3D-C1	to	3D	wall	model	
	

Pfefferle,	D.,	et	al.	Phys.	Plasmas	25	056106	(2018)	

C.	E.	Myers,	Nucl.	
Fusion	58	(2018)	
016050	

NSTX	
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What	Will	Be	the	Recipe	for	DisrupSon	and	Runaway	
Electron	MiSgaSon	on	ITER?	

•  Disrup.on	Mi.ga.on	has	reduced	the	thermal	loads	and	the	electromagne.c	
forces	in	current	experiments	

•  Radia.on	saturates	with	both	Massive	Gas	Injec.on	and	Shalered	pellet	injec.on	
•  Disrup.on	mi.ga.on	using	massive	gas	injec.on	has	not	triggered	runways	in	JET	

up	to	3.5MA	
•  ITER	may	be	different	due	to	avalanche	effect	

•  Massive	gas	injec.on	so	far	has	not	sa.sfied	the	Rosenbluth	criteria	for	runaway	
electron	suppression	in	the	core	
•  Post	thermal	quench	the	RE	beam	has	not	been	suppressed	with	MGI	on	JET	

•  Shalered	pellet	injec.on	is	the	baseline	approach	for	ITER	
•  Can	we	get	the	impuri.es	into	the	plasma?		
•  Performance	to	date	comparable	to	MGI	
•  Can	we	further	op.mize	the	performance?	

S.	Jachmich	et.	al.	TSDW-workshop	2016;		M.	Lehnen,	TSDW	workshop,	2016	



Discovery	of	Anomalous	RE	DissipaSon	in	Mid-size	
Experiments	may	be	Good	News	for	ITER	

•  Transi.on	from	nega.ve	to	posi.ve	RE	growth	rate	at	5-10x	classical	Ecrit	
•  Key	is	to	understand	physics	of	anomalous	dissipa.on	and	ITER	relevance		
•  ITER	will	yield	new	insights	on	RE	seed	and	avalanche	genera.on	

R.	Granetz	et	al.,	Physics	of	Plasmas	21,	072506	(2014).	
C.	Paz-Soldan	et	al.,	Physics	of	Plasmas	25,	056105	(2018).	

HXR=hard	x-ray	
GRI	=	gamma	ray	imaging	

DIII-D	
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Whistler	Waves	Enhance	Runaway	Electron	Diffusion	
–	Raising	CriScal	Electric	Field	in	Experiments	

•  Whistler	waves	enhance	runaway	avalanche	for	
high	E	field,	but	suppress	it	in	low	E	field	

•  Is	it	possible	to	suppress	the	RE	beam	in	ITER	post-
disrup.ons	with	self-excited	whistler	waves?	

•  Can	external	hea.ng	help	waves	overcome	
collisional	damping	in	very	low	Te.	

•  Wave	scalering	raises	the	threshold	electric	field	
of	avalanche	to	~6	ECH	

•  In	agreement	with	DIII-D	observa.ons	in	
flalops.	

•  Same	trends	found	for	ITER	post-disrup.on.	
	

w/o	diffusion	

C.	Liu	et	al.,	in	review,	Phys.	Rev.	Lel.,	arXiv:1801.01827	(2018).	
C.	Paz-Soldan	et	al.,	Physics	of	Plasmas	25,	056105	(2018).	
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Will	We	Be	Able	to	Train	DisrupSon	PredicSon	
Algorithms	on	Other	FaciliSes	and	Apply	it	to	ITER?	

TP:	93.5%	
FP:	7.5%	

TP:	90.0%	
FP:	5.0%	

e.g.,	Accuracy	
of	PredicSons:		
93.5%	TP	with	
7.5	%	FP	

• 	Applica.on	of	new	deep	learning	
code	(FRNN)	has	shown	promising	
results	for	predic.ng:	
True	PosiSves	(TP)	à	“good”	-
correctly	labeled	a	disrup.ve	shot	
vs.		
False	PosiSves	(FP)	à	“bad;	actual	
safe	shot	incorrectly	labeled	
disrup7ve.	
	

• 	Now	training	the	algorithm	on	DIII-D	
and	applying	it	to	JET	data	with	a	
>80%	true	posi.ves	
- 	In	contrast	with	earlier	work,	
which	did	not	show	transferability	

	

Courtesy	W.	Tang	
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Going	from	the	Edge	to	the	Core	

•  Plasma-Boundary	Interac.ons	
•  Pedestal	performance	
•  Core	transport	
•  Disrup.ons	
•  Alpha-par7cle	physics		
•  Integrated	performance	
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Initial Evidence of Alpha-particle Heating  
on TFTR and JET	

•  Significant	uncertainty	in	the	analysis.	
•  Comprehensive	study	of	alpha	hea.ng	requires	higher	values	of	Palpha/Pheat	.	
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• 	Alpha	hea.ng	~15%	of	power	
through	electron	channel.	

