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Microinstabilities drive turbulent fluctuations in inhomogeneous, magnetised plasmas.
In the context of magnetic confinement fusion devices, this leads to an enhanced
transport of particles, momentum and energy, thereby degrading confinement. In this
work, we describe an application of the adjoint method to efficiently determine
variations of gyrokinetic linear growth rates on a general set of external parameters
in the local J§f-gyrokinetic model. We then offer numerical verification of this
approach. When coupled with gradient-based techniques, this methodology can facilitate
the optimisation process for the microstability of the confined plasmas across a
high-dimensional parameter space. We present a numerical demonstration wherein the
ion-temperature-gradient instability growth rate in a tokamak plasma is minimised with
respect to flux surface shaping parameters. The adjoint method approach demonstrates a
significant computational speed-up compared with a finite-difference gradient calculation.
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1. Introduction

Within the plasma core of magnetic confinement fusion (MCF) devices, gradients
of temperature and density act as sources of free energy that are capable of driving
microscale instabilities, should they exceed critical values (see e.g. Rudakov & Sagdeev
1961; Drake & Lee 1977 or Tang, Connor & Hastie 1980 for ion-temperature-gradient
(ITG), microtearing mode or kinetic ballooning mode descriptions, respectively). Beyond
such critical values the transport fluxes increase rapidly, thus requiring a large additional
power input to maintain the temperature gradient. One mechanism behind these large
fluxes is turbulent mixing, which results in the increased transport of particles, momentum
and energy out of the device. To properly predict plasma profiles, one should thus solve
the transport equations in which nonlinear, turbulent fluxes determine profile evolution.
However, due to this ‘stiffness’ of the transport (Dimits ef al. 2000), the critical gradients
obtained from a linear instability analysis are often a first reasonable approximation to
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the experimental outcomes' (Doyle, Houlberg & Kamada 2007). Hence, it is worthwhile
to determine if externally controlled experimental parameters can be chosen to optimise
linear stability.

The growth rate of linear microinstabilities can be influenced by a large number
of parameters, including plasma density, temperature, flow profiles and the magnetic
geometry. In an idealised situation, one would determine how such growth rates, and
by extension critical gradients, depend on all parameters governing the system, and
then design MCF devices that optimise temperature and/or density gradients. However,
analytical searches are intractable, and, because the number of tuneable parameters in
modern MCF devices is large, full numerical parameter scans are often prohibitively
expensive.

In this paper we address this issue by employing an adjoint approach (cf. Pironneau
1974) to enable efficient calculation of local variations to the linear growth rate with
respect to all parameters of interest within the local, §f-gyrokinetic model. In contrast
to a finite-difference calculation, the adjoint method is essentially independent of the
dimension of the parameter space, and can be used to optimise over a large number
of variables at once without incurring additional computational cost beyond solving the
system equations; the associated cost of the adjoint method is roughly equivalent to solving
the linearised gyrokinetic system of equations twice.

The archetypal microinstability in MCF plasmas is the ITG instability (see e.g. Rudakov
& Sagdeev 1961; Cowley, Kulsrud & Sudan 1991), as it has been identified as the main
source of heat transport in the core of many tokamaks (Mantica et al. 2011). Therefore, for
clarity, we shall present the optimisation process with ITG instabilities in mind. We shall
apply the adjoint method to the linear gyrokinetic equation and demonstrate its utility by
calculating the sensitivity of the growth rate to geometrical parameters in a tokamak, with
the aim of maximising the critical ITG through shaping considerations only. However, the
technique and equations derived below allow for calculations of the gradient of the linear
growth rate with respect to a general set of unspecified parameters, p, and could thus be
applied more broadly, and to other instabilities. In general, the adjoint method we present
here is agnostic to the mechanism behind the instability, and gives the gradient of the
linear growth rate with respect to a set of external parameters independent of the mode
type. Given that the growth rate is a continuous function this approach could thus also be
applied to linear growth rates for which the instability mechanism changes.

