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Runaway electrons

m Electrons with p > p.
accelerated if £ > FE,
P="5

m In disruptions: runaways
accelerated to £ 210 MeV
< p 220

m Runaways may damage
fusion power plants

| F)[ 1

>

Net acceleration

p
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Runaway mitigation

m Dissipate runaways: inject heavy ions (a) massive gas injection
(e.g. massive gas injection), typically
Ny, > Np

m Cold plasma: weakly ionized impurities

m Experiments: more effective than
predicted’ SRR

m Previous work: no kinetic simulations, Hollmann et al., PoP (2015)
use simplified models?—*

"Hollmann et al., PoP (2015)

2Kirillov et al., Fizika Plasmy (1975)
3Zhogolev and Konovalov, VANT (2014)
4Martin-Solis et al., PoP (2015)
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Generalized Fokker-Planck operator

e 19 Ofe
qest:VDg(fe)'Fp_ga_p[p?)(VSfe"" —V\\P%)}

mean
electron Cross

bound @ @

density section excétﬁgﬁgryl
\ Form / Bethe 4/
factor stopping power
formula

elastic collisions
inelastic collisions

partial screening
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Elastic collisions v§

Cross section® in Born approximation, valid for v/c > Za
do; 2\ [cos?(6/2)p* —1
= o 1%~ Fy(g)?
ds 4p sin(0/2)
Form factor: Fj(q) = /p&j(y«)e*iqr/ao dr

g = 22sin(/2), Z: atomic number, Z,: net charge

Limits:

Low energy |Z — F| — Z,: complete screening (usual case)

High energy |Z — F| — Z: no screening (interaction with nucleus)

S5Landau and Lifshitz, Quantum mechanics: non-relativistic theory (2013)
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Elastic collisions: density and form factor

From density functional theory (DFT)

103 wen ArT (4 REEETTT ., wen Art
Ar2t 15 Ky Ar?t| |
=—Ne™ s = Ne™

0 1 2 3 4 1072 100 fdf o 154
7 lao] 2p/a
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Elastic collisions v§

; ; 1 9;(p)
et et 72 J
VD =Vpes| 1- S n, 22 E :nJZO,j In A

j n; 0.7 3 n
completely screened / J

collision frequency

DFT simulations

mnm7



Elastic collisions uf;'

e 1 2 9i(P)
VD = VD.cs (1 + S n,Z2 anzo,j ljnA
completely screened / i J

collision frequency

Full formula

gj(p)z/()l(%_l)i_x

DFT simulations

mnm7



Elastic collisions uf;'

et el 1 g(p)
VD = VD,cs (1 + W anzg,j ljnA
Ja |

completely screened / 0. J
collision frequency \
Full formula TF-DFT model
2 .
- [(Em @ Ndz | g = S(X7 - Dy 1)
9i(p) = 7 1 3 i
0 0, x 2 3/2
2 (X;—-1) Y,

/ 3 y?/Q—l—l

X;=2j/Z,;

effective length @ ;

y; = 2a;p/a
DFT simulations

mnm7



Enhancement of deflection frequency

m Compare to completely 102 | [ TE-DET| e |
screened v§ o DFT e
+ R
m Excellent agreement ﬁr%
. — AT ~
with full DFT Ng\ /
u p>>1:VBi/V1€)i,CSN i 10! ::
(Z]Zy)* ~ 10° < £/
m Significant effect already J
atp ~p.~0.1 .:'j
Y
107 bosastt

102 100 102
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Inelastic collisions »¢*

m Commonly used Rosenbluth—Putvinski rule of thumb®:
V§Rp R Vs {1 + % > ane,j/ne}

m Bethe stopping power formula’ (valid for p > 0.03; matched with
low energy asymptote)

ve = yg‘fos{l +Z njlnA [ ln(l —|—hk) 62}}

h; = p/y — 1/I;, I; mean excitation energy, k = 5

8Rosenbluth and Putvinski, NF (1997)
"Bethe, Annalen der Physik (1930)
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Enhancement of slowing-down frequency

m Transition around —Botholike
p = 0.02 RP o
. 11 ‘-“' ]
m RP model inaccurate for L Ty
b 5 0.1~ Pe N - Ar’t .“. -
%9 N ‘—’—
N > P g
~— » (d
8 K
S ',
Y4
H ’
"
:'
M
I
10() _._." N
102 10° 10?
p
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Inelastic: enhanced critical electric field

m Effective critical field 40 — V'S (BetheTike)]
from force balance: — CS + InAq
eEceq = min[prs(p)]

m Constant In A and no

screening effects:

E _ nee3lnAg
¢ 47re(2) Me 2

friction, [(eE.)™!]

