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HALO (HAgis LOcust) solves the initial value Vlasov-Maxwell problem perturbatively for application to
certain nonlinear wave-particle problems in tokamak plasmas. It uses the same basic approach as the
HAGIS code (Pinches et al., 1998) for wave evolution but is built on the LOCUST-GPU full-orbit code
(Akers et al., 2012) for the solution of the Hamiltonian fast particle motion in cylindrical coordinates.
The wave amplitude and particle evolution include all finite Larmor radius effects. We describe and

{:(:é/tw ords: benchmark the currently implemented Alfvén eigenmode workflow, demonstrating correct particle
Particle motion, linear and nonlinear power transfer. The formulation and numerical scheme are sufficiently
Plasma general as to allow easy future implementation of different kinds of eigenmodes, such as modes close
Eigenmode to the ion-cyclotron frequency. The code can model multiple eigenmodes and multiple fast ion species
Wa‘{e simultaneously, and supports the general form of the equilibrium distribution in constants of motion.
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1. Introduction

For tokamaks to allow reactor relevant regimes of operation, a
proportion of the confined plasma must necessarily be comprised
of energetic ions. The anticipated abundance of non-Maxwellian
alpha particles in the burning plasma regime on ITER would be
both a key physics achievement and a new stability considera-
tion. It is well understood, both from current experiments and
significant theoretical study, that fast particles can resonantly
destabilize wave eigenmodes in the bulk thermonuclear toka-
mak plasma, which can degrade performance and damage the
plasma-facing components through energetic ion redistribution
and loss.

Existing experiments with neutral beam injection (NBI) and
ion cyclotron resonant heating (ICRH) have confirmed the desta-
bilization of predicted bulk plasma eigenmodes such as the
toroidal Alfvén eigenmode (TAE) [1] or the reverse shear Alfvén
eigenmode (RSAE) [2]. In addition to the well-understood Alfvénic
modes in the bulk plasma, wave activity in the ion-cyclotron
range has also been observed, as well as lower frequency ener-
getic particle modes (EPM) [3] which are thought to be large co-
herent motions of the fast-particles themselves interacting with a
broad Alfvén continuum. A number of stability modelling strate-
gies have been employed with varying levels of self-consistency
and difficulty [4].
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For the Alfvénic modes that have been identified as eigen-
modes of the bulk plasma, very good agreement has been shown
between the linear MHD theory and the observations [5]. This
experimental fact is a powerful motivation for a general per-
turbative nonlinear predictive code for wave-particle interaction,
where all the nonlinearity is assumed to be due to the perturbed
fast ions rather than the bulk plasma. The perturbative approach
is fundamentally the same as the nonlinear Landau damping
solution given by O’Neil [6] and Mazitov [7] and later applied
to Alfvén waves in the fusion context by Berk and Breizman [8],
where particle orbits in tokamak geometry were computed using
a guiding centre drift model with a simplified Alfvén wave ex-
pression [9]. The formulation of a Hamiltonian theory of guiding
centre motion in realistic magnetic geometry [10] allowed similar
solutions of the drift-kinetic-Maxwell problem in codes such as
ORBIT [11], FAC [12] and HAGIS [13]. All these codes relied on
a delta-f scheme [14], forcing the identically zero equilibrium
contribution to the power transfer to be ignored in the marker
population, improving Monte Carlo statistics in the remaining
contribution coming from the perturbation.

In this work, we present the new HALO (HAgis LOcust) code,
which is a full orbit implementation of the perturbative delta-
f approach, allowing nonlinear modelling of any bulk plasma
eigenmode at arbitrary frequency using the Vlasov-Maxwell sys-
tem of equations. The high performance LOCUST-GPU code [15]
serves as the orbit following foundation for the wave-particle
physics described in this paper.
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2. Physical model

In this section, we rederive a perturbative wave-particle treat-
ment for a general Vlasov-Maxwell system and an associated
delta-f noise reduction scheme. Our goal is to make the derivation
sufficiently general to be useful to those working in both astro-
physical and laboratory plasmas, as well as to make the orderings
required for the perturbative approach as transparent as possible.
We deviate from the usual variational approach [9] and instead
start with Maxwell’s equations.

2.1. Derivation of wave evolution equations

Starting with the Fourier transformed wave-equation
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This rearrangement has been expressed a number of equiva-
lent ways in the literature [16,17] such as
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where K (x, X, w) is the dimensionless dielectric tensor and the
corresponding wave equation is
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Without loss of generality, we can require that the conductiv-
ity o (%, &, ») is chosen in such a way as to keep the dielectric
tensor K (x, X, a)) equal to the transpose of its complex conjugate

K(x ¥, 0)=K"(x%, ) (6)

and express remaining linear currents by the jg (%, w) term. It is
well known that if the dielectric tensor has this Hermitian matrix
property then solutions to the wave equation in the absence
of other currents conserve energy. Moreover, under appropriate
boundary conditions the differential wave operator is self-adjoint
under the inner product

/dx/dx/ a'(x)A (x, X, w) b(x')
= /dx/dx/ bi(x)A (x, ¥, w) a(x) (7)

We will adopt the notation of Breizman et al. [18] making all
terms in the wave equation have dimensions of current density

g(x% w)=— A (%%, 0) (8)
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Consider the linear homogeneous (undriven) MHD equation
fdx’ gwp (. %, 0) E(X, 0) =0 (10)

This formalism supports any model for the plasma conductivity
o (%, ¥, ») that makes the dielectric K (x, ¥, w) Hermitian, so it is
not restricted to just linear MHD. However, given the examples in
this paper deal with shear Alfvén waves, we will label the linear
response with “MHD” for the purposes of this derivation, but we
will drop the label outside this derivation in order to avoid the
implication that it has to be MHD.