This paper is organised as follows: in § 2 we outline the gyrokinetic-Maxwell system,
including the governing equations for the evolution of the plasma distribution function
and electromagnetic fields. In § 3, we present details of the gyrokinetic-adjoint system, and
derive the adjoint equations as applied to a linear, low-flow, electromagnetic §f-gyrokinetic
system with collisions. The aim in mind is to minimise the linear growth rate in a parameter
space defined by a generic set of independent variables, p, that influence the plasma
evolution. We also extract the electrostatic, collisionless limit of the adjoint equations. The
second portion of the paper then focuses on applying the model derived, and discussing
how this method may be used to vary the plasma profile (such as temperature or density
gradients) in directions favourable for fusion whilst retaining microstability. In § 4 we

' An important caveat to mention is that true critical gradient values can be shifted by nonlinear effects. Linear
instabilities grow until nonlinear coupling to ‘zonal’ modes removes energy from the linearly growing modes. This
energy injection into the zonal modes causes them to grow and can suppress turbulence completely in a region beyond
the linear critical gradients (e.g. see Dimits er al. 2000; Rogers, Dorland & Kotschenreuther 2000). We will neglect
this ‘Dimits shift’ of the critical gradient in the following analysis, and use only the linear gradient as a predictor for
experimental profiles. This provides a lower bound for critical gradient values and can be a good approximation for the
full nonlinear threshold value.
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briefly discuss how the process is implemented using the §f-gyrokinetic code stella,
with § 4.2 specialising to the case where p consists of the parameters needed to specify the
local magnetic geometry within the Miller formalism (Miller et al. 1998); we describe the
motivation behind this choice, and describe how it is implemented numerically. Section 5
covers the numerical methods employed in solving the adjoint system. Finally, § 6 presents
the numerical results, including tests for an example application in which the adjoint
method is utilised to vary the magnetic geometry with the aim to minimise the linear
ITG growth rate.

2. Plasma evolution equations

We model the evolution of plasma fluctuations with the §f-gyrokinetic equation (Catto
1978; Antonsen & Lane 1980; Abel et al. 2013), which one derives by exploiting spatial
and temporal scale separation. Our starting point is the Vlasov—Maxwell system of
equations including collisions

dfy
- = Cuu’ veJv'ls 2.1
. Z [fos fir] 2.1)
V. E =4mp, (2.2)
V.-B=0, 2.3)
10B
-——=-VxE, 2.4)
c ot
1 . O0F
VxB=—(47r_]+—>, (2.5)
c ot

where o is the electric charge density, j is the current density, v is the particle species
index, ¢ the speed of light, ¢ the time, E and B are the electric and magnetic fields,
respectively, and C,/[ f,, f,] accounts for the effects on species v from Coulomb collisions
with species v’. We relate the charge density and current density to the particle distribution
function, f,, via the velocity space integrals

0= ZZue/ d*vf,, (2.6)
j= ZZve/ Fovf,, 2.7)

with Z, e the species charge, and e the proton charge. We take the frequency of fluctuations,
w, to be much less than the gyrofrequency of particles, £2,, defined as 2, = Z,eB/m,c,
with B the magnitude of the magnetic field, and m, the species mass.

We decompose quantities into their mean and fluctuating parts. The mean components
determine the evolution of the background plasma, and are found by averaging over all
fluctuations. We represent the average of a given quantity, 4, over all fluctuations by (/)
and define this average as

+T/2
(h(®)) v = ?/ dr' (h(t)) 1, (2.8)

-T/)2

where T is some intermediate time shorter than the (transport) time scale associated with
mean profile evolution, and longer than time scales associated with typical fluctuations,
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such that o' <« T <« L/vg;, where L is the system size, and vy = /2T, /m, the
species thermal velocity, with 7, the species temperature. Here, (-), is an appropriately
defined spatial average over a length / satisfying p,.s < [ < L for a surface perpendicular
to the magnetic field (Abel et al. 2013). The distribution function is decomposed as
fy =F,+8f, with F,, = (f,)wn determining the profile of the equilibrium plasma, and
df, the contribution from plasma fluctuations.

We take the Larmor radius of particles, p, = v, /2, to be much smaller than the system
size, L, where v, is the magnitude of velocity in the plane perpendicular to the magnetic
field. We henceforth take the reference scale to be ordered the same as the ion scale, with
Pref = Vthret/82ver ~ pi. We expand the Vlasov—Maxwell equations including collisions,
(2.1)-(2.5), in the small parameter € ~ p, < 1, with p, = p;/L the ratio of the reference
ion gyroradius to the system size, and equate terms of equivalent order. We order terms as
follows:

pi @ Kk ep B f

=L 2 U ey and ki~ (29
LT kT B TR, S M &9

In the above orderings we have decomposed the magnetic field into the equilibrium
contribution, By, and the magnetic fluctuations, 6B, such that the full magnetic field
is B = By + 6B. We have also introduced the parallel and perpendicular wavenumbers,
ky=k- b and k; = (I — bb) - k, with b the unit vector in the direction of the magnetic
field, and I the identity matrix. The perturbed electric potential has been introduced as ¢.
We also expand the mean and fluctuating components of the distribution function

