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DIII-D Program Aims to Establish the Physics Basis of a

Long-Pulse Compact Tokamak Fusion Pilot Plant

—— Tcar

4 * Multiple compact FPP design studies exist

1.29

7 « CAT-DEMO (Buttery NF ‘21) is used as a guide

8.1 here

2

T 3.6 « There are many physics uncerainties, including
B; % 3.2 how to achieve sufficient:

I 9 1. Core performance (stability, confinement,

Hoeo A current drive)

N 45 2. Heat & particle exhaust

Q. BEE 3. Integration of core- and edge- constraints

 Peys (MW) S

Py (MW) P10
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How Far Towards FPP Conditions Must We Go To

Sufficientl sics Uncertainty?
« Some physics has “phase
® § No-wall gy limit transitions where behavior
O = CElectron-to-ion heating, coupling
'g_ g’ Neutral penetration less than Chqnges
,} @10 FEDTedGSTO' width « Some known, e.g., By>no-wall limit

3 A FPP - Some uncertain, e.g., turbulence
TE pAg regime vs. rotation

Behavior

« Aim to be on the right side of
known tfransitions & have ability to

Innovation

& model validation sample large parameter range
are key
>
Controlling variable - Balance maximizing integrated

performance vs. wider scans in
select parameters



DIlI-D Can Improve Confidence in Physics for FPP by

Expanding the Ranges of Achievable Parameters

Percent of CAT-D

« DIII-D steady-state scenario

d)1~PsolB/RN . l shots approach some, not all
|
EVAGNESS] e o FPP values
- Stronger shaping & higher
: NBI power (20 MW)
B | expected to expand ranges
(My/Qlgs) ' | |
-1 E— | . .
(Wf‘(”“f W*"*;_] — | - Goal of this study: predict
Ve pe o o
. : minimum ECH power to
GW,pedE
1
(Lo/Woq) o IE— | adequately advan;:e g
ne,sepwped mShot 165042 mShot 185959 mShot 190904 mShot155543 mShot 161403 paramefer ranges owar s

FPP

Lower torque hybrid (3-4.5s) Thome NF ‘21
High-Bp “AT" (2.8-3.4s) Huang NF ‘24
Lower torque high-Bp (4-4.7s) Ding Nature, ‘24

D”’-D Steady-state hybrid (2.5-4.5s) Turco NF 15

namonaL Fusion Facity - |TER-shaped, ELM-suppressed steady-state hybrid (3.5-4.5s) Petty NF ‘17
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Consider 6 Experimental Physics Goals

Physics to understand/Solutions to find | Parameter range to aim for

Pedestal structure with high opacity & Advanced Inductive (Al) scenario with
low collisionality Lo/Wpea<0.2, v¥5eq<0.2, fow pes™>0.8
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Consider 6 Experimental Physics Goals

Physics to understand/Solutions to find | Parameter range to aim for

Pedestal structure with high opacity &  Advanced Inductive (Al) scenario with

low collisionality Lo/Wpea<0.2, v¥5eq<0.2, fow pes™>0.8

Relevant core transport regime in Al To/T>1, AMO/Qos<1073, Wit/ Wi <15%,
V¥5ed<0.2, Br>3%

Impacts of low v,, high T./T; on AM,/ Q95 <107, To/T>1, Qrin>2, Prn=41i-6li, Py

advanced tokamak (AT) core above >3%.
no-wall limit

How to sustain AT high fzs & Heg by §<-0.5, ayyp>3 at p~0.6, qmin>2, Br>3.

optimizing s & ayyp V¥56q<0.2

Interplay between effects in AT core Simultaneous increase of key core
metrics to > ~60% of CAT-D values

How to manage divertor heat flux PsoB/RN significant fraction of

unmitigated CAT-D



Integrated Modeling Predictions Done Using FASTRAN-IPS*

NBI
NUBEAM

ssssssss

o Core profiles\ 4 Pedestal N

EPED
Turbulent " Model Equilibria |
Transport
TGLF - TOQ+KBM
A\ V.
[Peeling-BaIIooning\
MHD stability
ELITE
\& NS -/
{ ips-FasTRAN
Heating/CD Equilibrium
Stability

Ideal MHD Stability | |
DCON

Integrates physics models for transport, H&CD,
pedestal, MHD stability, etc.

