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Background

e DT fusion produces 3.5 MeV alpha particles that must be confined

e (Collisional slowing-down time is ~ 0.1s; alpha speed is ~10"ms~!
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e Magnetic field has nested
toroidal flux surfaces

e But passing-particle orbits
display islands

e These ‘drift islands’ could be

a source of enhanced alpha
transport in stellarators
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Plan

1. Understand why drift islands arise in passing orbits near rational surfaces
2. Calculate drift-island shape analytically
3. Understand effect on trapped particles

4. How to optimise a stellarator to remove these islands?
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Orbit-width estimates

1. Irrational surfaces
e Particles sample the entire flux surface
e Their radial drifts average out after time ~ L /v

e In this time, they can drift radial distance ~ p, L

Contours: B = const.
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Orbit-width estimates

2. Rational surfaces

e Particles do not sample the entire flux surface

e Their radial drift can have a nonzero average

Contours: B = const.

Poloidal angle 6 |

B Toroidal angle ¢



Orbit-width estimates

3. Nearly rational surfaces

e Particles eventually sample the entire flux surface but
it takes a long time

e In this time, they can drift radial distances larger than
~ p*L

Poloidal angle 6 |

Contours: B = const.
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Orbit-width estimates

e Time to migrate across rational surface:

~(1/A0)(L/v)

e In this time, the particle drifts a distance

w ~ (pv)(1/A0)(L/v) (1) = Contours: B = const.

e Af increases linearly with distance from rational surface: Qi
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AO ~ s(w/L) (2) =
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Plan

1. Understand why drift islands arise in passing orbits near rational surfaces
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Plan

1. Understand why drift islands arise in passing orbits near rational surfaces

2. Calculate drift-island shape analytically
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Calculation oforbits on irrational surfaces

e In an omnigeneous stellarator or tokamak: v, = ¥ + O(p41) = const.

e Look for a similar quantity for general stellarators: v, = 1 4+ A(v, 0, () = const.

e Guiding-centre equations: ~ P
d¢ . v do ~ v dv
— ~ b . ~ — _— . ~ — — ~ 21 .
a = Ver g ar b Ver g dt |
1 -

where v = o/2(E — uB), v4= ﬁb X (vﬁn: + /JVB)

dyn _ i al il ;

1 — ’UHb . VC [89 (ﬁB . 8433) — 8C (EB . 8933)} + ’UHb . VC (8(& + L@gﬁ)

- dy _dA

T dt dt
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Calculation oforbits on irrational surfaces

e Need to solve a magnetic differential equation:

05(AB-0w) ~ 0 (B Oyx)| +(0cA +10y8) =

NG >y
~

=V

' i(4 o
e Result: Yy = ‘?’%@ Y, whird- ZV 126(%% by eeerao)
p

(p,q)€ Z2 q (p,q)€Z? (p,q)€Z?

e Problem: this series generically diverges at every rational surface!

v v
l%(”B ajl L“B %w (OcA + 19pA)
e Solution: spli % Who ‘ ' [T Arnold 1963

ultraviolet cutoft’

‘low-order’ harmomcs ‘h1gh order’ harmonics: chosen so that Vi, ~ pV
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Theory vs. simulations  v.-v+ ¥ ke
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Calculation of orbits on rational surfaces

e Consider a rational surface ¥, with ¢(¢,) = N/M

A 711 = const
Use coordinate: n =60 — (N/M)( :
e Guiding-centre equations: O(psv/L) :
dy an _ : AP
T — g - 1 — ) oyb - !
=0 VY =iy )Tv” V(+ oy ) c

O(v/prv/L) S
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Calculation of orbits on rational surfaces

fronrbefores

e Consider a rational surface ¥, with ¢(¢,) = N/M
Use coordinate: n =60 — (N/M)(

e Guiding-centre equations:

d d / 7
d_lf = vq- Vi, d_z = 1 (¢p — ) vyb - V¢

o =t s f Rl Aged
o Transit average: (...), = — : = :
© on S |y UK

dap mc mco dn 2ra Ml (v — ;) mco
8 II‘ — I —_ — ! '/ — _ I
< dt > Zeti Z et T < >t T ZeTty Oy

MZ
20— ay)?
TTnC

a7 de) dn
— (2) (2 s (20) o |

where I.(n,&,u) = f lo|dl, o =sgn(v), IT=ol —




Plotting drift iIslands using transit invariant

Plot of I.(n, &, 1)

e Particle orbits are levels sets of 7: 11E !
MZ 10.5
oL (n, €, 1) — 251 (1h — ¥y)? = const. :
mc 10 E
~[mceo[l(n,E,p) — I (e, &, )] 9.5
— ¥ wr_\/ TMZel! 9k

Invariant first derived for devices with ¢ < 1: Contour

[ | I [ | [ | [ | -
of Z(¢,n, &, p, o)
Hastie, Taylor, Haas 1967 - -

02}
]< |

e Orbit topology same as pendulum
phase portrait

e Co- and counter-passing orbits different!

Co-passing

Normalised ¥ — 1, Normalised I;(n, &, u

Counter-passing




Theory vs. simulations

100keV, = 0 alphas in reactor-scale W7-X

ASCOT)5 simulation

Theory
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Theory vs. simulations

3.9 MeV, u = 0 alphas in reactor-scale W7-X
ASCOTS5 simulation Theory
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Tangential drifts shift islands radially

N Rotational transform vs. radius
SS '\
2
D
-
CG 3
% N/M----/-—’-—”—— —————
3 , ‘
O
am
>
B Toroidal angle ( P (8

| Drift-island shift understood in other contexts, e.g. runaway electrons:

de Rover et al 1996, Matsuyama et al 2014, Zweben et al 2021 29



Tangential drifts shift islands radially

Co-passing particle

Rotational transform vs. radius

Poloidal angle 6

B Toroidal angle ( ¥y (02

A Drift-island shift understood in other contexts, e.g. runaway electrons:
de Rover et al 1996, Matsuyama et al 2014, Zweben et al 2021
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Tangential drifts shift islands radially

Poloidal angle 6

Counter-passing particle

Rotational transform vs. radius
I & >
Toroidal angle ¢ I ¥y (02

| Drift-island shift understood in other contexts, e.g. runaway electrons:
de Rover et al 1996, Matsuyama et al 2014, Zweben et al 2021
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Higherorder adiabatic invariants

e Recall that we dropped tangential drifts:

d d / 2
d—?fzvd'vw d—Z=Lr(¢—wr)vnb°VC+N7

e To include tangential drifts, need higher-order adiabatic invariant

e Continuing our expansion in /p, < 1:

Z(,n,€¢) = Z(p,n) + I (4,1, ¢) + TM (b, 1, ¢) + . ..



Higherorder transit invariant

Lowest-order invariant Island shift due to tangential drifts

T4 0D =\ (m, €1, 0)| [ — ) 2t (g - Vi,
~mMZe TMZe i Shear changes
(=407 3me P (4 =)’ with radius
Ze , /C ('Ud V¢> /
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Theory vs. simulations: higher order

3.9 MeV, u = 0 alphas in reactor-scale W7-X
ASCOTS5 simulation - Theory
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Theory vs. simulations: even higher order



