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Milestones and deliverables p—

e TSVV1 sub project D2.3, D2.7:
Use HAGIS as a full-f code with non-linear collision model

for calculating the bootstrap current in the pedestal

e D2.3: First version of full-f HAGIS code available, due: 12/2022
Full-f code with linearized collision operator - ready in 2021

Full-f code with improved (non-linear) collision operator - this talk

e M2.11: Extend delta-f neoclassical studies with HAGIS to full-f, due: 12/2022

e D2.7: Neoclassical bootstrap current studies with full-f HAGIS code
in support of GK studies, due: 6/2024
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Full-f code with linearized collisions (last year)

FUR PLASMAPHYSIK s

e HAGIS: integration of equations of motion in Boozer coordinates, variable time steps

e Full-f: all particle have the same fixed weight
Number of particles in real space grid cell is porportional to the volume

e Full-f: particles are created with a Maxwellian velocity distribution

(with a finite flow velocity for shortening the transient phase)
e Separate simulations for ions and electrons as before

e Linearized Coulomb collision operator
Each particle collides with a Maxwellian distribution with the same flow velocity

and temperature as the actual distribution function (in moving frame)

e Full-f code requires for low noise much more num. particles than delta-f code,

particularly for electrons (flow velocity < 1on thermal velocity)
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Fokker-Planck collision operator

FUR PLASMAPHYSIK s

Collisions of particles of species a by particles of species b:

Can(fas fo) = —Vabo U—%va ' Kl + %> fa(v)Voy Hy(v) — %va ' (fa("’)v’vv’v Gb(’“))]

Uz myp
Rosenbluth potentials:
fr(w) Z2Z§e4nb InA
G — / - d3 H — d ab) — a
h(v) flw)lv —w|dw  Hy(v) oY Y irelmil,

AHy(v) = —47 fi(v) AGy(v) = 2Hy(v)
For collisions within a species, C,, is a nonlinear operator for f,
Calculating the Rosenbluth potentials numerically is time-consuming

For avoiding this, f,(v) is approximated by an analytic expression [Donnel et al.
PPCF63]
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Approximation of the distribution function

FUR PLASMAPHYSIK s

For calculation of the Rosenbluth potentials, f(wv) is approximated by

< 5 mv-V  mv-q muv* mV*> muv*
— 1 _ [ 17
f=fule) ( T nT? ( 5T> 2T 3T

(first 4 terms of polynomial expansion of f/f/)

e Due to strong anisotropy in the plasma, we can assume V' = Vb, q = qb:

2
. nexp(—5F moVy  mu 2\  mV? 2
i ( 2T)(1+ Vi _ mo g (1_mv> n (1_’”%

(27T /m)3/? T T nT 5T ) oT 3T

e This approximative distribution function has the properties:
2

_ . muv° 5 ~
/fd?’vzn /v|fd3v=nV| /v|<7—§T>fd?’v:q|

[ ; |
/vafd?’v = n(3T + mVH2> but: /mvﬁfd?’v = n(T + ngHQ)
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Approximation of the distribution function (2)

FUR PLASMAPHYSIK s

e The scattering is done in the frame moving with the field particles

e In the frame with V), = 0 the distribution function (5.2) becomes

RN S L T R T
fo = fou = fu(v9) (1 T T, (1 5T )) (6.1)

e This corresponds to a modified shifted Maxwellian in the lab frame

mp(v — bV)*\ [ (o) = Vi) app ([ mu(v — bV]p)”
2Tb ! Tb anb ! 5Tb (62)

Jor = fM exXp <—

e Advantage of calculating the collisions in the moving frame:

Expressions for friction and diffusion coefficients are reduced
V|, does not have to be small
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Scattering in moving frame: friction

FUR PLASMAPHYSIK s

e Coordinate system with v = ve, (before collisions)

eb=B/B=(y/v)e.— (vi/v)e, e, =e,Xe., v =v b v =|vxDb

m 2222647?,[) InA b
Fa — a ]. —a Fy FZ z a — a b ¢ 7.1
b= Vad ( i mb> (Faey + Tae:) Va0 dmegmivg, (7.1)
F'(sp) U .2 vi 2 241,
z — _ 2 _1 a Sb — 7.2
ab b s3 U v (255 )v%b ﬁe o T, (7.2)
3
v, VR 2 2 v v
Fy — a Sb = — a = ——— 7.3
“ “le U U%) VT 6 o UT, ’ v, 73
[Donnel et al., NF63]
/ 285 _g2
F(sp) = erf(sy) — spert’(sy) = erf(sy) — —=e % (7.4)

/T
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SCatte”ng In mOVIng frame dlfoS|On MAX-PLANCK-INSTITUT