• 	Palpha/Pheat	~12%	
	-	 	30-40%	through	the	electron	channel
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Alpha-ParScle	Loss	from	Alfvénic	InstabiliSes	is	
Dependent	on	Central	Temperature	

•  Cri.cal	Gradient	Model	-	CGM	(Gorelenkov,	Berk,	NF'05,	Ph.Pl.'12)	
indicates	that	higher	temperature	(lower	density	opera.on)	can	lead	to	
alpha	par.cle	loss	

ITER (Q=10, ELMy) 

acceptable loss 

unacceptable loss 

Central	plasma	β	



•  Resonance	Broadened	Quasilinear	model	in	good	agreement	with	“kick	model”	
•  Need	to	extend	V&V	to	different	plasma	regimes/facili.es	
•  ITER	predic.ons	must	address	mul.-mode	transport	(n~15-30)	with	overlapped	phase	space	
resonances	

TOI	

N.Gorelenkov,	M.	Podesta	et	al.,	IAEA	TCM	(2017)	
W.	Heidbrink	et	al.,	Phys.	Plasmas,	24	(2017)	
 

TAE/RSAEs	

Reduced	Fast-Ion	Transport	Models	Successful	in	
PredicSng	Low-n	MulS-mode	Transport	in	DIII-D	

	

DIII-D	
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Will	Chirped	Frequency	Alfvénic	modes	Occur	in	ITER?	

• 	Drop	in	plasma	turbulence	(TRANSP)	results	
in	chirping	frequency	AEs:		
•	smaller	effec.ve	pitch	angle	scalering	and		
•	chirping	behavior		
	

• 	PPPL/IFS	collabora.on	developed	a	chirping	
criterion	for	Alfvénic	instabili.es	in	NOVA-K	
(Duarte,	Berk,	Gorelenkov,	NF'17)		
		

•	 	ITER	is	predicted	by	this	model	to	have	such	
chirping	regimes	for	AE	instabili.es:	

Pitch	angle	scalering	/	collisional	slowing	down	(frequencies)			
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How	Successful	Will	Burn	Control	Be	on	ITER?	

•  On	the	basis	of	global	scaling	of	confinement,	ITER	is	expected	to	be	
globally	stable,	opera.ng	in	the	high	temperature	regime	

•  Will	nonlinear	effects	affect	burn	stability?	
•  Can	internal	transport	barriers	be	triggered	by	alpha	hea.ng?		
•  Can	improved	transport	trigger	chirping	instabili.es?	
•  Complex	dynamics	in	the	pedestal,	scrapeoff	and	plasma	boundary	as	

discussed	earlier	

•  Possible	actuators:	Hea.ng	power,	fueling,	Impurity	injec.on	and	RMP	
coils	to	affect	confinement	.me	
•  Will	this	ensure	a	stable	equilibrium	or	a	.me	evolving	state?	

•  Rou.ne	opera.on	with	strong	alpha	hea.ng	will	enable	the	explora.on	
and	op.miza.on	of	burn	control	
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Going	from	the	Edge	to	the	Core	

•  Plasma-Boundary	Interac.ons	
•  Pedestal	performance	
•  Core	transport	
•  Disrup.ons	
•  Alpha-par.cle	physics		
•  Integrated	performance	
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Time	Dependent	Whole	Discharge	Modeling	Will	Be	a	
Requirement	for	ITER	

•  Fast	neural-net	algorithm	for	EPED	and	GLF23	coupled	to	
TRANSP	allow	for	rapid	.me-dependent	simula.on		

•  Essen.al	for	recent	improved	high-qmin	experiments	in	DIII-D	

Courtesy	F.	Poli,	
	B.	Grierson	

DIII-D	
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What	Will	Be	the	Minimum	Required	Modeling	for	the	
Next	Shot	on	ITER?	

•  Time	dependent	core-pedestal	1.5	D	model	
•  Divertor	model	including	PFCs	

•  2	D	physics	

•  MHD	and	Alpha-par.cle	stability	
•  Will	all	of	these	models	be	strongly	coupled?	

•  The	experiment	is!	

•  We	will	need	a	mix	of	reduced	models	and	comprehensive	whole	device	
models,	such	as	those	that	are	part	of	the	Exascale	Compu9ng	Project	

•  Will	we	use	these	models	to	op.mize	performance	or	merely	enforce	
limits	on	opera.on?	

•  What	will	be	the	role	of	machine	learning	in	op.mizing	performance?	
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Will	the	Standard	ITER	H-mode	Be	the	Route	to	Q=10?	

•  There	are	several	promising	approaches	to	high	fusion	power	
•  Advanced	induc.ve	
•  Super	H-mode	
•  I-mode	

	
•  What	new	ideas	will	be	generated	between	now	and	the	high	

fusion	power	experiments	on	ITER?	
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Discovery	of	Super	H-mode	Regime	May	Open	a	Path	
Towards	Enhanced	Fusion	Gain	in	ITER	

•  Super	H-mode	regime	led	to	record	pressure	is	C-Mod	and	DIII-D	
•  Challenge	is	to	design	reliable	access	to	Super-H	modes	and	ensure	

sustained	opera.on	
	

C-MOD	

J.	Hughes,	et	al.,	accepted,	NF	2018	
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Will	ITER	Define	the	TransiSon	from		
Empiricism	to	PredicSon?	

•  ITER	was	designed	on	a	solid	empirical	basis		
•  ITER	will	provide	new	scien.fic	perspec.ves	and	answer	key	

ques.ons	due	to	its	unique	parameters	and	alpha	hea.ng	
•  Full	poten7al	and	consequences	of	alpha	hea7ng	have	not	

been	explored!	
•  Opens	the	possibility	of	new	scien7fic	discoveries	

•  Will	ITER	and	the	work	in	prepara.on	for	it	enable	the	
valida.on	of	theore.cal	and	simula.on	models	to	provide	a	
predic.ve	basis	for	a	power	plant?	



Thank	you!	