Fv=F0,v+Fl,v+F2.u"'a

(2.10)
(va :8f1v+8f2,v+ s
with Fy , ~ f,,, F1., ~ 0f1., ~ €fy, Fa, ~ 8fa ~ €2f, and so on. Equilibrium quantities are
taken to have characteristic length scales of order L, and evolve slowly on the long transport
time scale 7' ~ €3§2;; they are thus understood to be static during our considerations.
Small-scale fluctuations, captured in &f,, have characteristic length scales of the order
pi ~ €L and frequencies w ~ €£2;.

The charged particles follow magnetic field lines and perform rapid gyration in the
plane perpendicular to the field. We introduce R, as the gyro-centre for species v,
and r to indicate the spatial position vector for any given particle. These descriptions
of particle location are related through R, =r — p, (), with p,(¥) = 130 X v/82, the
Veloc1ty—dependent vector gyroradius. Our analysis need only consider bo; hence, we
shall set b = by in the remainder of this paper for notational brevity. The gyrophase, 9,
characterises this gyro-motion, and has a large associated frequency || ~ £2,. A natural
approach is to average over these fast oscillations by introducing a gyroaverage, defined
through

1 27
(h()r, = (h(R, + p,(I)))r, = ﬁ/ h(R, + p,()) dJ, (2.11)
0

1 2n
(h(R.))r = (h(r — p,(9))), = 5/ h(r — p, (1)) dv, (2.12)
0

where R, and r are held constant when performing the ¢ integrations in (2.11) and (2.12),
respectively.
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Expanding the Vlasov—Maxwell equations, then equating terms of order ¢! with
respect to vy ;Fo /L, we obtain the equation dFy,/dv =0, which demands F,, be
independent of gyrophase. In the presence of modest collisionality? zeroth-order terms
provide the further constraint that the equilibrium component is a Maxwellian in velocities

n,

Y eV v
(Tw[zh’u)me , (2.13)

FO,V =

where n, represents the species density.

Equating terms ordered €! gives the evolution equation for first-order perturbations.
This exists within a six-dimensional phase space with coordinate choice {R,, v, i, U}.
Here, p, is the magnetic moment defined as 1, = m,v? /2B and is a conserved quantity
to the order of consideration. Gyrophase dependence is removed by gyroaveraging
the full equation, reducing the phase-space dimensionality by one. As a result
the gyroaveraged fluctuating distribution function of guiding centres arises, denoted
USing gv(Rvs vy, /‘Lv) = <8fv>Rv = 8fv + (Zve/Tv)FO,v[¢ - <¢>RJa such that 8v is gyfophase
independent.

We expand the total time derivative in (2.1) in terms of partial derivatives in
{t, v, ny, U, R,} — with each partial derivative taken assuming all other variables are
held fixed, unless explicitly stated otherwise — and then gyroaveraging over ©# to reduce
the dimensionality of our equations from 6 to 5. We define a ‘low-flow’, or ‘drift’,
ordering to be when the flow speed is ordered as p, small compared with the thermal
speed. In this ordering the resulting linear, electromagnetic gyrokinetic equation including
collisions is

agv 7 Zve 7 Zve
-t b Ve + ——Foub- V)R, |+ Vuy - | Vig + —FoVi(X)r,
ot T, T,
My 2 ag\) Zve My » )
——b-VBy— + (vy)r, - Vlg Fo, + b-VByFo.,(Ar, =C,, (214
m, 8vH y m,c

where C” =" /C!  is the linearised collision operator taken to be self-adjoint such
that C"" = C?.3 We have introduced x =¢ — v -A/c as the gyrokinetic potential,
with 4 = AHI; + A, the fluctuating magnetic vector potential, (6B = V x A), which
has been decomposed into components parallel and perpendicular to the equilibrium
magnetic field. The gradient acting on the Maxwellian appears as V|¢. This indicates
that the derivative has been taken at constant kinetic energy, £ = m,v?/2, rather than at
fixed {vy, u,} variables, in contrast to the other spatial gradients appearing in equation
(2.14). Finally, vy, and v, are the magnetic and generalised E x B drifts defined

through
1 7 v
Uy = —b x (“—VB + vﬁx> : 2.15)
2, m,
C A
v, = 1_9b x V,ix, (2.16)

with k = b - Vb the equilibrium magnetic field curvature.