FUR PLASMAPHYSIK s

ab 72 72e*n; InA\,
oDy = vy | 0 DW D% Var = == pC T 2l (8.1)
z 2z mTEZM LU
0 ng ab ! Lo
G(sp) H(sy) — G(sp) + F(sp) 2q)o
vy 2 _ yax o
Dab (V) 82 — quUH 82 = LUy qu = 5anb (8.2)
H — G F
Dij = A so=-—  (83)
S, uT,
H H(s)) — G F 22
=y <§b + 2up) ( ) <§b) S v? 6_‘92) Sp = -z (8.4)
s3 s3 v, VT vT,
[Donnel et al., NF63]
1 1 erf(sp) 2 0
G(sp) = erf 1 —— % Hi(sy) = — % 8.5
(sp) = erf(sp) ( 23%) + - e (sp) 32 Sbﬁe (8.5)
3erf 3+ 257 2
H(sy) — Glsy) + Flsu) = ) 3520 o i) —enf(sy) — e (86)

257 Sp\/ T VT
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Equation for (AU)COH MAX-PLANCK-INSTITUT

FUR PLASMAPHYSIK s

dfa
a]; — Z Cab(faa fb) - Z v’U ) (Fabfa — v’U ’ (Dabfa)) (91)
coll b b
3 3
Fab = Vb0 % (1 -+ %) VUH()<’0> 2Dab = Vabo % vav'v Gb<’U> (92)
nyg my Uz

In a PIC code: particle velocities v|; and CH ; have to be changed

Use corresponding stochastic differential equation:
dv

g =T, + IK_ ;dW W : stochastic Wiener process, 2ID ,, = IK ,, IK fb

ab

Av =T At + IK 4, VALR R : vector of random numbers, (R;) =0, (Rf) =1

Av; = (D)t + 1/ (2ID )i AR, if 1D, is diagonal
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Procedure for the scattering

FUR PLASMAPHYSIK s

1. Friction: v, =v + [ At, v, =1,At, v, =0
2. Diffusion:
z: v, =+/DJ/AtR; R;: random number

Yy, <.

1. transform (v, v.) to (v, v3) so that 21D becomes diagonal, 21D = ( )62 )(\) )
3

2. Vg = Vg + \/ MALRy, v3 — v3+ 1/ A3ALR;3

3. transfrom back to(v,, v.)

: 2. 02 2 2 2 _ _ 2 92 9
4. retrieve v, v] © v° = (v; + v, +v7), v =v-b="0buv.+ by, v =0 —uvj
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Collisions: scattering part and correction part

MAX-PLANCK-INSTITUT \(\Z7"
FUR PLASMAPHYSIK T

In a delta-f code with linearized collision operator we have

C(fa, fo) = \0(5@; fa) + C(fara; 0 f) + C(5fgra5fb) + C(fara, fom)

scattering part replaced by correction part

In the full-f code with the approximation f;; for f; we have

C(faafb>: Q(f@fbtl + ?(faa (fb_fbt»J

scattering part  replaced by correction part

The correction part 1s needed for momentum/energy conservation
and for correct momentum/energy loss/gain

Full-f: C(f,, fi) is closer to C( f,, f») than C (S fo, fam),
because fj; is closer to f; than f,;, and the particles scattered
represent the full distribution function f,
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Momentum and energy COnSGrVatIOH MAX-PLANCK-INSTITUT

FUR PLASMAPHYSIK s

Velocity dependent correction for momentum and energy conservation:

Before and after scattering: (V)1, £1) and (V)2, E2), V)| = % v, b= % > UJQ-

Corrections for v and v :

vov AV 1
Avyj = — Co 2 Ay = —AY, AV =V -V (12.1)
Tyl NSV
2 2
: VSAE ] , 3, (3T,
Avf = _%]z-]v?(sv?’ NZA”J = -AE, AE= — Via — o Vii] (122)
J ) J J

Avij — AU? — 2U|UAUH]- — (AUH]-)Z (12.3)

Theoretical changes of momentum and energy (next slides)

ovy; = (A, dvT = (Av?)iP (12.4)
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Average momentum/energy loss per particle

FUR PLASMAPHYSIK s

In the frame with Vj;, = 0 (obtained with (R;) = 0, (R?) = 1):

. F(s;)  2qp [, v] 2 vl
Aot = 10 At <1+ﬁ) _ n o I | 2T 13.1
(B0} ), = Varo mp I S5 STy \ v, ﬁ”igfbe 1D

(AR = oAt [,02 (2 (1 +ma) F(s) 2Eb>

my)  S3 3
2 (5t
——— ((14+— ) (2s; —1)— 1) =t—=e" (13.2)
g\ ) 20 =0
Neglecting qp:
mgy\ F'(s
(AUH>EL% = —U|Vabo At (1 + mb> £3b> (13.3)
o\ 2F
(Av?)g = =0 vt (2 <1 + ) (§b> - 3"> (13.4)
my Sy, Sy
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lon simulation with weak gradients