Built a database with random sampling over
ranges of density, B; (1.6-2.2T), Pyg (up to
20MW), Py (up to 14MW, 105/138/170GHz)

Generated areduced system model from
random sampling to predict ECH needs to reach
targets

*Park J.M. et al 2018 Integrated modeling of high By
steady state scenario on DIII-D Phys. Plasmas 25 012506



Models Say ECH Does Not Help Obtain Opaque, Low v*

Pedestals in Advanced Inductive/Hybrid Plasmas
% FPP-relevant pedestals predicted on

P, (kPa) v
60, / N DIII-D at ng peg > ~15x10'7 m-3
40 d

- Neutral penetration ~ wyeq/4
BT:2'2 T, C]95:4,

201 | .=2.8MA,
QQ5:5, |P:22MA

* ECH use’ limited to ng ,4< ~14x10'" m-3
0

10 » EPED predicts pedestal parameters are
0.8; insensitive to large variations in input
0.6/ power (ECH & NBI)
0.4
0.2] « Caveat: EPED may not be sufficient for
ool 0 ool predicting impacts of ECH on achieving
5 % “;5/ )20 5 101520 relevant pedestals (backup slides)
Ne,ped 17/m3 Ne,ped (1017/m3)
Dili-D

NAT’DNASI; NFL:]SIIEDéVDFACfLITY }\‘ f FRANT'C d
sorom coce *Heating only with 140GHz O2 + 170GHz X3



~5 MW ECH is Sufficient For Access to Relevant Core

Transport Regime in an Advanced Inductive Scenario

5 MW co- + 10 MW balanced-NBl, * Most curves level off
. Ne pea=7X1 O”’m1 130 Qos=4 . above Pgcy~5 MW
AMy/gs T/ 1 By (%
| AMy 1.05 // Z Br (%) e 5MW:
e I N - Achieves T/T>1
- 2] AT D vave - Surpasses Wi/Wiq, Br,
0004+ =r—=====1=+="-1090 0 V*ped ta rgeTS
e | P —— T, - Rp’ro’non shear still foo
. ZZZ s{—— high, but much closer
1.2 4 2 |
- \ ZZZ N * Lower ng peg Moves most
N I P S RS R parameters in the wrong
0 5 10 15 0 5 PEC (1,31W) 15 0 5 10 15 dlreCTIOﬂS, hlghel’ ne,ped

doesn’t help much

mananac cusion oy Heating only with 140GHz O2 + 170GHz X3



Testing Impacts of Rotation, T./T;,, W;/W,_; on AT Core

Above No-Wall Limit Requires ~10 MW ECH
B;=2.2 T, Q9s=7, CO-NBI

5.0

Bn

4.5 1

4.0 1

0.4

0.3~
]
0.2 -

351 =@

_______ 0] = == o o o = = s

3.0

1.0

0.0

0.9 -

0.8 -

0.7

0.5

0 15 0 é 10
Te/T; A(Q/Cs0)/q95
0.20
0.15 4
0.10 4 [~}
0.05 4
061 @Shot 147634
T T 0.00 ___I___I__.
0 5 10 15 0 5 10
Pecy (MW)

NATIONAL FUSION FACILITY
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Use 140GHz X2 off-axis CD + 170GHz
O3 or X3 on-axis
- MOX Ngpeg=/%x101"M"3

10 MW hits T./Ti=1 when f, is relaxed
to 0.85

Approach low rotation even with co-
NBI in this case

By is above no-wall limit & CAT-D By

Will explore RWM stability & transport



10 MW ECH Accesses Sustained Low s & High opyyp at p~0.6 to

Explore AT Core Operation in 2"d Stable Regime
IPS-FASTRAN Simulations: B;=2.2 T, Q¢s=7/, CO-NB|

s—a (p=0.¢) Bu/4L Br

Evolving High-Bp Shot

0 1.5 5.0

-14 1.4 \
Well 457

0.35
! -2 1.3+ above no- High fusion
0.30 [ P —— wall limit | 07 potential
Low s-a

@
© s 35
i 0253 =41 1.1 '
= C
o 8 s
F= © - T T 1.0 . . 3.0 : .
g 020 0 0 > 10 5 o 5 10 1570 5 10 15
> 2
o : o
= 01553 frsolid), fos(dash) Hog Pped(solid), 100 x v« (dash)
- 30
1.0 14l
stable 0.10 Fully : 25 -
0.8 . . i
noninductive 3 204
005 06 1 mmmmmmmT 12 A
2 4 6 8 7 1.1 15 ~
i i 41
Normalized pressure gradient (o) 0 104 104 = = = — .
) ‘ 0.2 0.9 s Below CAT v*
Ding Rev Mod Phys. ‘23 E el
0.0 . . 0.8 ; ; 04 =m====""
0 5 10 15 0 5 10 15 0 5 10 15

Dili-D
AT Sego T P ECH ( MW )



14 MW ECH Helps Explore Interactions of Multiple Effects in

AT Core But Plasmas Would Still Fall Short in Some Metrics

Percent of CAT-D o ]4 MW ECH, ]O MW
‘° 20 “ & . N . balanced NBI + 4 MW co-
o/ | NBI, B=2.2T, Qos=7.5,