The corresponding inhomogeneous (driven) MHD problem is

/ dx/ EMHD (xa X/, w) i::(x,a (L)) = jfree (x, (l)) (11)

The free currents are independent of the electric field (by defi-
nition). If the drive from free currents is sufficiently weak, then
solutions to an externally driven inhomogeneous equation at w
near ' will resemble a homogeneous solution at «’. We thus
assume |o| > |o — |

a
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where we have introduced the formal small ordering parameter
¢ which is the ratio of driving current to the dielectric currents
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We include € simply as a label to remind the relative sizes of
various terms, which should be set ¢ = 1 to obtain the physical
formulas.

The weakly driven MHD problem becomes
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The weakly driven MHD problem outlined above is analogous
to certain classes of wave-particle problems where the currents
are not free. In these problems, the plasma response currents
are dominated by linear Hermitian dielectric currents, and the
remaining nonlinear and linear response currents are deemed
much smaller in comparison
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These orderings must be motivated by the specific wave phenom-
ena being studied (see Appendix for TAE discussion). The weak
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current sources depend on the electric field, so to form a closed
system for the electric field, the relationship between the current
sources and the electric field must be known.

We now seek to solve the wave equation for the nonlin-
ear interaction of resonant and non-resonant fast particles. We
combine the source currents into one term Jps: (X, )

ad
/dx/ [gMHD (%, 0)+€ |:(a) — o) 8w:| gurp (%, ¥/, a)/):|
-E (x, w)
= 6jfust (%, w) (17)

Note the subtle difference between demanding that the fast
particle contribution be small and the weaker assumption that
the resonant and nonlinear contribution be small. It is well known
that MHD is not sufficient to describe the Hermitian dielectric
motion of fast particles, since particles can drift from flux sur-
faces. Care must be taken not to double count Hermitian dielectric
current contributions in any choice of bulk plasma model. This
so-called ‘adiabatic’ contribution is discussed in the Appendix.

Exploiting the property that A (x, &, ») is self-adjoint with
electric field eigenmodes e (x, o'; wj), we may multiply by any
adjoint eigenmode e' (x, o'; wy)

[dx/ dx' €' (x; wj) 8 (o' — wy) |:(a) - o) 81]
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=3 (o — ) f dx e (x; ;) Jpast (%, @) (18)

Integrating and performing the inverse transform to reobtain the
real field SE (¥, t)

w
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The lowest order unknown real field may be written as a sum
of eigenmodes SE (¥, t) = Re{d A(t; o) e e (x'; ay)}. The
real field is therefore half the sum of complex contributions from
positive and negative frequencies +wy. Crucially, the perturbative
expansion is only valid in the neighbourhood @ ~ wj. This is a fur-
ther limitation of the perturbative approach in that eigenmodes
must have distinct frequencies, with no ‘chirping’ sufficiently far
as to overlap with any other modes.

The evolution equation for A (t; wj) is obtained by looking in
the neighbourhood of w ~ +wj;

A(t; wj)/dx/dx/ e (x; wj)iwe (*'; o)

w
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with the equivalent redundant expression for A* (t; wj) obtained
for w ~ —wj;

Using the mode energy density averaged over a wave period
(cf. Shafranov [17], equation 15.16)
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The linear growth of the real wave amplitude a (t) may be related
with the instantaneous real power transfer to the particles

e(¥;w) (23)
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The solution of the wave-particle problem is thus reduced to
choosing the most relevant eigenmodes of the bulk
plasma e (x; wj), computing the motion of the resonant particle
population 8] (%, t) in the presence of those eigenmodes, and
evolving the amplitude and phase of those modes A (t; @) in
response to the normalized complex power transfer f dr e'*itet
(x; a)j) ) fast (%, ©) in inverse proportion to the mode energy Wypp.

2.2. Mode energy for TAE problems

For a cold plasma in the MHD ordering, the linear shear
Alfvén response manifests as a polarization drift of ions on an
equilibrium magnetic field and E; = 0

d E, (x,¢t) m; dE, (x,t)
Up (X, t) = — =

dt \ B(x) 2 (x) ZeB* (x)  dt
Staying within the linear approximation, we use the equilibrium
density

(28)

oomn x)m; dE | (x,t)
© ZeB®(x)  dt

Fourier transforming and identifying the Alfvén speed vy =
B we obtain the appropriate generalized Ohm’s law for the

ni(x)vp (X, t) (29)
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Using the definition of the wave equation
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gTAE()=<+ 5 >8(x/—x) (32)
dw po \ €% vi(x)

The first term on the right-hand side of Eq. (32) corresponds to

the displacement current which is smaller than the second term

2
by :—’2‘ and is neglected. Thus, we obtain the mode energy for the
Shear Alfvén wave [19,20]

Wi = —— [ ST 0) w;)e(x’ @) _ 1 / a2 z(x’ @)
210 o x) Mo Uy (*)
_ L dx 5 (x; ;) (33)
Ko

where we have also included expressions in terms of the real
time-averaged square electric §e and magnetic &b fields of the
linear modes for A(t, ;) = 1. It should be noted that the
eigenmode e (x; a)j) must be a clearly distinguishable mode free
of any continuum resonance. Where any continuum resonance is
present, the resonance region must not be included in computing
the mode energy.
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2.3. delta-f model for the fast ion current

Solving for the electric field in Maxwell’s wave equation re-
quires an evolution equation for the currents in self-consistent
response to the field. Most of the current in the perturbative
model is due to the linear dielectric currents of the non-resonant
oscillatory plasma. For the TAE problem, this Hermitian dielectric
current is calculated from the closed linear MHD equations.

The remaining fast current is responsible for resonant drive
and damping of the mode. The fast current for an ion of charge
Ze is obtained from the distribution function

i fast (X, ) = /dvf (x,v,t) Zev (34)

The motion of the fast particles is assumed to satisfy a Hamil-
tonian H(x, p, t) with a distribution that evolves according to a
collisionless kinetic equation, with no particle sources or sinks.
For the full-orbit problem, the Vlasov equation is relevant

w+v~%(x,v,t)—i—%(E(x,t)—I—va(x,t))
at 0x m

2—’; *,0,0) =0 (35)

(a general treatment for arbitrary Hamiltonian is left for the
Appendix).

