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Summary
• H-mode based tokamak reactors require large H-mode 

pedestal pressure, but ELM energy loss generally increases with 
pPED. If ∆WELM is too large, divertor target can be quickly eroded

• ∆WELM might be reduced if the edge high pressure gradient 
region is moved outward within the edge transport barrier by 
controlling the edge particle source profile.
– ∆WELM is correlated with peeling/ballooning eigenmode 

width which is in turn set by width of high p′ region
– Pedestal density profile appears to be controlled by edge 

particle source profile while ETB width (T profile) may be 
independent of particle source profile

– Critical p′ for PB mode expected to increase with narrowed 
width and outward shift of high p′ region at low collisionality 
expected in reactor scale tokamaks.
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H-mode based tokamak reactors require high H-mode 
pedestal pressure

• Requirements of high Q=PFUSION/PHEATING at high PFUSION ⇒ large 
H-mode pedestal pressure in H-mode based tokamak reactor

0

5

10

15

20

25

0 1 2 5

MM95

Q

Tped (keV)
3 4

ITER, P    = 40MWAUX
n      fixed

ped

GLF23

ITER Goal

Temperature profile stiffness connects 
reactor performance strongly to 
pedestal pressure. J. Kinsey, IAEA 02

Evidence of temperature profile 
stiffness in DIII-D density scan

NATIONAL FUSION FACILITY
S A N  D I E G O

DIII–D



10/21/2005

T. Osborne, APS 2005

4

0.00 0.02 0.04 0.06 0.08
0.00

4.00

8.00

12.00

pedestal width/minor radius (∆/a)

M
ax

im
um

 S
ta

bl
e 

T
pe

d 
(k

eV
)

Tped limits for ITER, nped=7.1 1013 cm-3

n=30
n=20
n=15
n=10

2nd stable

pPED determined by physics of edge stability and the ETB 
width which are expected to be interdependent

• ELITE code results for simplified 
ITER equilibrium
– Same width of steep 

gradient region in pedestal T 
and n and fixed density

– Sauter model jBoot 
• Stability + TPED requirement for 

core confinement ⇒ minimum 
ETB width
– Experiments have widths in the 

required range
• Curves are offset linear ⇐ p′

increases as small width
• Edge p′ affects the Er well and 

thereby possibly the ETB 
structure

STABILITY + GLF23 @  Q=10⇒ ∆MIDPLANE/a = 2.5 %
STABILITY + MM @ Q=10 ⇒ ∆MIDPLANE/a = 1 %

Ran
ge o

f w
idths 

on DIII-
D

Stability 
calculations
for ITER
P.B. Snyder



10/21/2005

T. Osborne, APS 2005

5

ne pedestal structure may be set by structure of edge 
particle source 

• Engelhardt-Wagner model[1] extended by Mahdavi[2]

to include poloidal variation in neutral source

expansionflux   theis/dx 1/d= )f(
and coordinateflux   theis 1 where

(2)            /)(/

(1)             /)(/ 222

ξθ
ρξ

σ∂ξ∂θ

θσξθ

−=

−=

= ∫

eVnnnfHV

deVnndndfD

enn

ene

⇒∝≤

≡≡

−=
≤

−=≥

−

UnnU

nfVVDUUC

nfVVCnn

Dnn

sepped

pedHe

pedHepede

sepe

/2/,1For 

SOLintimetconfinemenparticleis and

,)(]2/)[(),(sinh5.0 where

])()2/(tanh[)(
),0(  separatrixtheInside

 )]/exp[)()0(layer   off-scrapeIn 

||

0||
1

0

||

τ

θστ

ξθσξ
ξ

τξξξ

peden

sepped

n

fnn

/1

)(/ 0
2

∝∆

∝ θ

0 2•1019 4•1019 6•1019 8•1019 1•1020

PEDESTAL DENSITY (m-3)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

P
E

D
E

S
TA

L 
D

E
N

S
IT

Y
 W

ID
T

H
 (

m
)

