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Motivation:  Many desirable characteristics of tokamak operation
may be enhanced by plasma s haping.

• Engineering simpli city
– Single divertor
– Vertical a ccess
– Vertically stable

• Disadvan tages
– Modest co nfinement
– Low beta l imit
– High Peak Heat Flux

• Shape Optimization
– Good confi nement
– Good beta limit
– Reduced Peak

Heat Flux
– High I p at fixed q 95

– Specialized
divertors

• Physics Ad vantages
– High confi nement
– High normalized beta
– Reduced Peak Heat

Flux
• Disadvan tages

– Large ELMs
– Reduced core volume
– Shape co ntrol

Low Triangularity
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High Triang ularity
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Outline: ELMing H-mode plasmas, shape changes between and
density ramps within discharges.

• Triangul arity ( δ ) Variations

– Pedestal and core p erformance

• Up/down Magnetic Balance (dRsep) Varia tions

– Divertor sharing

• Secondary Divertor Volume (Z x
s) Variations

– Determine minimum

• Conclusions

Low δ High δ

Œ ∇ B

LSN DN USN

Œ ∇ B

dRsep < 0             ~ 0                 > 0

Secondary

Primary

Ø ∇ B
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Summary: Triangularity advantageous at moderate density but
dependence w eaker at high d ensity                                                   δ Study

RESULTS - Pedestal vs. δ

• Pedestal pressure and confin ement increase with δ for
ne/nGr ≤ 0.7

– Pedestal pressure g radient in creased

• At high density the degradation of pedestal stro nger with
density at high δ

– Temperature profile stiff at high ne

• ∆WELM/pe
ped  reduced and ELM frequency i ncreased at high

density, n e/nGr > 0.7

Low δ 
High δ 
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Increased tria ngularity increases pedestal pressure and core
confinement.                                                                              δ Study, n e/nGr ≤ 0.7

• Edge electron pedestal press ure p e
ped  and confinement i ncrease w ith triangularity δ.

– ELM energy loss also increases

• Gradient of p e
ped higher than ideal ba llooning critical gradient and increases with δ.

– Width of p e
ped remains nearly constant with δ.

• At low density ELM energy loss is fixed fraction of pedestal energy independent of δ.
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Reduced p e
ped and stiff temperature profiles can produce

confinement reduction independent of δ at high n e.    δ Study, n e/nGr > 0.7

• Degradation occurs at the same n e
ped/nGr ~ 0.75

independent of δ.
– Stronger reduction of p e

ped vs. n e
ped at high δ.

• Stiff profiles at high n e (low T e) give reduced con finement.

• As n e increased ELM fraction of pedestal energy
decreases independent of δ.

High Triang ularity
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Summary: Magnetic balance optimization of unbalanced DN
operation is predictable.                                                                   dRsep Study

RESULTS - Divertor Sharing vs. dRsep (LSN - DN - USN)

• Moderate density n e/nGr ≤ 0.7 - Attached :

– Target heat flux sharing determined by conduction

– ELM energy sharing determined by broad SOL
profile

– Particle flux sharing affected by divertor neutral
recycling.

• High density, n e/nGr > 0.7  - Detached :

– Detachment physics determines heat flux sharing

– neH-L higher for magnetic balance toward ion ∇ B drift
divertor.

dRsep < 0

dRsep > 0

dRsep ~ 0

Œ ∇ B
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Variation in heat flux sharing is large near DN for ne/nGr ≤ 0.7; less
sensitive for h igh density.                               dRsep Stu dy, n e/nGr ≤ 0.7 and > 0.7

• Peak heat flux shar ing  for n e/nGr ≤ 0.7:

– Switches divertors wi thin
dRsep ± 0.4 cm

– Balance at dRsep = +0.3 cm

– Consistent with SOL energy
conduction and ExB drifts.

• At higher density:

– Less se nsitive to dRsep variation

– Broader than implied by SOL
conduction

– Divertor de tachment important
• Upstream ra diation
• Convection

Attached  vs Detached  Divertor

dRsep > 0

dRsep < 0

 ∇ B

LSN USN
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ELM energy profile broad in SOL; divertor sharing weakly
dependent on dRsep                                                       dRsep Study, n e/nGr ≤ 0.7

• ELM energy sharing less
sensitive than time
averaged peak q div .

• Assuming conduction
dominates:

– ELM energy radial
profile in SOL  up to 4x
broader than time
averaged q div  profile

– ELM energy will strike
conformal divertor
structures.

Attached  Divertor

 ∇ B

dRsep > 0dRsep < 0

(Eup- Elow) / Etot

(qup- qlow) / qtot
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Summary: Reducing secondary divertor volume lowers peak heat
flux but also r educes density operating wind ow.                           Zx

s Study

RESULTS - Divertor and Edge as Z x
s reduced

• Moderate density n e/nGr ≤ 0.7:
– Secondary divertor p eak heat flux

• Reduced initially due to flux expansion
• Increased when high recycling lost in

secondary.
– Core fuelling rate i ncreases.

• High density, n e/nGr > 0.7:
– Density limit at H-L back transi tion

decreases.
• Increase in neutral penetration to LCFS as Zx

s

reduced explains observations.
++++

Primary

Secondary

Ø ∇ B
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Minimum in secondary divertor peak heat flux vs. Z xs

shows limit to volume optimization.                                 Zx
s Study, n e/nGr ≤ 0.7

• Peak secondary q div  normalized
to Zx

s = 16 cm case.

• Reduction of Z x
s :

– qdiv  reduced initially due to
flux expansion

• Engineering advantage

– qdiv  increased at low Z x
s

when high recycling divertor
lost

• Neutral penetration p hysics
limits Z x

s reduction.
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Fuelling increase at L-H transition and lower n e
H-L as Zx

s reduced
may shrink density operating window.                          Zx

s Study, n e/nGr ≤ 0.7

• Density rise at L - H
normalized to n e

ped and
midplane gas pres sure

• As Zx
s reduced:

– Fueling i ncreased  2X

– Independ ent of
primary pumping

– Density limit at H-L
transition reduced

• Increased neutral
penetration to core
explains results.

l Unpumped

n Strongly
     Pumped

s Weakly
      pumped
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Conclusion:  Quantitative understanding from these sys tematic
studies can guide optimization of ELMing H-mode tokamaks.

• Triangul arity Variations - δ
– Increased δ improves confinem ent of core but ELM size incre ases.
– At n e/nGR > 0.7 dependence on δ is weaker; ELMs can be sma ller.

• Up/Down Magnetic Balance - d Rsep
– Peak heat flux sharing very sensitive to dRsep near DN  for n e/nGR ≤ 0.7
– Less sensitivity for n e/nGR > 0.7 .
– ELM energy flux profile in the SOL broader  than time a veraged q div .
– Density limit reduced if dRsep shifted away from d ivertor in ion ∇ B drift

direction.

• Secondary Divertor Volume Minimi zation - Z x
s

– Secondary peak heat flux is predictable.
– Density operating window reduced  as Z x

s reduced.
– Neutral penetration physics explains o bservations.

• High triangularity un balanced DN shapes have confinement and reduced target
heat flux advantages for ELMing H-mode operation. Shape optimization
necessar ily invol ves compromises.
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Related DIII-D papers at this co nference

• High density with good con finement
– M.A. Mahdavi, paper EXP1/04, Thursday afternoon

• H-mode Pedestal Physics

– R. J. Groebner, paper EXP5/21, Tuesday m orning

• Dependence of Edge Stability on Plasma S hape
– L. L. Lao et al, paper EXP 3/06, Monday m orning