In the absence of any perturbation, we assume the existence
of an equilibrium

9 x,v,t)+ ze (Eo(x) + v X Bo(x)) - 9o (x,v,t) =0 (36)

X m av

Letting f (x, v, t) = Fy (%, v) + 6f(x, v, t), we seek an evolution
equation for the unknown perturbed distribution §f, arriving at

38 38 98
atf+ Tf+—(Eo+SE+vX(Bo+8B)) /
_ _% wxsB+sE) 20 (37)
m v

The left-hand side is the time derivative of the perturbed dis-
tribution taken along perturbed Hamiltonian trajectories. The
right-hand side is the source term that depends only on the
perturbed forces and the initial equilibrium. The linear version of
the initial value problem is recovered by following unperturbed
orbits on the left-hand side of Eq. (37), retaining the perturbations
to the motion only in the source term on the right-hand side.

The perturbed forces are calculated from the wave equation
forming a closed system of equations for the waves and the
perturbed fast current.

2.4. The neutralizing partner electron current

In addition to the bulk plasma currents and the fast ion cur-
rents, there are currents associated with the additional
neutralizing partner electrons that accompany the fast ions to
ensure quasi-neutrality. If those electrons are taken as cold,
then only the non-resonant response of the electrons will con-
tribute, and that contribution will be adiabatic changes to the real
mode frequency. Taking the electrons as cold will allow separate
later inclusion of non-adiabatic thermal Landau electron damping
contributions as calculated by other means.

For mode frequencies far below the electron cyclotron fre-
quency, the neutralizing linear electron response is (see
Appendix B)

Zfas[ fUSf

Je partner (%, w) = iw Ey (%, w) b (%)

E (x, w) x b (x)
- ZfastnfasteBi (38)
0

Ignoring the parallel electric field for shear Alfvén waves implies
the real neutralizing electron current is only due to E x B motion,
which we may write nonlinearly for the real current

SE (x,t) x B(x, t)
BZ (x, t)

This current must be included in the amplitude evolution equa-
tion in order to predict the change in the real mode frequency.

To satisfy the perturbative treatment, this current contribution
to the amplitude evolution must be sufficiently small, however
this is guaranteed to be cancelled by a component of the fast ion
motion which is also E x B in a magnetized plasma

SE (x,t) x B(x,t
S.Iifast (X’ t) = erastnfast |:(XBZ)(;<t)(x) +0 (%) + - ]

(S.Iei,partner (X, t) = —ZpastNpaste (39)

(40)

The expression used in HALO is thus §J e (X, t) = 0] fase (%, £) +
(S.Ie,partner (xv t)-

3. Numerical method
3.1. delta-f scheme marker evolution

Using the discrete representation, the ith marker is associated
with a unique initial position in phase space (x;, v;)

% (®,0,0) ~ )8 (x —(t; %, vi) § (v — v(t; i, ;)

i
F
X 70 (X, v) A3XiA3U,' (41)

%(x v, t)~Z$(x— X(t; %, v1)) 8 (v — v(t: X, v;i))

i

x 37? (x, v) A3x; A% (42)
8f (x, v, t) = Z(S (®x—x(t;x,v)8 (v—v(t; x5, 1))

x 8f(x, v, t)A3x; A3y (43)

The volume spanned by a marker A3x; A3v; for a uniform and reg-
ular loading is defined as the product of lengths taken from half-
way between one adjacent marker to another adjacent marker at
their initial positions in phase space. The volume is a constant of
the motion due to the Hamiltonian nature of the orbits.
Inserting into the delta-f equation and integrating, we find

d Ze
ESfi t)=-— (vi (t) x 8B (x; (t),t) + SE (x; (t) , 1))

OF
( ; °> i (t) , vi (1)) (44)
v

The general form of the 2D equilibrium distribution function
assuming no equilibrium electric field is

Fg = Z F(E, M, P¢; sgn(vu)) (45)
sgn(v))
n@= >y /dvF (E, it, Py; sgn(vy)) (46)
sgn(v))

where the invariants of motion energy E, gyroinvariant x and
toroidal canonical momentum P, and sgn(v; ) label each possible
equilibrium orbit. The nature of an equilibrium is that it is a
function of the unperturbed field and unperturbed particle orbits.
Therefore, the coordinate mapping we require is from the space
(x, v, t) to the space of invariants of the unperturbed motion.
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Perturbed fields do not appear in these equilibrium invariants, it
is only the trajectories that are perturbed.

Fo=F(E®i (), vi (t)), 1 (X (t), v (1)), Py (R (), v; (1)) ;

sgn(vy (0))) (47)
P, (%, ) = mRuy + Zeyq () (48)
E@xv) = %mvz (49)

ymvd p
pw) = 20 (Z) (50)

where we have written only the lowest order in gyroradius ex-

pansion % for the gyroinvariant. Applying the chain rule to the

equilibrium equation we arrive at our delta-f scheme in cylindri-
cal coordinates

d . dF, d dF,
Z5f(t) = —8vg | mug <—°> il <—°>
dt 0F ), B0k \ 91t )y,
dF 0 JF
— 80y | muy (J) 4+ (J)
0F ) ,p, vz \ 91t )y,
JF dF ad dF
— 80y | muy <—0> + mR (—0> + el (—0)
0F ) 1, 0Py ) p vy \om ),

(51)
with all quantities understood to be measured along a marker tra-
jectory (x; (t) , v; (1)), and Y = %

(vi (t) x 6B (x; (t) , t) + SE (x; (t) , ).
When % <« 1 as expected for low-n shear Alfvén waves, the
%L;S contributions to §f may be ignored and we set u (t) = ©(0).

