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What are parallel magnetic fluctuations?

B =Bo +Bi1 + By
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What are parallel magnetic fluctuations?

B =Bo +Bi1 + By

4 )
V1 % B1h = V1B X b = - Z Ji, 1o

\_> [ Typically neglected since B1jjoc ]
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Why should we care about B1?

Significant impact on MHD instabilities (KBM)

Reactor scenarios typically have considerably higher

Higher fidelity is always nice... Especially if the cost is low!
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[T. Gorler, 2013]
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@._ Q,and By included ——

Q =B,=0 ----%---- -

[N. Joiner, PoP, 2010]




Descriptions for By

[ Reduced models ]

:

Cost [ Long wavelength } Fidelity
model

:

v \/

Arbitrary
wavelength model
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Descriptions for By: Reduced models

[ Easiest to |mp|ement 3 —e— D5 and Vp
—_—— B|\ = [], VvB = V¢
25 e Bl\ =0,Vp

= BH.VV/;:V‘..--.-.
S

2 o

e Very low/trivial cost with decent performance

v/ [cs/ Ro

e Most common option*:

0 0.01 0.02 0.03 0.04 0.05

[T. Gérler, 2013]

;
w/ “[Joiner et al., PoP (2010)]

[
[Waltz et al, PoP (1999)]
[Sharma et al, PoP (2023)]
[

[

e Non negligible discrepancies at the KBM g threshold

0.01 0.012 0.014
Graves et al, PPCF (2019)]

Scott, arXiv (2024)] 7
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Descriptions for By: Long wavelength model (k.ps<<1)

Q/BIef Z no, JT'() O’B() f f dUHd:U' /LFl Nes
e Straightforward implementation By = — 0
13 ﬁlef Z Bo.0 To.0 GTO = f’p O'Tp o

2.25

—— Global without B,
2.00r _m— Global with B LW
Global with By

e Good physics at low cost
1.75¢

v/[cs/Rol

e What is long wavelength?

0.000 0.005 0.010 0.015 0.020 0.025
Bref (r/a=0.5)

[Sheffield, et al., PPCF (2025)]
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Descriptions for B+: Full wavelength model

Cyy

e Coupled system with ¢ (c
21

e Higher cost and highest fidelity

[Wilms, Merlo et al., CPC (2025)]
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Parallel magnetic fluctuations in GENE

e Gyrokinetic delta-f code

e Extensively validated in the core

e Field aligned coordinates; can’t cross the separatrix

[genecode.org]

e Capable of running linear and and nonlinear
simulations in local and global settings.

10
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Parallel magnetic fluctuations in GENE global

results, but what is long wavelength? —_—

Long wavelength model gave promising
[ and reduced models

We compare the full, LW J

Perform 2D scans to
find validity region
using Miller geometry

11
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Parallel magnetic fluctuations in GENE global

Long wavelength model gave promising [Sheffield, et al., PPCF (2025)]
results, but what is long wavelength?

0.14} M Unconverged values 0.14} M Unconverged values

0.12 0.12
__0.10 __0.10
n n
o o
I 0.08 I 0.08
2 2
% 0.06 % 0.06
o (oo}

0.04 0.04

0.02 0.02

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
kyps kyPs
Full model vs LW Full model vs reduced model

| Criteria: Relative difference [y,/y,-1/>0.1 |
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Parallel magnetic fluctuations in GENE global

[Sheffield, et al., PPCF (2025)]
What is k.ps<<1 in this case?

kyps =0.107 kyps =0.306 kyps = 0.703
1751 —e— full By 14 —e— full B 0.50+ —&— full B
—e— B LW ’ —e— B LW —e— B LW
150" —e— B;=0,ves=Vvc —e— B =0,vgs=Vc 0.45| —* BI=0,vys=vc
1.2} )
1.25
0.40
= S 1l0f i)
2 1.00 € 4
O o =
= = = 0.35F
> 0751 >0.8 >
0.30F
0.50} 0.6
0.25}
0.25} 0al
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
Bref (r/a=0.5) Brer (r/a=0.5) Bref (r/a=0.5)

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | FACUNDO SHEFFIELD | 18.06.2025 3



Parallel magnetic fluctuations in GENE global

@DEX
Upgrade
[L. Radovanovic et al., NF (2025)]

AUG#38472

700
600 A
500 1

e " . . ;
And how about a more realistic case” AUG #38472

10| | 5 400-
i = 300 -
[ Low Shaplng 6up=0.10, xk=1.6 ] 2004 low shaping
""" 100 1 high ;;;lr?;
t=5.3-5.5s
0.5} 700
Fix B while 600 - B
reducing heating ; 500
% 400 -

1% 300 1
200 1
100 1

J

| High shaping 6,=0.25, =1.7 |

c)

ne [10°m?3]
IS o

-1.0¢
2
, % ) >| \ ) ) ) 0 . .
1.0 1.5 2.0 2.5 0.94 0.96 0.98 1.00
ppol
R [m] 14
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Parallel magnetic fluctuations in GENE global &

And how about a more realistic case?