N

_. N s e s s o
10° 10t 107
p
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Inelastic: enhanced critical electric field

m Effective critical field
from force balance:
eE e = min[prs(p)]

m Constant In A and no

screening effects:

E. = e e31nAg
c 47re(2) Me 2

m Significant effect from
energy-dependent
InA =InAg+In(p/pr)

160
nar/np

102
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Inelastic: enhanced critical electric field

m Effective critical field 25 —
from force balance: = full vg (Bethe-like)

R | |[=RP + InA(p) .
e B o = min[pvs(p)] 20| hp T /
m Constant In A and no === CS + InA(p)

screening effects: )
E _ nee3lnAg ~
¢ &=
)

Q

=

47re(2]m5(;2
m Significant effect from
energy-dependent
InA=InAy+In(p/pr)
m Large enhancement
due to partial
screening
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Simulate dissipation of runaway beam

10 af.
m Implemented in Qv Z11e) Fa*p[ﬁ(”éff* PGy
Fokker—Planck solver
CODE?® bound @ .
m Test case: (%i‘ ‘553/??1011 excggggx;
m Initial distribution tactor m%e;%%%owler
using constant, high
E-field
m Compare different
models

elastic collisions
inelastic collisions

partial screening

8Landreman et al., CPC (2014); Stahl et al., NF (2016)
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Effect on distribution function

Collisional deceleration
of initial beam-like
distribution.

Contours of log,,(F),
F=2mm.T)*?f./n,

-
-

--=-initial distribution |7

complete screening

== sclastic e

=clastic + inelastic
,1:\

s —
-~

gt
Ly b,

Parameters: 25 ms collisional deceleration 7' = 10 ¢V, Art with density

nar=np=102 m=3, E=2E,, B=4T
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Current decay

m Same initial distribution as previous figure
m Bands represent ny, €[0.5 np,100 np]

N

EE = clastic + inelastic
(.4 f|==relastic

EE «== inelastic

A inelastic RP
complete screening

1

O 1
0 10 20 30 40
nart [102° m~3 x ms]

<
(V]
T
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Self-consistent E-field [1/2]

m 0-D inductive electric field®

~0] ~ AL  poA

E = —Li _- — A —

ot’ 2rR 2w

m Forward-beamed initial distribution obtained by simulation with
large E-field, Average runaway energy: 17.2 MeV

m Inductance parameter L
- Higher, ~ITER size, I[,=6.6 MA
- Lower, ~DIII-D size, I,=620 kA

9G. Wilkie et al., in preparation
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Self-consistent E-field [2/2]

m Linear current decay:
compare with Breizman
NF (2014):

_'Z;g% =F é; lzc&ﬂ

m Scaling with impurity

density from E_ ¢ > E.

Parameters: T = 10eV, Art with
density na, =4np, np =102 m—3
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Conclusions

m Large effect of reduced screening
m enhanced collision frequencies
m more isotropic distribution function
m faster runaway current
m Derived generalized collision operator from first principles

m Future work: disruption simulations = improved runaway
mitigation schemes?
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Extra slides



Friction

m Friction force F = pvs(p) —full 15 (Botho like)
m For nar = 1lnp, 40 RP + lnA(p) ]
np = 102m=3, T = 10eV 7 RP + InA
gqago ««= CS + InA(p)
O — CS + ln AU
= 20
o
g
S
+ 10}
:"‘"-.... ypEmssEmsEEEEE sEsmmsmEmm
O ) — ‘—-— — I_ —-— [ ] —-— L |
10° 10 102
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Inductance

Full inductance equation: assume a radial distribution of current

oJ LA 0J

V?E = pp— = E=FE, —

ot 2R Ot
Uniform current distribution: L = poR[In(8R/a) — 7/4]

E, : external field

machine AL/,U()R aRE CLRE/CL
ITER 1.57 0.40 0.20
0.14 0.10 0.05
ASDEX-U 0.14 0.12 0.25
DIII-D 1.57 0.61 0.91
0.14 0.12 0.18
TCV 0.14 0.15 0.61

" Jackson, Classical electrodynamics (1999)

19117



Scaling with impurity density

1.6
. . I
m 0D inductive model: '
E(t) = j(t) s
m Scaling with impurity 1.2[
density well described !
by scaling of na,t and -
Ec,eff m» 0.8
~
83 nar=1np
0.6 nar=2np
=1 =4np
0.4 s NAr =8N E
—npr = 160D
0.2F |mmunp, =32np
wen npr=640p
0

0 1000 2000 3000
nait [ms 10*m—3]
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Sensitivity on initial distribution

m Initial energy 2.5 MeV
vs 17.2 MeV

m Both rather equilibrated
in pitch-angle
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