O S Nepea=3.5x1077mM™

Hos I * Achieve > 607% of CAT

values for several core
] :
fes metrics

Te/T, — * Fall shortin rotation

(AMy/Qlps)”" - BUt Hog/Hog noexs 1

(Wiast/Wior) p within ~20% of CAT
value

% -1 ° °
(Ve pea) — e ECH use limits neped <

fow.peo IE—— : 7x107"m — foyw peq <
: ~50% without lowering

lowering Ip
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14 MW ECH Would Pose a Divertor Heat Flux Mitigation
Challenge ~35% That of CAT-D

% CAT—D q| |~ PSOLBT/RN

ssssssss

Existing DIII-D discharges are 5-
10% of CAT

20 MW NBI + Pgcy
22T

R=1.67 m

N=1 divertor



Physics uncertainty for long-pulse operation can be reduced by going to
more relevant regimes in DIlI-D with upgrades

Integrated physics model simulations were deployed to estimate the
minimum required ECH power to achieve targeted parameters

Initial findings:
« Opaque, low v* pedestal studies may not require any ECH
* Pushing Al/Hybrid core to relevant parameters: 5 MW ECH
* Pushing some metrics to relevant values in AT core: at least 10 MW ECH
* Push all AT core metrics to better than ~60% of FPP values, & produce
significantly greater heat flux challenge: at least 14 MW ECH
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Caveat: EPED May Not Be Sufficient For Predicting Impacts

of ECH on Achieving FPP-Relevant Pedestals

IPS-FASTRAN poog (kPa) — ° No reliable physics models for pedestal
120 : scenarios with VP limited by transport
WPQH scaling  pelow KBM limit, e.g., WPQH-mode

Wped =

0.152p,0765

100 -

80 - P =34

60 - EPED1 Wped =

BO.

. 5
scaling 0-76B,

40 A

Bn=2, 3,4

20 +

0

; : o b
D=0 Nepeq (1077/m7)
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Caveat: EPED May Not Be Sufficient For Predicting Impacts

of ECH on Achieving FPP-Relevant Pedestals

Groebner, 2013 NF * Noreliable physics models for pedestal
vnem g% ] scenarios with VP limited by transport
e f below KBM limit, e.g., WPQH-mode
0 (a)

15

o dad « Experiments show ECH near pedestal
®F g (1020 . can perturb gradients — could more
20 " power trigger fransport bifurcation ?
15F le=Fne Te . A E

1.0E------ ’:?‘iA& ..... ]

05F E

00 (c)

0 1 2 3 4 5
Pheat,e (MW)

Figure 17. Variations of pedestal (a) VT, (b) Vn. and (c) n. with
electron power flow into the pedestal in the power scan in DIII-D.
Heating power is a combination of beam power into the electrons
and ECH power, deposited on top of the pedestal.

4X Pheate — 50% increase
in VTg & 30% drop in Vng

Dil-D

NATIONAL FUSION FACILITY
DDDDDDDD

20



Caveat: EPED May Not Be Sufficient For Predicting Impacts

of ECH on Achieving FPP-Relevant Pedestals

* No reliable physics models for pedestal
scenarios with VP limited by transport
below KBM limit, e.g., WPQH-mode

.‘ » Experiments show ECH near pedestal
. [ Eng A\ b, can perturb gradients — could more
power trigger fransport bifurcation ?

P e "
nirms (G) ,“ \ o,
/ 4

; ' - « Experiments also show core-ECH can
o J%%gw(k = PRI, make profiles more MHD-stable (not
¥ e direct NTM stabilization) to better
Bty — D sustain high pedestals

> ECH likely has benefits for pedestal
Dil-D studies not captured by models
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We Focus on Several Key Parameters

That Are Relevant For Physics Gaps

d,,~PsolB/R  Divertor heat flux challenge

Bn/4li RWM stability above no-wall limit

Br Adequate fusion performance

Hogyo Energy confinement quality

fas Steady-state or long-pulse

T /T Turbulent transport regimes

AM,/Qps Effectiveness of rotational suppression of turbulence

Wit/ Wiot Energetic particle mode drive/damp
V¥ ped Collisionless hot core
fow ped Operate close to density limit

2 Lp/Wpeg Pedestal opaque to neutrals, structure set by transport, not fueling



ECHat2.2T7

f=117.5 GHz

o f=140 GHz

-~ f=137 GHz f=104 GHz
R

Dil-D

NATIONAL FUSION FACILITY
SAN DIEGO
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Flexible Multi-Frequency (110/137/170 GHz) Gyrotrons

Would Cover Whole Range of B; in a DIlI-D Upgrade

Dimensionless

ECCD Efficiency (T) at p~0.6 . .
AT T On-Axis ECH Location
- 0.6
0.3 8
>  [117.5GHz_TOP Q 0.4 -
2 b %
5 0-28110GHz TOP c
8 i ] -E
& C 5 0.2 -
0.1F
: 0.0 |
00F o o
1.6 1.8 2.0 2.2 2.4 1.6
Bt (T) shot 219010

puI-p
24
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