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Ingredients for a fusion power plant

Projection to steady-state reactor operation requires
infegration of core and edge physics in present machines edge/

v/ divertor

- High fusion power, high gain, fy~1 (B, te, Hesy2)

- 2/1 tearing stable (for perfformance, not disruptions)
* Low rotation - Low injected torque

« Compatible with H&CD schemes (on- & off-axis)

- Pedestal and edge/divertor
 Low heat and particle flux to divertor
* Low heat to first wall/blanket
* No ELMs or small-ELM regime
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Ingredients for a fusion power plant
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v/ divertor
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« Compatible with H&CD schemes (on- & off-axis)

- Pedestal and edge/divertor
 Low heat and particle flux to divertor

 Low heat to first wall/blanket
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The high-By hybrid scenario is an atiractive option for

steady-state and core-edge integration work

Hybrid scenario = high power,
Bn>Browan: NO sawteeth, gpin~1,
ITER Qprojec’rion"'Af's 1_3

PUMP
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The high-By hybrid scenario is an atiractive option for

steady-state and core-edge integration work

Hybrid scenario = high power,
Bn>Browan: NO sawteeth, gpin~1,
ITER Q|orojec’rion"'4'5 1_3

PUMP

« ECH: varied deposition and injection angle for
CD vs heating and compatibility with high
density operation

« NBI: mix co- and cir-l; injection for low and
balanced torque

« D, puff for radiating divertor operation

« Ar and Ne injection for radiating mantle
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Highly reproducible high-py hybrid plasmas modified for
radiating divertor/mantle solutio

Pror =Pup+Pec=11.2+3.4= 14.5 MW i
° BN~3'6 ~ 0.8 X Blim; H98Y2~1 4-1.6 .0 """""" = = :

. pgc varied from 0.14 to 0.65 3.5} Density
3.0} (107 m-3)
« Torque varied from 9 to 0 Nm 25F
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Moving EC power off-axis has consequenceson both

and confinement

Off-axis EC is deposited in lower density region - less susceptible to

wave refraction EC deposition scan (heating and/or CD)

0.7
Pec<0.35 > mostly stable, but potentially % 0.6/™
refracted oL unstable | ok
£ o0s _- -
Pec=0.45 (radial) 2 more reproducibly 04 W
stable than current drive (tangential) & 03_ L]
l © 0.2 O l 8
= A Stable (heating)
. O 0| e sureccm refracted
Sweet SpOt pEC=0°45' without CD B Unstable (CD)
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Moving EC power off-axis has consequenceson both

stability and

Off-axis EC deposition, at fixed density
-> lower heating efficiency - lower By,

H98y2~1 .691 .3
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Moving EC power off-axis has consequenceson both
stability and

Pec

+ Off-axis EC deposition, at fixed density H98=1.55 -

-> lower heating efficiency - lower By, []

H98y2~1 .691 .3 — 3.6- &J) .

Hi : : = £ B, -045
« Higher density, at fixed power and pgc A Pec

-> recover high confinement (Hygy,~1.7), 347 (‘45

exceeds py=4 3.0

H98=1.3 g Pgc=0.58

3 ! ! ! !
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At high power, the pedestal rises with density = leads to

enhanced confinementregime

Confinement increases with density because of pedestal changes:

1

Peeling-ballooning branches decouple
-> critical Vp increases along the
peeling branch - higher pedestal

ELITE (pedestal stability) simulations

predict this for q¢5>5.7, dRsep<1 cm,
and high power
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shaping and power variations

New experiments explored operational space with

Enhanced confinement regime occurs with P>12 MW, q45>5.5,

dRsep<|1.5| cm

Percentage change during shot
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« Experimental dRsep range is slightly wider than ELITE predictions
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Higher fast-ion losses from the core contribute to

decreased confinement at lower density

Anomalous fast-ion diffusion coefficient Consistent with density fluctuation

inferred by reproducing neutron rate measurements in the f;,¢ range
Dpeam (M?%/s) 18 fiefluctuation power (a.u.)
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Ne and Ar injection for radiating mantle > 40% divertor

heat flux reduction achieved

Neon injection Argon injection Radiation profile
5.2 e 52— 0.4
d..Loplv (MW/m2) 170773 9., Lopiv (MW/m2) 170779 ERAD (Mw/mz)
* Main chamber ___lerfson <48 — Pre-argon €=| 4.5 Pk core/Pin < 0.19
injection 0.3
« Similarresults with
PFR injection 261 \(— 26| lasl 0ohargen

« Core power balance
is not a problem
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Choice of impurity leads to different core density and

profile peaking factor
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Choice of impurity leads to different core density and

profile peaking factor
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Choice of impurity leads to different core density and

profile peaking factor

8 —— 11— 0.4 , . 7
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At lower density, off-axis EC leads to core impurity

accumulation

. . Nyeon (10'7 mM-3)
« Off-axis EC leads to core accumulation 0.25 . .

for impurities and C alike
» Core dilution becomes a problem 0.20!