Bj comparison, low shaping #AUG38472 B} comparison, high shaping #AUG38472
10 — with B, —— Reduced model
— Reduced model — With B
— NOB" 2.0r = NOB"
8 L
_ _15¢
z o S
Z Z
o Al o0l
2 0.5
Brer=0.0021 Ber=0.0019
Os6 0.88 0.90 0.92 0.94 0.96 0.98 %886 0.88 0.90 0.92 0.94 0.96 0.98
x/a x/a
Up to ~100% increase Up to ~20% increase
vs no By vs no By

[ Impact of B+ can be substantial and seems case dependant ]

pol
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Summary and Outlook

*
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Several approaches can be used to model parallel magnetic fluctuations in
global codes.

Mutual agreement between long wavelength and arbitrary wavelength
models.

Long wavelength model valid up to considerably high kypsvalues.

Simulations on realistic scenarios reveal B+ can have substantial impact
depending on the case.

By implementation on GENE-X currently ongoing

Code benchmarking (ORB5) is being pursued
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Summary and Outlook

*
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Several approaches can be used to model parallel magnetic fluctuations in
global codes.

Mutual agreement between long wavelength and arbitrary wavelength
models.

Long wavelength model valid up to considerably high kypsvalues.

Simulations on realistic scenarios reveal B+ can have substantial impact
depending on the case .

By implementation on GENE-X currently ongoing

Code benchmarking (ORB5) is being pursued
Thank you!
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Parallel magnetic fluctuations in GENE global

What is the nonlinear impact of By on transport?
We would expect similar behaviour to linear results

Nonlinear simulations —»

s no =19 (ky = 0.3)

—&— Global without B, :
| —m— Global with B LW |

1.75 Global By

2.00

KBM

=

U

o
T

Y/[¢s/Rol
=
N
(6]

=

o

o
T

|

o

N

Ul
T

0.50F F—m0

0.25F1
increased computational costs

[ We use the LW model to avoid ]

0.00

0.000 0.005 0.010 0.015 0.020 0.025
Bref (r/a = 0-5)

18
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Parallel magnetic fluctuations in GENE global

Nonlinear simulations

2000

1750

15001

Q/QgB

7501

500

250

B =0.01 B=0.016

1250

1000

3500
— Global By, —— Global By,

—— Global no By,

3000 - — Global no B”

500
2500}
400
300 |- o 20001
<2
200 o 1500 |
100
1000 |
0 4(;0 660 8(‘)0 10‘00 12‘00
Q G H 500
200 200 600 800 1000 1200 % 50 100 150 200 250
t/[cs/Rol t/[cs/Rol
No significant impact Transport doubles
of B4 at low with By at high B

[ Correlates well with linear findings ]

19
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First nonlinear results

B =0.01 [Sheffield, et al., PPCF (2025)]

—— global B, 1.2¢ —— global By
--- global no By —--- global no By,

Qes/QgB
Qem/QgB

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

No significant impact
of B1|| at low B

20
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First nonlinear results

B =0.016 [Sheffield, et al., PPCF (2025)]
140
—— global By, global By,
120 --- global no B, -== global no By,
40
100
30
g 90 3
< g
< 60 S 20
40
10
20 _—y
__________________ .
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 0.7
kyps kyps

Transport doubles
with B+ at high 8

21
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Verification - Long wavelength model

e ) . [Sheffield, et al., PPCF (2025)]
Verification done by taking to local limit as ¢*—0 S

Bref = 0-025, kyps = 0-30

[
2.0F
[
|
1.9+ ® global without By,
[ ] B global with By,
';‘o 1.8t — local without By,
E — local with By,
1.7}
O
°
1.6F °
15 [ )

2(I)0 360 460 560 660 700 800 900
1/p"

LW model follows the expected trend
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First nonlinear results

Spectra for AUG comparisons

B comparsion, low shaping, AUG38472

6y —— With By
—— Reduced model

5r —— NoB |

4 -
o o
[G) [G]
o =l o
=~ 3 ~
o o

2 L

1 -

(9.00 0.25 0.50 0.75 1.00 1.25 1.:‘30 1.75
kyps
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B comparsion, high shaping, AUG38472

— With B
—— Reduced model
— No B||

0.2 0.4 0.6 0.8 1.0 1.2 1.4
kyps
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Additional information

