EXTENDING THE GRAY BEAM-TRACER BEYOND THE STANDARD ELECTRON
CYCLOTRON HEATING MODELLING
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Introduction New dispersion solver 2. Collisional damping
Electron Cyclotron (EC) waves are playing an increasingly larger Advantages: always stable, finds all solutions, including Elec- Modelled by adding a frictional force to the electron momen-
role in operating fusion devices: from heating (ECRH) and cur- tron Bernstein Waves (EBW). tum equation:
rent drive (ECCD), to realtime instability control and plasma
breakdown assistance. Finally, the interaction with runaway How it works: exploit algebraic properties of dispersion rela- — - uyv, with v the e-i collisional frequency.
electrons (RE) is being explored to study their dynamics. tion dt °
. . - . . . . - _8 . o e ~
1. Farina formulation B°: €(N) = single power series in z=N? v/w is small (= 107) - small anti-hermitian £, > Im(N,) and

GRAY [@" is a well-established beam-tracing code and a valu-
able tool for modeling EC waves. Its use has so far been mostly

- degree [ - 1 polynomials ([, highest harmonic) absorption coeff.

limited to predictive modelling of standard ECRH scenarios, but 2.eq.1~> N (z2) = zil 12pkz -0 Simple expression obtained via perturbation theory.
efforts have been made to extend its applicability across sev-
eral fronts. 3. find all roots simultaneously using Aberth method E*
i i / X g
15 \58 0.75 o 8 3. Amplification by RE
GRAY & e &
2 "1 _omode ',\'\\ =5 v Which runaway distribution?
g s | ] Old~— | E 0251 1 Loreptz-boosted-Maxwelian [°
. *‘%%; 51617 < - less absorption but no amplification found
0.50 0.52 0.54 0.56 0.50 0.52 0.54 0.56 2. Exponential With pitch—angle Spread @10
W/ wWe W/ wWe
: : Old (standard) vs new solver near a branch point. The old solver is -7 u 02
T _ _
GRAY is a beam-tracer for EC waves in a tokamak [3". destabilised and jumps branche, the new finds all branches correctly. F(u,0) ocu™exp ( U, 92
cper . . 0
e Inputs: MHD equilibrium, kinetic profiles, beam parameters
> CLIgpUIs: [oeaim UrEleCony; Blosevedl POl Euen AuifEl Small REfractionn,/n, > small €, - a via perturbation theory:
1.0 - / , . Mode conversion? 512 W2 2
S i The new solver allows detecting mode conversions events: o =-R <Z |s|> |N”| wz Z / “(u) du
N 0.5 50
~ 196 where Q, depends on polar|sat|on, R on RE distribution, 6 Is
0.0 L Hikl W . | 0 In combination with the resonant pitch-angle.
1.5 3.0 0.86 ; 0.88 0.75 B ray—splitting @5’ could | ! - ol . |
. 050 ©  allow studying O-X-B p, = 0 approxis not goo > full numerical integration and sum
(@) trajectory (b) profiles 9 schemes 3° or X-B of n =0,+1,£2,.. harmonics (n = 0,-1 dominate, as expected!)
Example GRAY outputs for an NTM control setup 0.25 conversion during the
| 0.00 plasma start-up.
Theoretical framework:
: L Under investigation! 1l :
e raytracing: quasi optics, cold plasma theory %-B coupling strength at 2nd harmanic g Stability analysis
* heating: relativistic hot plasma theory estimated via the <t ,
. S . polarisation vectors e, - e . Cf _
e current drive: adjoint method, neoclassical response e Slow X wave: f = 40 GHz, iy = 108
Source code: https://maxwell.eurofusion.eu/git/istp/gray * TCV-like plasma: n, =1x10"®m™, T, = 0.25 keV
Modelling runaway-driven instabilities * Runaways: E, =10MeV, n,/n, = 0.05.
GRAY in a nutshell Runaways Electrons (RE) can drive kinetic instabilities: both 0
, IS (1)=5 (P)=iwt Cerenkov and anomalous Doppler (AD) resonances contribute Ly 021
Complex eikonal ansatz: E(r,t) = Re [e(r)e">#"™ ] to pitch-angle scattering and lowering the energy of the RE @, ony \
: 107 ‘: ¥ 0.1+
Gaussian beam - N rays obeying raytracing egs.: wy(1-NBy) = nw, with n <0, [N | >1 . 18-4;\;3{ -
= 10-5_§ | COHlSlons\f : 0.0
ﬂ:_(B_D/ aD ﬁzo 6-10-2:2 i g:
dk _ oD, oD " ~ i Ao .
% ar/ ar D(r, ,(U)E—O 100 4 | —runaway
. = 1.0 11 12 13
where: k=VS, wavevector, s arclength, D=detD(r,k w) quasi Welw
optical dispersion relation. (a) absorption v amplification (b) region of wave propagation
1. Integrate the raytracing eqgs. ‘ —s amplification is possible!
0 10 20 30 40
2. At each step, for each ray: Ui \ " , W X
* solve hot dispersion relation - absorption coeff. a - Resonance curves for Ny >1 overlaid the electrons distribution function ext steps: periorm raytracing, study the spectrum
power dP(s) = aPds
* compute current drive efficiency R > current This mechanism can give information on the RE distribution:
di(s) = RdP(s) RE - plasma waves (instability) > EM waves - antenna @8
3. Compute J 4, =dl/dAand p_, . =dP/dV profiles Summary
Three effects to consider:
1. damping by EC resonance with bulk electrons We h.ave' presented the ongoing efforts to extend GRAY to new
Hot dispersion relation 2. damping by electron-ion collisions applications:
| | | L 3. amplification by AD resonance with RE beam. e the new solver for relativistic dispersion relation solves
/\(X,N) :det[N®N—N2I+<§(X,N)] :O, (1) describing X-B conversion
where | identity, x position, N refractive index and & AC dielec- 1 20 ERI P * the early results in modelling the interaction between RE
i . . . . and EC waves are promising and show that RE-driven
HLE Hemsolr As for ECRH: compute the dielectric tensor € - solve the dis- P :

Instabilities can be successfully simulated and reproduced

persion relation - Im(N ) - absorption coeff. a. under realistic plasma conditions.

Standard method: rewrite eq. 1 formally as /\(Nf) = ANf+BNf+

2 . .
C = 0, substitute N{_ 4 as a first guess, solve using quadratic £ involves Landau integrals of the form @3:

1,col
formula, 1iterate until Nf converges. |
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