FUR PLASMAPHYSIK

Characteristic time for ion current: 7. /f; [dj;/dt = (vii/ f3)jier — [ Vii Ji]

0.275 T 0. 245
0.270" % -0.240|
= 0.265 | 0235
S 0260 0230
2 0255 [\ 10.225- kA . .
= 0250 4 0220 4 4 Coefficient for poloidal flow
0.245 10.215
0.240° 02100
00 05 10 15 20 25 00 05 10 15 20 25 30 00+
fut fut :
0220 10,1907 01
0.215/ . f0185 '
F 0210, 0180, 5 -0.2
é 0.205| 10175 4 Ay
= 0200 0170 [ 3 030 4477 \
] ¢ 1 7 I t=0 ! Sauter
, \
0.195 4 10.165 - _ : , ) ,
0.190° 0160 ¢ Pp =0.95 : 04
00 05 10 15 20 25 30 00 05 10 15 20 25 30 086 088 090 092 094 0.6
fut fut Pp

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | ANDREAS BERGMANN | TSVV1 PROGRESS WORKSHOP, GARCHING, 27. - 28. 9. 2022 14



lon simulation with weak gradients

FUR PLASMAPHYSIK

full-f / new coll. op. full-f / simple correction
&
£
<
2
. : 1 01- : : 1
simulation Redl 1 F simulation Redl
0.0E L L L 1 L L 1 L L 1 L L 1 L L L E O.OE L L L 1 L L 1 L L 1 L L | L
0.86 0.88 0.90 0.92 0.94 0.96 0.86 0.88 0.90 0.92 0.94 0.96
S S
15[~
" Chang-Hinton ]
__ 10~ = __ 10 -
[ L 4 2 4
f= simulation IS
= =
5 5 *
05+ = 051 .
I simulation ]
ool . . . . ] o0 . ..
0.86 0.88 0.90 0.92 0.94 0.96 0.86 0.88 0.90 0.92 0.94 0.96
pp pp
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For comparison: simple scheme

FUR PLASMAPHYSIK s

Simple version: correction for momentum/energy conservation/transfer:

e Intra-species collisions: momentum and energy conservation

T T
v — Vi + (v — V) i v — vt i 1,2 : before/after scatt.] (16.1)

e clectron - 1on collisions: momentum and energy loss/gain

(& Te n
Torw = Tor + 2T — Tor) 22 0.752 voig At V2 2 G (16.2)
m; Teo
Teln 3q e
Ve = Vier + (0 — Vjea) Tt (Vi = Vijer + 5n€'Te)0.752 VoAt (16.3)

e This procedure works, but was shown for the linearized operator to be inaccurate
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lon simulation for pedestal

FUR PLASMAPHYSIK

g 8|
0.3% i
: o . 6 ,
E ; simulation ) % 2 i
< 02 E 4L ]
=z =
= . Fo3
0.1 - Red| E 27 simulation §
000 0
0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00
s Pp
150 |
1.0- -
s 05~ 8
, 0.0:
2* nl b L
, 100¢ i
07 O '0.57“‘\“‘\“‘\“‘\“‘7
092 094 096 098 1.00 092 094 096 098 1.00 090 092 094 096 098 1.00
pp pp pp
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Different species: momentum and energy loss/gain

FUR PLASMAPHYSIK s

Energy dependent correction for momentum and energy:
Before and after scattering: (V)1,71) and (V2,13)
After correction: V|, + (AV))ap, T1 + (AT )y,

Theoretical losses of momentum and energy

(AVi)ap, (AT ) gy (18.1)

Corrections for vy and v7 :

V0V ;

Avj; = —AV) = AV =V — (Vi + (AV))w) (18.2)

N J J J

V)0

V2502AE 3T, 3(Ty + (AT) )

Ap? = I AE =222 472 _ ! DL (Vi + (AV)))? ] (18.3
K %Zjvfév?’ m V2 ( m + (Vin + (AV))a)” | (18.3)
Avij = AUJQ- — 2v);Av); — Avﬁj (18.4)
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Different species: change of average velocity

FUR PLASMAPHYSIK s

In the frame with V|, = 0, V), = AV} (4-term approximation (6.1) also used for f,):

(19.1)

34| 1, 3 Tym,
(A‘/H)ab = VAt [—AW 4 qd| my q||b et} ]

Sn,d, T,my + Tym, B Sty T,omy + Tymy,
In the frame with V), = 0, Vj;, = —AV]

39||a Ty, N 3q| Tym,
Sngd, T,my +Tym,  dSnydy T,my + Tym,

(A‘/wba — VbaAt [AW — (192)

