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Tearing mode in plasmas and gyrokinetic PIC method

Tearing mode

« Magnetic reconnection

* MHD tearing mode

« Collisionless tearing mode
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- ORBS5: a global, gyrokinetic, electromagnetic PIC code
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Main stages of an ORB5 time step. The 6-fold scheme differs from the
usual PIC 4-fold scheme because of the introduction of the Larmor ring data

« Gyrokinetic ions and drift-kinetic electrons in this work
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Collisionless tearing mode simulation using ORB5

Equilibrium and simulation setup

« Circular cross-section tokamak geometry 3.75
« Flat pressure profile (VT=V p=0), 8=5E-4 3.50
* Resolution: electron skin depth resolved - 3.25
c s
+ n € [0 30], m € [nq-Am, nq+Am], Am = 5 g 5-00 ¢
O s
 nptot = 4E8 (for each species) "; 2.75 .
: : : © 2.50F
* Nonlinear simulation b= :
: : : n 225
« Current density gradient driven :
2.00 [
r2\ ¢ : .
J|:J0(1——2),C:1 175'|| MR R R
a 0.0 0.2 0.4 0.6 0.8 1.0
S= V//V/edge
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q(r) = q Safety factor g profile
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Equilibrium and parameter dependence of the tearing mode

Analytical equilibrium vs CHEASE equilibrium

Ad-hoc equilibrium CHEASE equilibrium

(a) 10—2 J

- Aspect ratio Rja = 3, f iy
m,/m_=200 ; 105, 107
s
<108 107
- Growth rate 2
Dle’”- 10—11_

Y (2/1)chease = 3.51 E'4(‘Jci
Y (2/1)ad-hoc - 6.11 E'4 (Uc,-

1072

I
=]

) ) < 10751
* First peak time 3
I~

ad-hoc: t= 3.0E4 w,_ ! = 107%
<<

chease: t= 5.21E4 w_,’ = 101
N

0 10000 20000 30000 40000 0 20000 40000 60000 80000
t [wg'] t[wg']

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | JINCAI REN | 12.10.2026



Equilibrium and parameter dependence of the tearing mode

Analytical equilibrium vs CHEASE equilibrium

Ad-hoc equilibrium CHEASE equilibrium
« Aspect ratio Rj/a = 3, f -2, 1072+
milme=200 gj 10_5_ 10—5_
N
T 107 10781
* Growth rate =
E10711' 10—11_
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Equilibrium and parameter dependence of the tearing mode

Growth rate comparison and benchmark

Y [10_4wci]
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Growth Rate Comparison: Ad hoc vs CHEASE
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Growth Rate Comparison vs Aspect Ratio

B Ad hoc (Simu.)

— = Ad hoc guide (xA™1)
@® CHEASE (Simu.)

— = CHEASE guide (xA~1)

\\\
~
~
So ‘~~§
~ ~
\. ~ -~
\\~~~ D TR
-
Se~ao.. 0 Tme—a__
- -
-------------
-
________ -
T
5 6 7 8 9 10

Aspect ratio A =Ry/a

Ro\ "

~

r
Wei q a




Equilibrium and parameter dependence of the tearing mode

Growth rate comparison and benchmark

10 Growth Rate Comparison: Ad hoc vs CHEASE ; Growth Rate Comparison vs Aspect Ratio
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Single-n versus multiple-n comparison

Primary mode (n = 1) growth and saturation in single-n (only n = 1 retained)
and multiple-n (n € [0 30]) simulations (chease equilibrium)

linear phase nonlinear phase
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Single-n versus multiple-n comparison

Primary mode (n = 1) growth and saturation with different retained-n (chease

equilibrium, m/m_=200) o @
» Little effect on the linear 10741
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= 10794
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Single-n versus multiple-n comparison

Primary mode (n = 1) growth and saturation with different retained-n (chease

—_— =1 =——0<n<l 0<n<2 === 0<n<d4 == 0<n<l16 = 0<n<30

equilibrium, m;/m_=200) i o )
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Single-n versus multiple-n comparison

Primary mode (n = 1) growth and saturation with different retained-n (chease

equilibrium, m,/m_=200
°' ’ An(15 4y 1) (50-2))
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Single-n versus multiple-n comparison
Effective primary-island width (chease equilibrium)