Now we obtain an explicit expression for the work done by the
wave on the delta f markers

f@&ov= 23 (x—%i (1)) 8 (v — v; (1)) [Fo (%, v)

+ 8fi ()] A3x; A%, (52)

Jijust (%, 1) = Ze Z vid (& — X (1) [Fo (%, vi) + 8fi(1)] A°x; A%,
(53)
Auguse (6 0) = = 5p—eZe ) el (xlt): )

~vi [Fo (% (£), vi (1) + 8f; ()] A*%A%v; (54)

26Wrag

In a 2-D equilibrium, the function Fy (x, v) is axisymmetric, which
implies that we have contributions from the equilibrium pro-
portional to f d¢cosng which vanish identically. Dropping the
equilibrium contribution therefore reduces the noise significantly,
owing to the smallness of §f when compared with Fy

Ai,fast (t§ wj) = —mel”’ftZe ZCT (Xi(f); a)j) v;6f; (t) A3X,'A3vi
i

(55)

As mentioned earlier, correct treatment of the adiabatic con-
tribution to the mode evolution requires the inclusion of the
neutralizing partner electrons /¢ paremer (X, t). The natural way to
include the neutralizing partner electron contribution in HALO is
for each marker to have a correction to its velocity in the complex

EFIT V‘MISHKA

HELENA

NN

HALO

Fig. 1. Alfvénic workflow currently implemented in HALO.

power transfer calculation to remove the E x B motion giving

. 1
At; ) =— Me’“’jtze Ze* (%i (£) 5 wj) (v — VExp)
i

x 8f; (t) A3x; A3y (56)

SE i ) B i )
e (06 (1) 1) = 2 ) - (:; ©.5 (57)

4. Applications
4.1. MHD eigenmodes from MISHKA for TAE studies

The Alfvénic eigenmode workflow currently implemented in
HALO is shown schematically in Fig. 1 and is the basis for the ex-
amples presented in the rest of this paper. A solution to the Grad-
Shafranov equation in cylindrical coordinates is first obtained
either via a reconstruction process from experiment via EFIT [21],
by prediction, or by postulate. In particular, the profiles p(y) and
FF’(y) and the location of the boundary is required. With the
equilibrium profiles and boundary known, a second solution of
the Grad-Shafranov equation must be obtained in a straight-field
line coordinate system using the HELENA [22] code. This solution
produces a high-fidelity equilibrium reconstruction suitable for
linear MHD analysis, as well as a coordinate mapping between the
cylindrical and straight field line coordinate systems. The high-
fidelity equilibrium is provided to the MISHKA [23] linear MHD
code and a set of eigenmodes of interest are computed.

The MISHKA eigenmodes are represented with the perturbed
fluid velocity in the straight field-line coordinates (s, 6, ¢). For
ideal modes, MISHKA outputs two variables (vq, vo) where vq is
related to the contravariant radial (s) component of the perturbed

flow velocity V and v, is related to V2=V x Bg
1

N
vi(s, 0, @) = e*e™ Z egimd Z (vmiH' (5) + dv H? () (58)
m i=1
N
V(5. 0. ) = €e™ Y "™ N " (v k' () + dvp i (s)  (59)
m i=1
where the second summation is over radial grid points. The
radial dependence is represented using Hermite polynomial basis
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Table 1

Parameters chosen for alpha particle driven TAE case.
Parameter Value
€ =a/Ry 0.25
va/2a82; 0.03
Ro 3.0m
By 30T
D:T (%) 50:50
qo 1.82
qos 3.31
Te 20 keV
T; 20 keV
14(0)/n(0) 1%

functions of which there are two per radial grid point. For reasons
of pollution avoidance v is expressed in terms of cubic Hermite
polynomials H! (s) and H? (s) whereas v, is expressed in terms
of quadratic polynomials h' (s) and h? (s) [22].

The non-zero covariant components of the vector potential
relate to the velocity components and in-turn the electric and
magnetic fields in straight-field line coordinates

_ dy qR?

J= E@ (60)
A = ‘;”2 (61)
d N

diquz =2 (62)
A, =[A x By]' /B2. (63)
J8B' = —i (m (‘fj—‘/'%) +n (%q&)) (64)
J8B* = inA; + — (%Az) (65)

3 (dy -

J8B3 = % (d—qub) — imA, (66)
5E; = _@ (67)

The straight field line representation of the eigenmode is then
transformed to conventional cylindrical coordinates using the
mapping and metric tensor provided from HELENA. Note that
the variables used in MISHKA as repeated above are expressed
in cgs Gaussian units, whereas in the rest of the paper we have
employed S.I. units.

At time of publication, we did not yet include the adiabatic
neutralizing electron contribution, which we expect to be a small
correction to the mode frequency.

4.2. Benchmark case: alpha particle driven TAE

For benchmarking and demonstration purposes, an alpha-
particle-driven unstable TAE test case was contrived based on
a circular equilibrium, with parameters comparable to existing
large tokamak experiments (see Table 1).

For simplicity, equilibrium flux functions were polynomials
adjusted by hand in HELENA to give a monotonic g-profile with
an n = 6 TAE found with MISHKA at s ~ 0.5, and temperature
and density profiles were assumed flat.

Although HALO supports input of arbitrary fast ion distribu-
tion functions of the equilibrium form F(E, u, Py; sgn (vy)), the
alpha particle distribution was taken to be F = « (E) y(Pg) with

__ 5\ 10
polynomial y (Pg) o (1 - P¢2> and slowing down distribution
[12,24]
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Fig. 2. Comparison of Poincaré plots produced by HALO (top) and HAGIS
(bottom). Resonant orbits at critical locations become trapped in the wave
forming islands.
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4.3. Particle orbit test: wave-particle trapping of resonant orbits
comparison with HAGIS

To solve the coupled Maxwell-Vlasov system, the fast particle
response to the waves must be faithfully represented. The fields
must satisfy Maxwell’s equations, and the particles must move
according to the Lorentz force law. Equivalently, particles must be
shown to move according to the phase-space Lagrangian Equation
(D.14).