Two terms in the expressions from [Donnel et al., NF63] are omitted for obtaining

(AV])ba = — (AV))a

V]ja=0 Vijp=0

For m, < m; terms with g, are very small:

3qe JI . 3q)e
A 6/[; — eZAt 7/ - e — eZAt 1 .3
( VH) g [V| VH * n.1, J g [ene * n.d. (19.3)
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Different species: change of average energy

FUR PLASMAPHYSIK s

In the frame with V), = 0, V), = AV} (f, approx. by fu):

a AV : a
(AE)y = — 0y At {S(Tb ~T,) — (2 ”>2 (2 Ta 3) T, — Ta]
Mg + Ty v, + U7, mp
20, AV X7 a
—3 djp=2 V| . ba . (m _|_2> T, — (3@+4> Ta]
STy, (vg, + va) my My
15 2qHa Qqu X2bXbQ (ma ) ( myp ) ]
@ X N3 (—+4)Ty— |3— +4)T, 20.1
2 50Ty 5Ty (v, + vF,) my, ) myg " (0.1
1, Tym,
X2, = D (20.2)
T, my + 1Tym, T.my + Tymy,
Electron - ion collisions:
XZ~1, X2 ~me/mi, (AV))? < vy, (20.3)
(AE)y = €y At3(Ty —To),  (AT)y = < v, At 2(T; — T.) (20.4)
m; my
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Bootstrap current

FUR PLASMAPHYSIK s

From neoclassical theory:

~ RB, [ (dp. dp;\ DB’ dp. | dp;
o _7{<dw " d¢> (B [<L31 - (dw " d¢>

dT. dT;
Lo np — Layn,;, —
+ 32 M d¢+a RYNL d?ﬁ]}

B dp.  dp; di. dl;
U >:—RO{L31< p p> + L3one + v L3y n; }

B & dp di) di)
LSx — LSx(V*a ft)

e No explicit dependence on the mass ratio m;/m..
e Possible effect of finite electron orbit width, if electron mass is large.

e We can use smaller mass ratio if p,. < L still holds.
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Bootstrap current - simulation with weak gradients

FUR PLASMAPHYSIK

full-f/new coll. op.

1.00

0.25(
0.20"
E 015
< L
> i
% 0.10- -
_‘ i simulation Redl
0.05- .
r m;/m, = 100 96m part.
0000 . .« . oo
0.90 0.92 0.94 0.96 0.98
Py
full-f/new coll. op.
0250 T T
0.20 9%
E 015
< L
= i
= 010/
'_' i simulation Redl
0.05- b
i m;/m, = 100 192m part.
0007 L L L 1 L L L | L L | L L L | L
0.90 0.92 0.94 0.96 0.98
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1.00

Jps IMA/M?]

Jos [MA/MY]

full-f/lin. coll. op.

0.30[

0.25- f

0.20 ¢
0.15¢
0.10|-

0.05-

0.00"

simulation Red .

m;,/m, = 100 96m part.

0.90

0.92 0.94 0.96 0.98 1.00

Po

0257 ‘

0.20°
0.15+
0.10+

0.05

0.000

simulation Redl

m;/m, = 360 192m part.

0.90

0.92 0.94 0.96 0.98 1.00
Po
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Bootstrap current in pedestal

FUR PLASMAPHYSIK

full-f/new coll. op. full-f/lin. coll. op.

0.55 ] 0.55 ‘
04" m,/m, = 360 ; 04" m,/m, = 360
£ 03 192m part. £ 03
Z 02 Z 02
0.1 3 0.1 s
00 00
090 092 094 09 098 1.00 090 092 094 09 098 1.00
pp pp
o, ull-f/new coll. op. ., delta-t/pitch angle scatt.
0.4 m,/m, = 100 ; 04"
= . -
£ 03: 96m part. £ 03
Z 02 | 202
£ n £
0.1 e 0.1 | orppetTTTTE T~
g simulation
0.0: L L L 1 L L L 1 L L L 1 L L L 1 L L L B O-O: L L L 1 L L L 1 L L L 1 L L L 1 L L L B
090 092 094 09 098 1.00 090 092 094 09 098 1.00
pp pp
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S umm ary MAX-PLANCK-INSTITUT f”'

FUR PLASMAPHYSIK

e Improved collision operator for full-f HAGIS simulations was implemented
e Collisions are calculated in the frame moving with the field particles
e New versus linear collision operator: additional terms due to the heat flux

e Corrections for momentum/energy conservation/exchange
proportional to theoretical rates are smaller than for linearized operator

e For bootstrap current a large number of marker particles is necessary

e Currently without noise reduction procedure, but

e smaller mass ratio (360, 100) can be used in bootstrap current
calculation for reducing the numerical noise
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