2This requires the collisionality v 2 psw —a regime within which we work.
31t should be noted that this encapsulates a broad range of collision operators including the linearised Landau, and
the linearised Fokker—Planck collision operators.
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The system is closed by the field equations consisting of quasineutrality, > ° Z,8n, =0,
with én, the perturbed density, and the low-frequency Ampere’s law, V x §B =
(41 /c)8J, with 8B and 8J the fluctuating magnetic field and current density, respectively.
When written in terms of the distribution function these relations become

Z,
>z, / d*v [<gu>Rv + TeFo,v ((G0=), —¢)] =0, (2.17)
VZA—4—“ZZe/d3vu + 4 v ((Apr) | =0 (2.18)
14 ¢ & v I|8v Toc 0V \\ AR, | = Y5 :

4 Z, 7
V. 8B — T“ szef $ov - |:<gv 4 T"Fo,v ((X)R‘,)r) (b x vl)} —0, (219

where 6B = 6B - b= (V xA,)-bisthe parallel component of the perturbed magnetic
field.

2.1. Magnetic coordinates
We can express the magnetic field using the Clebsch representation

B=Vax Vy, (2.20)

where ¢ and « are the flux surface and field line labels, respectively. We choose to work
in field-aligned coordinates (Beer, Cowley & Hammett 1995) denoted by (x, y, z), with z
the position along the magnetic field line and (x, y) the position in the plane perpendicular
to b. Together, the unit vectors {X, y, i)} form a left-handed, orthonormal basis. We relate
the coordinates (x, y) to (¥, @) using

x d (¥ — vo)
= — W —Yo),
((llw (2.21)
y= d_y(Ol — ),
o

with (1, ag) denoting the values at the centre of the domain.

We take the discrete Fourier transform in {x, y} whilst retaining the real-space coordinate
for the parallel direction, and evaluate nonlinear terms pseudo-spectrally in order to retain
spectral accuracy in spatial derivatives when implementing the equations numerically.*
The discrete Fourier transform in {x, y}

gv('xa Y5 %, Uy K, t) = ng,v(za Vi, Uy, t)e(ikxx+ikyy)9 (222)
k. ky

is justified provided the condition k, ~ k, > 1/L is satisfied. This translates to a
requirement that the turbulent fluctuations at the edges of our domain are decorrelated,
such that they may be considered statistically identical, and periodic boundary conditions
can be enforced in (x, y) (Beer et al. 1995).

4Spatial derivatives are exact in the Fourier representation and are hence more accurate than using a finite-difference
scheme in configuration space.
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2.2. System equations

We next transform our evolution equations (2.14), and (2.17)—(2.19). The definition of
x 1is used to find the Fourier transform of the quantity (x)z, = ($)r, — V{A|)r,/C —
(vy-Ai)r/c

. A n v ~ ILV J oo P
Fr [(X)Rv] = Xkv = [Jo,k,u¢k - _”JO,k,vA“,k +2 Lk (SB”,k] , (2.23)
c Z,e a,

where we define F[(x)r,] = Xx.» to be the Fourier components of (x)g,. The variables
J,.k.» above are the nth-order Bessel functions of the first kind for species v. The Bessel
functions arise naturally as a result of the gyroaverages that appear in (2.14), and have
argument a , = k, v, /£2,. Utilising this, we can write each of our functional operators in

terms of {gx.,, <;3k, Au,k, (Sf?”,k}. The resulting gyrokinetic equation is

A 08k
Gry = 8k,

0z + T, 0z

N 0%k Z,e Xk
+U||b'VZ|: Bk, Xk F()U:|

: N . R Ze ,
+ la)*,k.uFO,vXk,v + 1Wq kv |:gk,v + TXk,vFO,v:|

v 7 aA v Zve v
~ . vpy By 2
m, v T, m,c

=0. (2.24)

(b - VB)FoJoxwArx — Crnl8in]

The drift frequencies, w,, and w,,, correspond to the magnetic drift frequencies
resulting from the gradient and curvature of the magnetic field and the diamagnetic drift
respectively, and are given by

1
Wd kv = E(Uﬁvk + movvp) » (VX + &, Vy), (2.25)

ck, dy dInFj,

e e L (2.26)
By da dy

Wy kv =

with v, = b x (lA7 . V@), and vyp = b x VB.