ECH at p = 0.45

« On-axis EC injection avoids the core

. 0.15}
accumulation

ECH at p =0.20

« Expands DIII-D tungsten ring campaign 0.10

and AUG results to high By, high power

0.05]

« Similarresults with PFR or main

chamber injection 0.0 f0s R 170764,170765
0.0 0.2 0.4 0.6 0.8 1.0
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Impurity core accumulationis associated with deleterious

tearing modes

Loss of confinement (%)

4/2

« Series of n=2 and n=1 core
instabilities appear with larger
injection rates (Ar, Ne)

o

-

-20%  3/1,
« Same effect with C from dome

tiles 2> divertor leakage can
be an issue

Frequency (kHz)
N B O O

.28% 3/1
5/2
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Stable hybrid plasmas obtained at zero injectedtorque

12
10

8

q

 Torque=0 Nm uses P ~4 MW + 2
P..~4 MW - lower By achieved 10F

6f

+ All shots stable to deleterious 2/1 5}
or 3/1 modes 20
23

« ECCD at pgc~0.22 gig
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stable hybrid plasmas obtained, without EC

10 =Torque (Nm)

stabilization
3.8
36| Py H
- Lero torque plasmasremain stable 3,
when Pgc isreduced to ~0.5 MW 3.9 O
3.0
- No need for ECCD stabilization ve m Allshots stable
because of higher MHD limits: ' fo 2/1 and 3/1
2.6 - modes
> Higher gy5~5.7-6 > higher idealand  **| g
resistive MHD limits than qos~4, 22 -Sem Less EC power
Bn~2.5 Al plasmas [Solomon2013] o 2 4 6 8
11.5 125 13 14.6 14.6
9.55
9.18
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Hyg,, decreases with lower core rotation - stays above

normal H-mode confinement
« Same BN~2°3' H98y2~1 .07 without

EC power
1.6 -
Hgg,,~P031 | (thermal) -
15
1.4
1.3
18 I
1.2 B T P=3.4MW
Pr=1.1 NlV
1.1 {/ -
NP =0.5 MW
1
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Hyg,, decreases with lower core rotation - stays above

normal H-mode confinement

« Same By~2.3, Hygyo~1.07 without « tgrecovers 90% of the high Q
EC power confinement without EC power
16 100
~p-0.31 m t.~P1 | (fast+thermal o
. Heg,2~P 931 | (thermal) L ( )
Pc=0.5 MW
i 4 90 -
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1.3 g cle
. 0 = 80 m B
1.2 B T P =3.4MW e
Pe=1.1 NlV 75 L Pcc=3.4 MW
L lﬁ’/ o 700 m m
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Summary and lessons learned

- Achieved H98y2=1 .5'1.7, BN=3.7'4.2, Pinj=15 MW
> At high-By, low-Z impurity accumulation can become a serious issue

- Achieved passively stable zero torque hybrid plasmas at py~2.3
» Confinement decreases at low rotation, but remains > normal H-mode

- Enhanced pedestal increases confinement at high power (Hqg~1.7, B\~4)
» Highly shaped, balanced DN equilibria are an atftractive opftion for
radiating divertor high-power operation

- Ar, Ne injection reduce the divertor heat flux by ~40%, with costs for
the core performance
» Central ECH with O-mode, higher MHD limits with shape optimization

Din-=-D 5 ﬁ"l Columbia
IATIONAL FUSION FACILITY

23 ¥ Turco/IAEA-FEC 2018/Oct.24n \ & / U mverszty



Thank you for your attention
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The secondary divertor plays a non negligible role in

impurity distribution

w

=== Upper pum
—a—iower ;‘))ump’)) Ne

Penning gauge data from Hinson

N

Secondary
\

 Ne pumped from both divertors,
Ar mostly from upper (secondary)

—_

Neon Pumping Rate (Torr I/s)

divertor T Primary
§ 0 1 2 3 4
1 1 1 . N Injection R Torr I/
« Arionization mean free path is . 15— niection Rate (Torr Vs)
1/10 of Ne ﬁ £ —m—iower pump Ar
> ionized on flux surfaces directly = 3,
connecting to the upper divertor %
c
a
IMP § 0.5
§, ]
- (T. Pefrie) < ° 05 i 15 2
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