Elimination of Alpha Particle Losses in Quasi-Helically
Symmetric Equilibria

A. Bader!, D.T Anderson!, M. Drevlak?, B.J. Faber!, H. Frerichs!, C.C. Hegna',
T. Kruger!, J.C. Schmitt?, L. Singh!, J.N Talmadge', A. Ware?, C. Zhu’

1) University of Wisconsin-Madison
2) IPP-Greifswald
3) Auburn University
4) University <|)31LMontana

THE UNIVERSITY

WISCONSIN

MADISON

APS-DPP Ft. Lauderdale USA, October 22, 2019

Work supported by DE-FG02-93ER54222, DE-FG02-99ER54546 and UW 2020 135AAD3116
A. Bader 61st annual meeting APS-DPP, Ft Lauderdale, USA 0/16



Background
[e]e]e]

ﬂ Stellarators and energetic particle confinement in 3D fields
e How to optimize stellarators for energetic particle confinement

Q Towards eliminating alpha particle losses in stellarator equilibria

A. Bader 61st annual meeting APS-DPP, Ft Lauderdale, USA 0/16



Background
[e]e]e]

ﬂ Stellarators and energetic particle confinement in 3D fields

A. Bader 61st annual meeting APS-DPP, Ft Lauderdale, USA 0/16



Background
@00

" Stellarators offer a reliable reactor concept with low recirculating
power

e Advantages of the stellarator concept
— Do not rely on current: No current driven disruptions
— Do not require current drive: Low recirculating power
— Not subject to Greenwald density limits: High density operation possible
o Difficulties of the stellarator concept
— Particle losses due to 3D configurations. This talk will show how to eliminate
them!
— More complicated design: Increased cost of construction. Opportunity for
advanced manufacturing to reduce costs
— Lack of experimental data. Opportunities for mid-scale devices to significantly
advance the concept

Stellarators offer the opportunity to design a magnetic confinement device
to meet the specifications you choose
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| Confining trapped particles by eliminating bounce averaged radial |
drifts

e Departures from axisymmetry can produce trapped particles with a radial
component to the drift

_ /AN 1 8J. ydoN 1 O
o J = fvds; <dt>_ Zems 000 (G ) = ~Zem; 5

e If J = J (1) then ¥ = 0 and the particle does not drift off a flux surface

Classical Stellarator Optimized Stellarator

e With optimization, trapped
particles can be confined
e Demonstrated in practice by
W7-X, HSX
Pictures courtesy of IPP-Greifswald,
Germany
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Background
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Alpha partlcles are a driving factor for stellarator reactor design
0.20 e ARIES-CS predicts 5% 0.35—rrrm
Alpha Energy loss F =

(Vol. =450 m3, By =5.6 T)

e Henneberg shows new QA
with particle loss ~ 6% loss

at mid-radius
(Vol. =1900 m* at By =5 T)

e Lotz (1992) 3% loss for QH
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These loss values are too high or machine size/aspect ratio are too large

We need to do better!
Mau FST 2008, Henneberg NF 2019, Lotz PPCF 1992
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Optimization
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e How to optimize stellarators for energetic particle confinement
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Optimization
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' Optimization procedures can find improved stellarator configs

Define a boundary: R =3, , Rnncos (m0 —nQ), Z =%, , Znnsin (m — nQ)

e Define targets
to optimize and
set weights for

Set target “GQuess” an
metrics and initial
weights configuration

targets
e Solve for b::i::tw Sowefor Caluate
equilibrium, shape (VMEC, or...) functions
evaluate target
functions e [ S ]
e Perturb R,Z in changes shape

an optimization
scheme
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Optimization
0000

Quasisymmetry improves confinement of all particles

Tokamak or QA QH
6 y
w4 ,
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, F i
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tor. angle tor. angle Largest modes in Boozer Spectrum
e Perfect quasisymmetry will confine all particles o0 = —
e QS deviation (4 field-period QH): [
P s
—— n=4, m=2
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Optimization
0000

