





Development of Helical Confinement Concept
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TOKAMAK HELICAL
Electron Temperature
Te (keV) 26 (JT-60U) 10 (LHD)
lon Temperature
T; (keV) 45 (JT-60U) 5 (LHD)
Confinement time 1.2 (JET)
te (S) 1.1 (JT-60U,NS) 0.36 (LHD)
Fusion Triple Product
nite T.(m> s keV) 15x10°° (JT-60U) 0.22x10% (LHD)
Stored Energy 17 (JET)
W, (MJ) 11 (JT-60U,NS) 1 (LHD)
Beta Value 40 (toroidal) (START)
b (%) 12 (toroidal) (DII-D) 3.2 (average) (LHD,W7-AS)
Line-Averaged Density
Ne (10°°m™) 20 (Alcator-C) 3.6 (W7-AS)
Plasma Duration 2 min (Tore-Supra) 2 min (LHD)
Lur 3 hr. 10min.  (Triam-1M) 1 hour (ATF)
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Compact designs are explored
(Especially low-aspect helical reactors)
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LHD-

Name of Reactor Design LHR/MHR-S [LHR/MHR-C| FFHR-1 | FFHR-2 HSR |SPPS/MHHR
Major Radius R (m) 16.5 10.5 20 10 19.5 13.95
Average Plasm Radius a(m) 2.4 15 2 1.7 1.6 1.63
Toroidal Field B (T) 5 6.5 12 10 5 4.94
Maximum Coil Field Bpyax (T) 14.9 14.7 16 13 10.7 145
Average Plasma Density <n> (10%/m°) 2 3.4 1 1.4 1.33 1.46
Average Plasma Temperature <T> (keV) 7.8 7.8 11 13.5 7.49 10
Volume Average Beta b (%) 5 5 0.7 0.59 4.57 5
Enhancement Factor Designed 2 (LHD) 2 (LHD) |1.5(LHD)|2.5(LHD)[ 1(LG) 2.3 (LG)
Thermal Power Pgr (GW) 3.8 2.8 3 1 3 2.29
Effective Heating Power (MW) 600 400 200 400 300 200
Energy Confinement Time tg (S) 2.67 15 3.7 1.8 1.2 1.75
LHD scaling (s) 1.24 0.79 2.46 0.76 0.71 0.76
GRB scaling (s) 1.30 0.69 2.42 0.75 0.64 0.74
LG scaling (s) 1.66 0.89 3.58 0.90 1.03 1.02
ISS95 scaling (s) 1.20 0.66 2.52 0.76 0.67 0.74
New LHD-1 (heliotron-type) (s) 2.70 1.30 6.13 1.71 1.28 1.42
New LHD-2 (all helical) (s) 1.62 0.87 4.64 1.04 1.03 1.02




ARIES-AT Criteria

Bmax=12T
Blanket+Shield=1.12~1.3m

A#l QA#2 QP#1
Plasma aspect ratio R/ay, 2.96 4.4 2.70
Volume average B limit {B)1imit (%) 4 4.1 10
Average major radius R (m) 8.22 9.93 7.34
Average plasma radius a;, (m) 2.78 2.26 2.72
Plasma volume Vplasma (m?3) 1250 1000 1040
On-axis field By (T) 5.41 5.65 5.23
Te/TE!S895 multiplier H-95 2.65 2.62 3.61
Volume average beta () (%) 4 4.1 4.6
Energy confinement time Tg (s) 2.69 2.41 2.49
Vol.-average density {(n} (1020 m—3) 1.31 1.50 1.40
Density-aver. temperature (7) (keV)j 11.1 10.8 11.3
Neutron wall load T, (MW m~2) 1.34 1.37 1.54
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ISS95 scaling
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L-mode » | TB plasma
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Wendel stein 7-X: Status

R=55m,a=055m,
(=123,... m=5B=3T

0.8<1 < 1.2, medium shear

Steady-state operation
Superconducting coils
10 MW ECRH (st.st.),
20 MW NBI (10s),
3-9 MW ICRH (st.st.)
“fully” optimized system |sland divertor

Demonstration of reactor
potential of Wendelstein line
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NCSX

00S
QOS Complements NCSX

Feature NCSX QOSsS
Magnetic Symmetry Quasi-Axial Quasi-Poloidal
Rl(a) 4.3 2.6

Key physics issue

Disruption immunity at
high-p (4%), low v*, low-R/(a)}

Toroidal mode coupling
effects at very low-R/{a},
moderate-f (2.5%), high-v*

Parameters,
Capabilities

R=14m,(a)=033m,B=2T
Pheat = 3 — 12 MW (NB, IC)

extensive diagnostics

R=095m,(@)=037m,B=1T
Pheat = — 3 MW (EC, IC)

limited diagnostics

Basis (justification
for scale)

Theory
Stellarator + Tokamak expts.

Theory

Scale of exp't/
physics program

Proof-of-principle /
in-depth

Concept exploration /
exploratory

NCSX: QAS design takes advantage of tokamak physics understanding

and performance advances = PoP.

QOS: explore less-developed QPS physics and very low R/{a} = higher

risk, potentially high payoff = CE.
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1 {rotational transform)

Hybrid Configuration Combines Externally-
Generated Fields with Bootstrap Current

0.7 Ll T T T 2.0 T T T
06 F -
total Reference
05 }F 1 o . 19 I Current Profile T
&~ externally \% &
04 F generated ] ;}h ;
q g g 10 r
- 3
D3 B -1 . g
=)
0.2 g
' 5 0.5
D1 B -10
j Li3es
0 X X ] X 0.0 A A X N
Yo 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
S (normalized tor. flux) s (normalized tor. flux)

* Quasi-axisymmetry = tokamak like bootstrap current
» ~3/4 of transform (poloidal-B) from external coils = externally controllable
« at R=1.4m, B=1.2T, |, = 125 kA; |.Fav = 500kA; p=4.1% = B, Fouv =25
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Low ¢, .. = Low Helical transport
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Helical transport is sub-dominant with self-consistent E,

Assume B=1.2T, P;,=6 MW , R=1.4m, H,4¢5:=2.9 (H ¢ g7p=0.9)

= [ =4%, v* ~0.25. B=1.7T gives access to v* ~ 0.1, T,(0)~2.3 keV
Shaing-Houlberg for helical transport, benchmarked with Monte-Carlo.
Uniform anomalous ¥ used. Similar results obtained with Lackner-Gottardi

See D. Mikkelsen
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