On the fluid approximation for By:

2 P
U (q VBy 3, Vpo
g (B[R
e
VVBy = mBO x VDB
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v/lcs/Rol
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T

Y/[cs/Rol

=
o
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o
T

kyps = 0.306

—e— full B”
—— BH LW

—o— B =0,vyz =V

0.00 0.01 0.02 0.03 0.04 0.05
Bref (r/a=10.5)

kyps = 0.703

| —e— full B”
—e— B, LW
| —o— BH:O.VVB:VC

0.00 0.01 0.02 0.03 0.04 0.05
Bref (r/a=0.5)
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Additional information

Frequencies of 2D scan:

Full scan (frequencies)

I Unconverged values

Bref (r/a=0.5)

025 050 075 1.00 1.25 1.50 1.75 2.00
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Additional information
Validity region, new threshold (5%)

0.14 F M Unconverged values 0.14 | M@ Unconverged values

0.12+ 0.12
0.10 __ 010
n in
o o
I 0.08 I 0.08
g g
mE. 0.06 ‘;,_; 0.06
0.04 0.04
0.02 0.02
2.00 . A X 3 : . 2.00
kyps kyps
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Additional information

[Wilms, Merlo et al., CPC (2025)]
Numerical implementation of the gyrodisk matrices:

Glui(x,y,2)
27
~ Zﬁky’n(z)eikyy(x)% / A, (x(X) + p(©) - Vx(X)))eyPO VX 4
ky.n 0
=3 G, -0, @
ky y y
2r H
1 ik, [p(©)-V _ / /
Ok, ij = g/ A(x; + p(®) - Vx;)e™y POV 4@ gD,ky — gky('u Yd u
’ 0

27

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | FACUNDO SHEFFIELD | 18.06.2025



Additional information

And what about local simulations?

25000 F
—— Local By
—— Local No B
20000
15000 |
S
o
o
10000 |
5000 +
O =
100 200 300 400 500
t/[cs/Rol

Local simulations present much more heat flux than global
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Nonlinear simulations

500
—— Global B”
—— Global no B”
400}
300}
2
<
S
200}
100
0200 600 800 1000 1200
t/lcs/Rol

— Not ideal for KBM studies!
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Additional information

The gyrokinetic ordering:

A e oAn By o aVR
b T c Te B é B
piVB "
R B
ki W o e B
k. ~ € Q w

.Why delta f works even at very high values?

We compare n: not Q. n1 is small due to the
sources fixing the profiles.
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Vlasov equation

8Fi, _ p 9F1 0
= [vbo + (vx + veB + V¢)] - VFi0 + ;;bn -VBy v,
mev? /24 pnBy 3
— Ny Vin(ng,) + Vhl(T()‘g) (;7 i M.o
an\l.o’ p
- [erb() + (vy +vyB + vc)] -VG{yn} (2.7.3)
4oV Fae 99{Ay} 9oV ,
¢ Toe ot VEo (VFL” ¥ c Vo4, I})
m,,zrﬁ /2+puBy 3
—(veB + Vve) - |VIn(ngs) + VIn(Tps) T . 3 Fro.

[F. Wilms, PhD thesis (2024)]
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Additional information

Some normalized units definitions

" " pref
Mg = MyefMy | do = €qo; pref - Z )
ref

10,0 (X) = Reefflo, o (X0) fip, o (X) ; Tor (%) = refTOU xo)T

Tref r
u= B To,0i; V|| = CrefVth,o V|3 Cref =
C

5 Bref . ’6 _ Bref
Op = —=——0Up; D=—F———
Thet TO o (xO) Tret TO e (xO)
Nyef nO o7 « Mref ;’0,0' ~
Fme = 35 FMm,o; Flo = pret3 =3
ref th o ref "th,o

* ref . % = .

¢l =pref ¢lv Bl,ll —prefBrefBl’”’
3 "3

—dV“d

% Bodiy dja,
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2TO o,
Vth o=
V My
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no=6 (ky ~0.1)

Additional information 251 —e— global without 8y r

—#— global with By, ‘/
e 2.0} -e- local without B /”
Some additional results o ’ »
—#- local with By
— 1.5
<
)
=10}
0.5
{
» E i
» 0.0 | , ; P i i
', 1 0.000 0.005 0.010 0.015 0.020 0.025
Brer (r/a=0.5)
Bref =0.025, ky=0.1
2.4r
[ ]
2.2 ]
[ ]
— 2.0F
o
-
S °
> 1.8+
. °
18l ° ® without By
' | | with B”
—— local without B”
Lar - —— local with By,

200 300 400 500 600 700 800 _ 900 31
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