', attempts to align J contours with flux surfaces

o [', ~ ZE/;L Zwells fb arctan’ (<¢>/<9>) i

T'. is related to the ratio of the average radial drift, to the average poloidal drift;
ie.if.=0,J=J(v)

e Minimizing I', should improve energetic particle confinement
Nemov provides algorithms for calculating (+)) and (6)
Use I'. and QH deviation as optimization parameters

Nemov PoP 2006, Nemov PoP 2008
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Optimization
000e

| Optimization produces different configurations to test EP
confinement
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Optimize for QHS and T,
What are the important metrics for alpha particle confinement?
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Q Towards eliminating alpha particle losses in stellarator equilibria
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Results
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Evaluating configurations for alpha particle confinement

e Scale equilibria to ARIES-CS size (450 m?,
56T)

e Generate randomized spawn points, such
that the probability of finding particle in
volume element dVy o J (s0, 0o, ¢o)

e For each particle generate a randomized
isotropic velocity

e Follow for 200 ms or until particle crosses
the LCFS
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Results
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Optimizing for I'. and QHS reduces collisionless losses to reactor
relevant levels

Loss fraction for alpha particles
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e Prompt losses entirely eliminated in best performing case
e In best case losses below 1% within s=0.3

Bader JPP 2019

A. Bader 61st annual meeting APS-DPP, Ft Lauderdale, USA 9/16



Results
000000000

' Loss reduction appears mostly at trapped passing boundary

loss count

loss count

Loss vs. pitch for alphas, t = 0.2s
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Most losses occur near the trapped passing
boundary (dashed line)

The best confinement case sacrifices
confinement of deeply trapped particles to better
confine particles near the trapped passing
boundary

If p = p(¥)) and alpha velocity is isotropic, then
fewer particles will be born deeply trapped than
at the trapped passing boundary
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Results
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cefr IS NOt correlated to improved EP confinement

3/2
eff

e Previous configurations (such as NCSX) were optimized to reduce et

e In 1/v (low-collisionality) regime x ~ ¢
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Results
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Coil effects compound energetic particle loss issues

e Some stellarator configurations are difficult to reproduce with coils
(Landreman NF 2018, Paul NF 2018)

o Additionally, coils also introduce ripple terms in the harmonic spectra

e Coil-ripple is a non-axisymmetric problem for tokamaks also (Shinohara NF
2003, Shinohara FST 2006, Tobita PPCF 2003)

(a) No FSinserts (b) With FS inserts
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' New coil algorithms greatly improve performance
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Midscale experiment can advance stellarator knowledge

e Phased approach begins at
1.25 T, upgradeto 2.5 T

e Physics goals: Control
turbulent transport,
demonstrate good EP
confinement, validate
non-resonant divertor concept
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| Param. | Initial | Upgrade |
R(m) 2.0 2.0
a(m) 0.3 0.3
B(T) 1.25 25
ECH (MW) 0.5 1.0
NBI (MW) | 0.0 1.0
n (109 m=3) | 0.15 0.9
T, (keV) 3.2 25
T; (keV) 0.3 25
3% 0.7 15
vF 0.4 0.04
7E (8) 0.06 0.13
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:

A Mid-scale experiment can close gaps in stellarator research
Alpha losses for ARIES-CS scale device

] - = .
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. = 6 —=— QHS-opt
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e EP losses almost entirely eliminated

at s=0.2

e Turbulent heat flux reduced by
factor of ~3

e Non-resonant divertor
See also D.T. Anderson (BP10.00066 Mon.)
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“New stellarator configurations can solve the alpha particle
confinement problem

¢ Alpha particle confinement is a key gap for stellarator designs to date.

e New optimization with T, and quasihelical symmetry can reduce energetic
particle losses to reactor relevant levels.

e Experimental confirmation, at the midscale size, is possible and such a device
would help advance the stellarator concept towards a demonstration pilot

plant.
See Also
e D.T. Anderson (BP10.00066 - Mon.) e L. Singh (JP10.00037 - Wed.)
e C.C. Hegna (BP10.00055 - Mon.) e |.J. McKinney (UP10.00015 - Thurs.)
e T. Kruger (BP10.00065 - Mon.) e B.J. Faber (UP10.00017 - Thurs.)
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