To test the fast particle response to the eigenmodes, a set of
alpha particle markers at different radial locations were launched
in the presence of the benchmark n = 6 TAE with a fixed mode
amplltude —0 = 3 x 1073, All particles were loaded as deeply co-
passing 4 = 0 and with the same velocity matching the Alfvén
speed at the magnetic axis. Both HAGIS and HALO were run
recording particle position and wave phase over many orbits, to
identify resonantly trapped alpha particle islands in phase space.
The comparison of orbits given by the two codes is given in Fig. 2
and shows excellent qualitative agreement.

A more quantitative test comes from conserving the invariant

w
K=E——P4 (69)
n

This is a particularly stringent test that particles follow orbits
derived from the Lagrangian Equation (D.14) because it relates
the time and spatial derivatives of the perturbing fields to each
other through

dE_ L (70)
dt” ot
d, _ oL o1
= 3¢

noting that here, the perturbed field is included in Py as opposed
to the rest of the paper where it denotes the equilibrium invariant
8;;; (see Appendix). The radial excursions shown in Fig. 2 imply a
corresponding change in toroidal canonical momentum due to a
breaking of axisymmetry. Fig. 3 shows that although the mode is
varying the test particle canonical momentum by 111(p to 10%, the
invariant is found to be conserved to better than 25 ~ 1 x 107>,
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® HALO full-orbit
~+ HALO ‘drift-order’
X HAGIS

0.016 4
X

0.014

0.012 4

X+

0.010 4

Yiw

0.008 @

X+

0.006 A L]

0.004 1 ¥

0.002 A
L]

0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
w [rad s71] 1e6

Fig. 4. Comparison of linear growth rates between HAGIS and HALO, varying
the mode frequency.

4.4, Stability test: linear growth-rate comparison with HAGIS

Spatial gradients in the particle distributions are a source of
free energy for TAEs that propagate in the fast ion-diamagnetic
direction due to a universal instability drive [25], with drive
occurring if

9F /0P,
9F JOE

The temporal evolution of the TAE is characterized initially by a
linear phase where the mode is governed by exponential growth.
In this phase, the mode energy is small when compared with the
free energy in the gradients. Moreover, the fields of the mode are
sufficiently small as to not significantly perturb the equilibrium
orbits of the resonant particles.

A scan of frequency for the TAE benchmark case was run
in both the HALO and HAGIS codes, and a comparison of the
measured linear growth rates is shown in Fig. 4. The linear
growth rates in HALO show roughly a factor 2 reduction in drive
compared with the HAGIS drift calculation. The difference in drive
between HAGIS and HALO lies in the drift approximation for the
power transfer evaluating the electric field at the average guid-
ing centre rather than the rapidly varying instantaneous particle
location

< Nw, =1

(72)

Anacis (t; wj) =

1 .
— syt Z e’ (Xi (6); wy) Visf; (t) A%xA%,
1

x=X+p
V=X (73)

The drift-kinetic, gyrokinetic [26,27] and quasi-linear [28] theo-
ries can be obtained by gyroaveraging the Vlasov equation over
the rapid gyration timescales, resulting in equations in terms of
the guiding centre position. Although the guiding centre drift
velocity is a good approximation to the average motion of the
particles, the field evaluated at the guiding centre is not a good
approximation for the average field. At frequencies much lower
than the cyclotron frequency, both the gyrokinetic and quasi-
linear equations for the perturbed distribution function include
terms lacking in the drift theory proportional to J, (k; p) which
captures the finite Larmor radius (FLR) effect of the decreased
average electric field experienced by the particle. A simple cal-
culation shows that such a decrease in drive is to be expected for
the benchmark case; k; ~ % 5 % and at the Alfvén speed
p ~ 0.045m giving Jo (k, p) = 0.57.

For the sole purpose of comparison with the linear HAGIS
results, a “drift-order” mode in HALO was implemented, where
the electric field in the power transfer Eq. (55) was modified to
be evaluated at the guiding centre position

el (xi (t); wj) — € (X; (0); w)) (74)

giving good agreement in Fig. 4.

Note that before any attempt is made to include this finite
Larmor radius correction in a drift-kinetic code such as HAGIS, a
technical point worth mentioning here is that the drift velocity
V; in guiding centre codes should be computed to one-higher
order in Larmor radius for the resulting power transfer to be
consistent with the 1st order drift-kinetic equation, owing to the
charge of the particle appearing in the fast particle power transfer
8E - 8j [29]. This technical point is the reason for traditional drift-
kinetic power calculations being formulated through the pressure
rather than the electric field.

4.5. Nonlinear tests: mode saturation and frequency chirping due to
phase space holes and clumps

The long-term nonlinear behaviour of the wave-particle sys-
tem relies on solving the initial value problem for both wave
evolution and particle evolution. The verification of linear growth
rate implies that the power transfer between waves and particles
is correct in the linear phase. We have also shown that test
particle orbits are correctly perturbed by a finite mode and are
resonantly trapped in the wave.
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Fig. 5. Nonlinear growth and saturation of the TAE (right), and comparison between change in wave energy and sum of change in particle energy (left).

What remains to be shown is that there is sufficient temporal
and spatial resolution in order to faithfully compute the wave
power transfer in the nonlinear phase, conserving total energy.

The long-term nonlinear behaviour of the TAE alpha-particle
benchmark is given in Fig. 5, showing the classic growth and
saturation expected, and the conservation of energy between
waves and particles. As the field grows, particle orbits deviate
significantly from equilibrium orbits and can become resonantly
trapped within the wave potential. The field energy grows as
A%, whereas the region in phase space that can supply energy
grows approximately as A>2. When the two energies become
comparable, the exponential growth slows until saturation when
the gradients in the distribution are removed via phase-mixing
of trapped orbits on a timescale comparable with the nonlinear
bounce frequency [6].

