HAGIS Code

Lynton Appel

. on behalf of Simon Pmches
and the HA use

EURATOM/CCFE Fusion Association,

CULHAM CENTREZ
NNNNNNNNNNNNN



« Self-consistently models the nonlinear interaction between
spectrum of linear eigenfunctions and fast particle distribution
function

— Weakly damped global Alfvén Eigenmodes (AE) could be driven unstable
by fusion-born a-particles
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Boozer Coordinates

The coordinates, v¢p,0,( are chosen to produce
straight field lines in the 8 — ( plane and lead to
a field representation of the form:

6 (1p, 0)Vibp + I(1p) VO + g(2hp) V,

B Vi A VO — Vb, AV,
= A = V-,V
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Evolution of Energetic Particles

Guiding Centre

Particle Trajectory Trajectory

Magnetic Field
Line

The exact particle Lagrangian,

1
Leract = Z EmVQ + eV - A —eo,
ep

IS gyro-averaged and written in the form,
np
Lop= D Ppfj+ Pri¢;—Hj,
Jj=1
with

1
— 2 R. b -
H,; = §m3vlij + 1;Bj +e;p;,

leading to 4 xny first order differential equations.
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Equations of Motion
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« Derived from total system Hamiltonian

"o

The HAGIS code - ANU, Australia May 2010

CENTREQZ
FUSION ENERG Y=



Fast Particle Orbits

 ICRH ions in JET deep shear

reversal

— On axis heating:
A=pBy/E=1

— E =500 keV
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Calculation of AE Eigenfunctions

Wave Lagrangian:

Lw=Y Bm# Fe(A v qb)]

1 1
+7/ (—QEQ — BQ) d$3
2uog JV \c

Expanding in perturbed field powers:

e £(0) describes the equilibria and is solved by
the HELENA code.

o £(1) describes first order force balance.

o £(2) describes fixed amplitude AE and is
solved by the CASTOR code.
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Wave Evolution

Linear eigenmode structure is assumed to
remain fixed throughout the simulation.

Each wave is allowed two degrees of freedom,
amplitude and phase-shift; Ap and «.

&Sk o Ak‘(t) Z (—I;km(w)ei(nﬁﬂc_mg_wﬁﬂt_(x.’:ﬂ(t))

The wave Lagrangian can then be written as

Tlw E
— k 22 -
w= ), ALy,

where

and ng IS the number of eigenmodes in the
system.
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« Linear eigenstructure assumed invariant
» Introduce slowly varying amplitude and phase:

B = Ap() D Gy () re 0=kt =arll)

« Gives wave equations as:’" Additional mode
_ 1 ) . damping rate, yq4
Xy = QJEkaléfjArjl ;(lﬂm’vu—wk)bjkm-l-?ﬁk'}’d,
e = N e AP S (v — ) C f
Vi = _Ekalch J rzn:( ’HmUHj_wk) ’jﬂ;m'l_yk’?’d:
 where
C = Reld ) et Cikm
X, = Apcos(ay), jhm N [gb,]fm(%) i@'ml
k. — k XL ) .
@jkm = nij — mQj — Wyt
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Delta f Method

Numerical noise can be dramatically reduced by
making use of a powerful techniqgue known as
the 6f method.

fo= fo& Psw) + o (™ p)

~— (U
analytic markers
df : , Ofo 290
—=0=90f = —P, — & -
dt / Cop, ~ “og T Veff of
Tip
ffgdr(p) Gy /fogdr(p) + > onjg;,
j=1

where
5n;(t) = 5f;(t) ATV (1)

Uniformly loaded space Canonical phase space Physical phase space
U l-‘.Cl l_(p}

Incompressible Time dependent
volume elements volume elements
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%

Markers are uniformly loaded using
Hammersley's sequencer®,

If the integer i is written in base r,

i = ap+ayr+apr®+ -
then  &.(4) aor L+ air 4 aor S 4 -

Projections of uniformly loaded 5-D hypercube

This achieves a discrepancy ~ 1/N, where a
random distribution has a discrepancy «x 1/ N.
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Conservation of Particles

The total number of particles in the system is
very well conserved over long time periods.

Particle fluctuation,
on =3 8f;(1) AT (1),
J

for n =5 KTAE in JET:
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Applications

« AE linear growthrates and
nonlinear saturation amplitudes
» Determination of
— fast particle re-distribution

— Fast particle losses

Radial position versus phase
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140 . ( Chirping modes exhibit

* Frequency sweeping observed 'MAST #5568 frequency sweeping,
- dw/wy~ 20%

when damping rate ~ linear N
I y _
growth rate and holes/clumps == 120}
. . > -
form in particle phase space % \
* Modelling with HAGIS allows 2 100L
determination of experimental 2 -

internal mode amplitudes from i
observed frequency sweeping 80

« Particle trapping frequency
determined using HAGIS
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Fast lons in MAST

» High performance MAST plasmas
achieved with off-axis NBI
— Off-axis NBI current drive used to
tailor current profile
« Fast ion distribution very different
with on and off axis injection

— Changes to current profile with off-
axis beams studied in MAST
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Transport Code Modelling
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Fast Particle Simulations

* Fishbones simulated in HAGIS to study effect on fast ion
population and calculate an effective fast ion diffusion

n(wpa t)
oy,

0
pr (wpa t) — _D’f’

f(s)

Radial particle flux density, <I*> [T/ms]
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F 4

Levels of anomalous fast ion
diffusion found in simulations
consistent with those required in
transport codes to explain
observations:

— Neutron rate

— Stored energy

— Current profile

D, [m?/s]

A Dyoyy = 3.7 % 104
= Drin = 5.9 x 10*
10° . | ,

v Dr,maa: = 4.0 x 10*-

(53/3)1.56 E
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HAGIS code performance
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 HAGIS code parallelises very well
— relatively low level of inter-processor communication traffic
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