Ds (m2/s)   Ds (m2/s)    E    Ti /Te
      0.4             0.14      2.5      2

Ohmic and
L-mode H-mode

Standard Model
Model with Frank-Condon Neutrals

Frank-Condon 
+Charge 
exchange 
neutrals

MAST

A.Kirk-
HMWS03

NATIONAL FUSION FACILITY
S A N  D I E G O

DIII–D

[1]W. Engelhardt, W. Fenenberg, J. Nucl. Mater. 76-77 (1978) 518.
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Greenwald Limit”, 2000 IAEA meeting, submitted to Nucl. Fusion



10/21/2005

T. Osborne, APS 2005

6

Can structure of pedestal ne profile be set with particle 
source structure independent of ETB width ?

• Hinton, Staebler1: Velocity shear can take on any value consistent with 
radial force balance ⇒ structure of particle and heat sources can 
control velocity shear and transport barrier width.

• Dimensionally identical experiments which match plasma shape and 
dimensionless parameters at top of pedestal in different size tokamaks, 
CMOD/DIII-D, CMOD/JET, JET/DIII-D, all give ∆T ∝ a
– But using Engelhardt-Wagner-Mahdavi model in Hinton, Staebler 

formula gives                                                     and then applying the 
dimensionless scaling constraints n ∝ a-2, T~a-1/2 gives ∆∝ a7/4

• ∆T and ∆n correlated
• High ∇ne narrower 

and outboard of high 
∇Te
– Consistent with 

edge particle 
source setting ne
profile if source lies 
within the ETB 

2/1)]ln(2[ SepSep
Sep
n QcL Γ≈∆ λ

[1] Hinton, F.L., Staebler, G.M., Phys. Fluids B 5 , (1993), 1281.
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∆/a, βT, ELM behavior all match under dimensionally identical 
pedestal conditions in CMOD/DIII-D comparison experiment

D. Mossessian -
CMOD
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A technique for significantly reducing ELM size is 
required for H-mode based tokamak reactor (ITER)
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• Divertor target lifetime in ITER would be 
strongly reduce below a threshold ELM 
energy loss.

• Type I ELM energy loss is normally 
proportional to pPED as pPED varies with IP
and shape, but decreases as the density is 
raise with gas puffing

• Scaling of ∆WELM from present tokamaks 
gives ELM size for ITER that is marginal at 
best.
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ELM size (energy loss) correlated with peeling-ballooning 
eigenmode width in JT-60U high triangularity discharges
• Giant ELMs ~ 100 Hz, small amplitude “grassy” ELMs ~ 

500-1000 Hz
• At intermediate δ and q95 mixtures of giant and grassy 

ELMs
• Unstable edge modes in grassy elm discharges have 

narrow radial mode width (ELITE Code).
• Changes in radial width related to difference in q profiles

LL. Lao, et. al, Nucl. Fusion, 41 295 (2001).
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A path to small ELMs with large pped ?

• Control particle source to move steep gradient 
region in density toward separatrix ⇒ narrowed 
steep gradient region in pressure ⇒ narrowed PB 
eigenmode width ⇒ smaller ELMs

• Improved stability on more strongly shaped surfaces 
near separatrix + increased p′ at reduced width for 
PB modes may make up for the reduced pressure 
width thus keeping pressure more constant
– Increasing collisionality near separatrix should 

reduce the bootstrap current in detriment to p′
• Will ETB width (Temperature profile) be effected ?
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ELM size and PB eigenmode width decrease as extent of 
high p′ region is reduced with increased ne

• Eigenmode width tracks p′ width
• Bootstrap current reduced at high n 
• ELM effect extends radially inward 

beyond eigenmode width 
• Radial extent of ELM effected region 

does not vary with ne , only amplitude 

p′

j

Eigenmode

∆WELM/ WPED

A.W. Leonard – APS01
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Steep gradient regions in both ne and Te are reduced in 
width with D2 gas puffing to high density

• Steeping of ne
profile at high 
density is consistent 
with neutral 
penetration model 
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Steep gradient region in Te narrows and ELM size is 
reduce with D2 gas puffing