A further test of nonlinear evolution is the creation of
Bernstein-Greene-Kruskal (BGK) nonlinear waves that chirp in
frequency. These holes and clumps in phase-space result from
the shearing of trapped particle islands as the amplitude of the
saturated state is modulated by damping [30,31].

A marginally unstable version of the TAE benchmark was
created by considering an additional source current in the wave
equation

. 1 .
At; ) = _me'wﬂ / dx e’ (%; ;) [0 gast %, 1) + 8] g (%, )]
(75)
this can be rewritten as an equation for the time varying growth-
rate
A(t: @) = (Vaast () — 1Awpast (D) A (£; wy)
+ (ya () —idwq (D) A(t; w))

To produce nonlinear chirping, we assume a linear damping
contribution yy (t) = yy4, Awq (t) =0

. 1 .
At o) = S / dx e’ (x; wj) 8 pust (X, 1) + VA (1 @)
77

The nonlinear TAE benchmark described earlier was repeated
with a linear damping term included such that ‘;—i = 0.9. Fig. 6

gives the amplitude and frequency evolution of the marginally
unstable evolution. The rapid amplitude modulation is typical of
marginally stable TAE simulations performed with HAGIS [32]
and with other codes [33]. Also evident is the expected steady
production of BGK modes sweeping in frequency symmetrically

(76)
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Fig. 6. Amplitude (above) and Fourier spectrogram (below) of the TAE
benchmark made marginally unstable.

above and below the eigenfrequency as expected from the bump-
on-tail theory [34] and observed in previous TAE calculations [35]
and has been observed in experiment [36].

4.6. Conserved quantities and convergence

The full-orbit motion of §f markers is described by the tra-
jectories obtained from the Lagrangian given by Eq. (D.14) as
solved using the orbit-following portions of the LOCUST-GPU
code [15] with either of the phase-volume preserving Boris or
Strang particle orbit integrators [37].

For fully self-consistent HALO solutions, Egs. (51) and (55), as
well as the particle trajectories specified by Eq. (D.14) are inte-
grated simultaneously in time as an initial value problem. Parti-
cles are loaded in 6D phase space using a quasi-random Hammer-
sley sequence [38] in order to reduce noise in the power transfer
integral. The rapid variation in the quantity e’ (x,-(t); a)j) v; gov-
erns the power transfer timescale, with only the drift contribution
having any consequence for Alfvénic modes which oscillate on
an o kjva timescale. Slower still is the growth time of
A as dictated by the perturbative model. In order to integrate
the rapidly varying power transfer between infrequent wave
amplitude updates, a 6th order finite difference scheme was used.

~
=~
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global conservation of particles in the delta-f scheme (c).

The numerical scheme for coupled wave-particle solution has
been tested for convergence in temporal and spatial integration
and the results for the benchmark case are given in Fig. 7. A time
step of 1 x 1072 s in the benchmark problem corresponds to
2—’5% which is enough to solve the perturbed motion of the
particles and conserve orbit invariant K, but appears insufficient
in the continual time integration of power transfer e' (x,-(t); wj) v;.
Halving the timestep to ~ & & for the 6th order scheme gives
a dramatic improvement, with diminishing returns for further
reductions. We have so far only attempted running LOCUST-GPU
with simulations below 12 million particles, however we obtain
convergence in global energy conservation at around 1 million
particles.

Note the complete absence of any slowly growing or slowly
decaying amplitude in the converged solution, which has been a
stubborn feature in some other delta-f based results but one that
we have been able to eliminate with high-order integration and
sufficient statistics.

Also related to global energy conservation is the total particle
conservation in the delta-f scheme. The perturbed distribution
function §f represents the deviation of the distribution function
from equilibrium and must therefore contain both positive and
negative values as particles are moved from one area of phase
space to another. Thus, exact particle number conservation would
require that

~
~

/dxdv&f =) 8ia* A% =0 (78)

The total number of particles in the system includes the unper-
turbed particles as well as the perturbed particles and the frac-
tional error in the total particle conservation is f dxdvsf/ f dxd
vFy, however such a test is rather insensitive by virtue of the small
proportion of particles involved in driving the mode, i.e. §f < Fo.
A more stringent test fdxdvﬁf/f dxdv|§f| is presented instead,
which is a more direct measure of the error in the code as it
computes wave-particle power transfer. The relative conservation
of perturbed particles in Fig. 7 implies a random fluctuation in
the computed wave growth of the order of 1% with no systematic
drift evident.

5. Conclusion and further work

We have presented the theory and validation of a new wave-
particle code HALO which perturbatively solves the Maxwell-
Vlasov problem when the nonlinearity is dominated by particle
currents that do not play a large role in the structure and fre-
quency of the eigenmode. The approach generalizes the HAGIS
code by allowing arbitrary particle motion in arbitrary geometry,
interacting with eigenmodes whose frequencies are limited only
by the particle integration timescale. The workflow currently im-
plemented pertains to the TAE problem in tokamaks, however our
presentation has been deliberately general so that this approach
can be replicated easily for other kinds of bulk plasma modes.

For our TAE workflow, we have presented benchmarks against
the drift-kinetic code HAGIS, with and without the new FLR
corrections provided by HALO. The FLR corrections were found to
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be significant for an invented benchmark case with parameters
that resemble current large tokamak experiments.

We plan to extend HALO to support workflows for modes
other than the well-studied TAE problem, such as those located
in the ion-cyclotron and ion-acoustic range of frequencies. It
is likely that we will use the two-fluid extension to MISHKA,
MISHKAS3 [39], which includes the Hall-term required in the ion-
cyclotron range of frequencies (see Appendix), and for modes at
low frequencies, viscous and heat flow effects.