Single-n and multiple-n simulations

Wi = w/p,s using common C
N w = (@) (@)}
© © o o o
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—_— m;/m, =100 =——— m;/m,=200 = m;/m,=400 =—— m;/m,=800 =——— m;/m,=1200 =—— m;/m,= 1836

=== Single-n (n=1) Multiple-n (0 <n <30)
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Calculated with common-C
value

w(t)

k]

Wia(t) = 22 = C/[6A).21(q = 2.1)

Larger island width maximum
for multiple-n simulation at
fixed mass ratio

Island width peak decreases
as mass ratio increases for
both simulation sets

Note the linear scale on the y-
axis!



Mode coupling and toroidal mode spectra

Nonlinear harmonic growth: chease equilibrium, m;/m_=200, n € [0 30], R,/Ja=3
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Mode coupling and toroidal mode spectra W

Toroidal triad phase analysis (chease equilibrium, m;/m_=200, n € [0 30], R,/a = 3)

the complex coefficient of the n-th toroidal component as

E,(t) = A,(t)e®
 For a signed triad satisfying the Fourier closure
Ny + Ng = N3

« the corresponding instantaneous third-order complex product is
Biaa(t) = Fu (1) Foy (1) F, () = Apy Ay Ay €1
 with the closing phase being

O123(t) = O, (t) + Oy () — Oy (1)

* Its instantaneous real and imaginary parts are therefore

Re 8123 — AnlAng Ang COS @1233 Im BIQS — Anl A?’LQ An3 Sin 6123
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Mode coupling and toroidal mode spectra

Toroidal triad phase analysis (chease equilibrium, m;/m_=200, n € [0 30], R,/a = 3)
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first peak saturation
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Mode coupling and toroidal mode spectra

Toroidal triad phase analysis

Linear Early nonlinear First peak Saturation stage
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Mode coupling and toroidal mode spectra

Toroidal triad phase analysis

Linear Early nonlinear First peak Saturation stage
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Mode coupling and toroidal mode spectra

Toroidal triad phase analysis: real part of the third-order complex product
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Mode coupling and toroidal mode spectra

Toroidal triad phase analysis: imaginary part of the third-order complex product
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Mode coupling and toroidal mode spectra

Toroidal triad phase analysis

early nonlinear

first peak saturation
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Mode coupling and toroidal mode spectra

Saturation-stage toroidal mode spectra (chease equilibrium, n € [0 30], R,/a = 3)
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Mode coupling and toroidal mode spectra

Radial structures of selected g=2 resonant harmonics

« Time-averaged radial
structures during the
saturation phase

- Each radial profile is
normalized independently by
its maximum
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Mode coupling and toroidal mode spectra

Resonant poloidal content and radial parity at g=2 (time-averaged during saturation stage)

« Local poloidal fraction @ ®)
1.0 gy 0897 0.9.19 09.23 0913
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Summary

Nonlinear electromagnetic gyrokinetic particle-in-cell simulations using ORB5 were performed to
investigate the evolution of a collisionless (m,n) = (2,1) tearing mode

» 1. Linear phase

« Comparison of ad-hoc and CHEASE equilibria
« Growth-rate scaling compared with theoretical predictions

- Effects of aspect ratio and equilibrium geometry

> 2. Effect of the retained toroidal-mode spectrum

 Nearly unchanged linear growth rates across different retained spectra

« Strong dependence of the first nonlinear amplitude peak on the retained spectrum

« Calibrated effective magnetic-island width

» 3. Nonlinear mode coupling in multiple-n simulations

« Stage-resolved triad analysis and phase organization of low-order harmonics
- Saturation-stage toroidal mode spectra and their dependence on the ion-to-electron mass ratio
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Ongoing work and future outlook

» Higher-fidelity simulations (test run completed; production run underway)

Shaped equilibria with positive or negative triangularity

Nonuniform density and temperature profiles

Equilibria containing both g = 1.5 and q = 2 rational surfaces

Multiscale interactions between magnetic islands and microturbulence (ongoing)

magnetic islands in the inner radial region and microturbulence in the outer region

Diagnostic development (completed)

Test-particle dynamics and energization; Poincaré plot

ORBS5 collision-operator development (for discussion)

Review the current implementation, outstanding issues, and next steps for verification and validation
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