• Width of Te steep gradient region is narrowed with D2 gas puffing 
even though pedestal ne does not increase

n/nGW= 0.75
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In ρ* scaling experiment ne and neutral penetration are 
varied with B (fixed q) without additional gas puff

• Maintaining q, β,
and ν∗ fixed as B is 
varied at fixed 
plasma shape 
requires

ρ∗ then varies as

• Neutral penetration 
increases with ρ∗

3/2
* ~ −Bρ

3/23/4 ~,~ BTBn

3/42
* ~~ˆ −∆ Bn ρ

BT=2.1T
BT=1.0T
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In ρ* scaling experiment ETB width remained fixed as 
reduced neutral penetration at high B reduced the p′ width

• At the high B, high ne, point in ρ*
scan, ne profile is shifted 
outward relative Te profile, and 
relative to ne profile in low B, 
low ne , high ρ* discharge 
– High p′ region shifted 

outward but p′ was fixed ⇒
βPED reduced
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Calculations for ITER indicate pedestal p′ should increase 
at small widths

• Curves are offset linear ⇐ p′
increases as small width

• Difference in ITER might be 
lower collisionality allowing 
bootstrap current to 
maintain second stable 
access as steep p′ region 
shifts toward separatrix and 
lower temperature.

Ran
ge o

f w
idths 

on DIII-
D

Stability 
calculations
for ITER
P.B. Snyder



10/21/2005

T. Osborne, APS 2005

18

Analysis of the effects of pedestal density profile shape 
on achievable βPED and PB eigenmode width.

• Begin with equilibrium for high ρ* discharge in ρ* scan.
• At fixed pedestal ne, vary ne profile. Two methods:

– Compress against separatrix ⇒ varied ne gradient and 
relation to Te profile

– Rigid shift ⇒ varied ne relation to Te profile
• Increase TPED at fixed T profile shape until PB mode becomes 

unstable (γ>ω*e/2) ⇒ maximum βPED

– Current distribution in pedestal determined self consistently 
by running a transport simulations with ONETWO code

• Both bootstrap (Sauter model) and Ohmic current
• Width of steep p′ region taken to be PB mode width (can be 

confirmed in the future)
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Pedestal density profile scan to determine effect of ne
profile on achievable βPED 1: compress against separatrix

• Pedestal ne and 
shape of T profiles 
fixed

• ne
SEP fixed and ne

compressed 
against separatrix

• TPED increased until 
PB mode becomes 
unstable, γ>ω*e/2, 
to determine 
maximum pedestal 
pressure

• Higher collisionality 
case has reduced 
current near the 
separatrix

ν*e
PED≈1 ν*e

PED≈0.1
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Pedestal density profile scan to determine effect of ne
profile on achievable βPED 2: simple rigid shift

• Pedestal ne and 
shape of T profiles 
fixed

• ne shifted relative to 
T profile 

• TPED increased until 
PB mode becomes 
unstable, γ>ω*e/2, 
to determine 
maximum pedestal 
pressure

• Width of high p′ not 
strongly affected by 
shift

• Higher collisionality 
case has reduced 
current near the 
separatrix

ν*e
PED≈1 ν*e

PED≈0.1
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βPED only weakly reduced with narrowing of the ne steep gradient 
region in simulation while PB mode (p′) width strongly reduced

• Strongest effect 
for compression 
type shift

• Only a small 
difference for 
different 
collisionalities
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Conclusions

• If the ne profile in the pedestal region can be steepened and 
moved toward the separatrix without the ETB itself being 
narrowed, the resulting pressure profile may result in small 
ELMs while still keeping βPED high
– Independence of pedestal T profile from n profile and 

particle source structure suggested by but still not 
confirmed by experiments

– Relation between linear PB eigenmode width and ELM size 
not understood

• Need to examine expected density profiles for pellet injection 
in ITER
– Pellet size, velocity, or aiming might be adjusted to 

produce pedestal ne profiles with small p′ width but high 
βPED resulting in small ELMs