The robustness of this method has undoubtedly been due in
part to the Hamiltonian nature of the equations assumed. How-
ever it is well understood that the nonlinear evolution of TAEs
seen in experiment requires collisions and sources/sinks to be
modelled in order to reproduce all of the experimentally observed
behaviour, including asymmetric frequency chirping [40]. Colli-
sions have been implemented in various hybrid and gyrokinetic
codes [41,42], but a fully consistent delta-f set of equations that
includes collisions appears to be far from straightforward. This
will likely be the focus of future work to complete the TAE model
implemented in HALO.
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Appendix A. Applicability to the TAE problem versus the EPM
problem

TAE stability in a tokamak is a good example of a problem
where the orderings used in HALO are valid. The weak cur-
rents not captured in the self-adjoint MHD operator include the
drive provided by fast particles, the linear damping provided
by thermal ions, the linear damping provided by crossing of
the continuum, and the nonlinear response. TAEs are discrete
modes which exist in gaps in the Shear Alfvén continuum. They
are weakly driven and damped and there is good experimental
evidence for their mode structure resembling MHD solutions [5].

We turn our attention to the non-resonant nonlinear currents.
The fluid current associated with the TAE mode is given by the
polarization drift of ions

d ( EL(x,0) m; dE| (%, 1)
v X0 = (B(x) 2 (X)) eB’ (x) dt "
. dE i dE
vy (X, 1) = inl- oM 9By (A2)
ei|B+8B|* dt e (B +4B?) dt
mdE, (1 6B
vp(X,t):efiW(Bj—F‘i‘"') (A3)

The polarization drift is almost completely compressionless, so
the polarization current depends on equilibrium ion density

dE, (1 6B
.’p(xvt)=ni(X)m,‘7 <—+>

dt \B2 B4 (A4)

Identifying the linear and nonlinear responses

jNL‘ SB2
T B

T = (A5)
‘UMHDE‘

A fast particle driven TAE has a linear fast particle driven
growth rate % ~1% with a corresponding saturation amplitude
of % ~ 0.1%. The perturbative approach which assumes a fixed
mode structure is clearly a good approximation in such a regime
and the fast particle nonlinearity is the dominant nonlinearity at
least until mode saturation.

Conversely, energetic particle modes (EPMs) do not satisfy the
perturbative orderings by definition [43,44] and are not valid
modes to be considered self-consistently with HALO; specifically,
the distribution function in the vicinity of the resonant velocity
has strong gradients which produce currents that are responsible
both for the drive of the modes as well as the modes’ very exis-
tence. The coherent motion of the fast current does not merely
provide an external drive, but rather, the coherent motion is the
EPM

‘jNL‘
——1~1

= (A.6)
’UMHDE‘

EPMs such as fishbones can also occur at low frequencies where
strong damping interactions with the Alfvén continuum produce
large response currents

Jo

~1 (A7)

’UMHDE

The strong continuum damping implies a low-quality linear
plasma response at the fishbone frequency. With such a broad
bulk plasma response, discussion of a bulk plasma linear “mode”
is meaningless.

Appendix B. Mode energy of modes in the ion-cyclotron range

Although this paper has focused on the TAE, HALO is suffi-
ciently general to allow study of arbitrary perturbative eigen-
modes. Here we give the derivation of dgg% required for dWcop
which is valid for any cold plasma eigenmode below the electron
cyclotron frequency.

The general cold plasma displacement velocity for a given
particle species is [17]

2

<f-: (*, @) — 2 ®) E, (x w)b (x))

e
VX, w) =i— 5
w

mw? — Q¢ (X)Z
2x? E@® o) xb
_ (X) (%, w) (B.1)
w? — .QC(X)Z By
Looking first at the electron current, for frequencies well be-
low the electron cyclotron frequency

. 2 . E®, b
Jo @) = i™F, (%, ) b (x) — nem X ) X B ® (B2)

mew Bo
and for ions of charge Ze and cyclotron frequency £2.
i (%, ) inizzez ®
(X, ©) =
' mi w? — Q2 (x)>?

- 22 (%) ~ .
x (E (x, ) — — 2(")1-:” (x, w)b(x))
w
2(x? E b
— nZe (%) (%, w) x (B.3)

w? — Q2c(x)? By
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Using quasi-neutrality we find, after some manipulation, that the
total current is
2

w 1" E (%, w)
1 X
2 2 2
BO ‘Qc w

nZ?e* ne*\ - .

+ + lE” x, w) b (x)
miw Mmew

2

Jx o) =—

ne - A

+ mB—OEL (%, w) x b(x) (B.4)
We can clearly identify a binormal Hall current which is out
of phase with the polarization current. This Hall current is the
additional physics required in dWcoyp that is ignored for Alfvénic
modes. Decomposing the electric field along the orthogonal di-
rections &, &, b we obtain the conductivity tensor o (x, X, w)
(cf. Shafranov [17]) defined through the generalized Ohm’s law
expression

Eq
J(x, 0) = / o(xx, 0)|E | ¥ (B.5)
E|
AR, ©) iH® o) 0
ocon(X, X, w) = 5(x — X') <—iH x,0) AR o) 0 )
0 0 P (%, »)
(B.6)
where
. nim; .Qz
Haw) = 2T (B8)
@ 022 — w? B ’
ZZ 2 nez
P(x,w):i( : + ) (B.9)
miw Mmew

Taking the derivative of Eq. (B.6) gives the equation given in
Box I.

In the MHD limit w <« 2., the off-diagonal Hall H (x, w) con-
tributions to the mode energy vanish leaving only the diagonal
polarization drift found in Eq. (33) for the perpendicular field.

Appendix C. The adiabatic contribution and the HAGIS and FAC
expressions

In HALO, the perturbed distribution in Eq. (55) contains both
the real and imaginary components of the correction to fre-
quency. The linear real contribution to the frequency from the
imaginary power transfer is also known as the “fluid”, “incom-
pressible” or “adiabatic” part of 8f [25]

Syt = 5 S4B EL L (WTY I ()
at dt 9P, " °Tdr oF o

Lsr ) = L sfuapanc(t) + () (€2)
dt dt dt

where h(t) is the usual label for the non-adiabatic contribution.

Both the HAGIS and FAC codes (as well as the linear CASTOR-
K code [45]) explicitly ignore adiabatic contributions to the mode
frequency and focus instead on computing the growth rate due
to real power transfer. By using MHD for the mode structure,
this implies that these codes are ignoring the fast particle pres-
sure contributions to the mode structure and frequency. More
recently, there has been work in combining the LIGKA code
with HAGIS to weaken this assumption both linearly and non-
linearly [46].

We can re-obtain the non-adiabatic HAGIS/FAC evolution
equations Eq. 21 in [13] and Eq. 29 in [12] by considering a low-
B MHD approximation for an Alfvén eigenmode

V x ZamBo — 6B (C.3)
m
KjmPm
= Jnm c4
m Boo (C4)

The power transfer term in Eq. (55) is then proportional to

. 8 .
-3 (v VOEet 4y —a;e'“’ft80>
— at
) kym
—e'wjtz (v Vo +iwy Bow Pm ) (C5)

m

ei'e’ (x; (t); wj) v =

Ignoring the adiabatic contribution implies

dor 9D
= . V¢* = O C.6
T " +v x (C.6)
Giving the HAGIS/FAC results
A(t; o) =X (t; wj) —iY (t; o) (C7)
Sigm = Im {ei("m"‘k—wﬂ) q>m} (C8)
Cijm = Ne {ei(k'”"‘k_“’ft) (Dm} (C.9)
X (£ ;) ZeZZ Kym (i (£)) vpic (£) — ;)
X Skjm(ka ®) A3 X](A Vg (C.10)
. 1
Y (6 w) =— e Xm: Xk: (kym (X () vk (£) — @)
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Appendix D. Two approaches to delta-f — canonical versus
non-canonical

A similar delta-f scheme can be constructed for any Hamil-
tonian motion, where the fast current is given by a density in
Hamiltonian phase space f (q, p, t)
igws @.0) =2¢ [ dpf @.p.0)0(a.p.0 (D.1)

For any coordinate system the conservation of particles gives

of (q.p. t)
TELD 4 (@ wpn)+ o (xpn)  02)
The addltlonal assumption of Hamlltoman motion
dH(q,p.t) . dH(q,p.t)
ML L L (D3)
ap oq

allows the conservation law to be written as a total derivative
along the particle orbits

da@pt_of@po . Hapo . f@po
d ot aq P op

=0
(D.4)

The distribution function is separated into equilibrium and
perturbed portions f q,p.t) = I% (q.p) + Sf(q, p, t), as is the
Hamiltonian H (q, p, t) = Ho (q, p) + dH(q, p, t) with the equilib-
rium satisfying
dHo (q.p) 9Fo(q.p) 9Ho(q,p) 9Fo(q.P)

op oq oq ap

-0 (D.5)
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the evolution of Sf along the particle orbit is then The transformation of phase-space variables from z = (x,v)

_ 98H(q.p.t) 9Fo(q,P)

d .
=3 ) =
1 f(q,p,t)

ap oq
dSH (q.p) 9Fo (q,
L PH@p QP (D6)
oq ap

An awkward feature of the Hamiltonian approach lies with
relating the canonical momentum to measurable quantities i.e.:
the velocity. Although the equilibrium Fj (q, p) has no explicit
time dependence (by definition), the transformation between p
and v is time-dependent because it depends on the perturbation
through p(x, v, t) = mv + eAg(x) + eSA(x, t). Choosing to ignore
the perturbation in the momentum creates a discrepancy that is
linear in the mode amplitude. Given that the growth rate scales
as the square root of mode amplitude, an approximation for
resonant particles only is p (x, v, t) &~ muv + eAg(x) which may
be sufficient to capture the non-adiabatic response.

The alternative non-canonical prescription [ 14] is based on the
well-known procedure given by Littlejohn, which starts with the
Vlasov equation

ali,fast (%, t) =Ze / dvf (z,t)v (D.7)
z=(x,0) (D.8)
of @.t) . @zt

ot T Tz O (D.9)

and relates to any canonical description through a trivial scaling
factor m*f (z, t) = f (q, p, t). This is the approach of the existing
drift-kinetic and gyrokinetic theory, and the same as used in
HALO.

The separation of equilibrium and perturbed motion in phase
space is described with a Lagrangian

L(z,z,t) =1Ly (z,2) +5L(z,2,t) (D.10)

dih@2) @2 )

dt 0z oz o

d 3sL(z,2) 9SL(z,2) .

— = éz(t D.11

a0z oz %0 (b.11)

with equilibrium defined through f (z, t) = Fy (z) + 8f(z, t) and

. oF (z(t

Zo(t) - @0 _, (D.12)
0z

and corresponding delta-f equation

d . oFy (z(t

Lsr ) = —sa(p) - 2o @) (D.13)

dt 0z

The phase-space Lagrangian in z = (x, v) is
.. . m
L(x, v, &, 0, ) = (v + eAg + e5A) - & — <e®o tesd + Ev.v>
(D.14)

to any other z is completely arbitrary since the Lagrangian is
coordinate independent. A particularly simple choice used in the
HAGIS/FAC codes is to write the distribution using equilibrium
invariants of motion F = F(E, u, P4; o). This gives immediately
their result when £ is taken as zero and z = (E, u, Py, .. .)

d L ; . d aL Z .
7E:_M_>E:07fp :M—>P¢:O
dt ot dt ¢

(D.15)
d . 0Fg (E, i, Py: o) 9Fo (E, . Py: 0)
Ssft) = —E —P,. D.16
a f (1) 3E ¢ 9E ( )
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