The distribution function and field quantities are time-dependent functions, and their
evolution equations admit normal mode solutions. For a generic set of initial conditions,
the fastest growing (or slowest decaying) mode is likely to have an initial amplitude that is
comparable to or smaller than other normal modes in the system. This results in an initial
transient period due to the competition between these different normal modes, followed
by exponential growth or decay once the fastest growing (or slowest decaying) mode
has a much larger amplitude than all others. Therefore, we decompose fi = ZJ. ]_‘kJe”’fvf’5

with y;; € C the complex frequencies, and fkﬁ/ the amplitude for the jth normal mode.®
Quasineutrality and Ampere’s law, along with the linearity of the gyrokinetic equation,
ensure that all fluctuating quantities for an equivalent normal mode share the same
complex frequency and will thus exhibit the same time-dependent behaviour during the

SWe remind the reader that, here, k denotes the Fourier mode from the spatial decomposition, and j is the subscript
denoting the temporal normal mode.

%It is worth noting that there are instances when the linear growth rates of two independent modes may be very
similar, and a single dominant growth rate may require long run times to become evident.
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period of exponential growth or decay. After a sufficiently long period of time (the exact
length of which will depend on both the relative growth rates and starting amplitudes of
each mode) the fastest growing mode will dominate, meaning we can approx1mate the
time dependent behaviour after large times using a single temporal mode; fk A fr o€,
with Re(yx0) > Re(yr;), Vj, j# 0. Using this normal mode decomposition in the
gyrokinetic equation and considering behaviour beyond the transient period gives

08k,v,0 n Z,e dXro Fo,u]

G v == g v + v B : VZ

k. Vk,08k,v,0 I |: 0z T, oz
. ) ) _ Z,e _

+ 104w kv Fo0 X0 + 100 k0 | kw0 + T XkoFo.»

v

08k Z,e W,
8k.v,0 T w
avH TV m,c

— b - VB, (b VBy)Fo,JosxvApro — CenlBrvol.  (2.27)

The corresponding transformed, normalised field equations are Qk :Mk :Nk =0,
where

A 21tB _ Z,en, - n, -
Ok = sze { . . /d2v Jo.kv8kv0 + T (FO,k,v — 1) Oro + Erl,k,vgBll,k,O} ,
. 0

v v

(2.28)
A 47 2‘.ITB() ) -
My = ——5— Ze d*vvyJo kv 8k v.0
kLc m,
47 (Z,e)’n, -
1 Ioe, |A , 2.29
+ |: + e ; m 0.k, I1.&.0 (2.29)
and
N 27By s Jiky  _ Z,en, -
N =87 Xv: m / d*v s Hv8kv.0 |:4JT Xv: B, Fl,k,vj| Dr.0
[ + 16112 }53,{0, (2.30)
with [ d*>v = [ du [ dvy. In the above we have defined
ok = lo(og,, )e ™, (2.31)
Iy = Moa,,) — Ti(og,,)Je™ (2.32)
D = Lo, ) e, (2.33)

where I and I; are modified Bessel functions of the first kind, and ay , = k2 p2/2.

3. Adjoint method for gyrokinetics

The adjoint-based optimisation method is a tool that, at its heart, efficiently calculates
derivatives of a desired quantity with respect to a potentially large number of parameters.
The associated computational cost depends only on the expense of solving both the
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objective functional and adjoint system of equations, and is essentially independent of
the dimension of the parameter space. Adjoint methods have already been successfully
applied to certain other aspects of MCF devices, such as optimising coil configurations
for stellarator geometries (see, e.g. Paul et al. 2018; Geraldini, Landreman & Paul 2021;
Nies et al. 2022). The novelty here is to apply the adjoint method to geometric optimisation
and plasma microstability, which includes the complexity of the full linearised gyrokinetic
system.

We now turn to the gyrokinetic equation and the objective of minimising the dominant
linear growth rate, yy o, with respect to a set of currently unspecified parameters {p;}, which
we take to be the components of vector p. This section outlines how one can take advantage
of the adjoint method to efficiently obtain the gradient V), . Although a finite-difference
scheme could be used to obtain such a gradient, this becomes computationally expensive
when the dimension of p, N, is large: for each gradient a finite-difference scheme
demands we solve the system equations N, + 1 times. In contrast, the adjoint method
allows us to solve the system equations only once, and in exchange one must solve the
set of adjoint equations, for which the cost is computationally equivalent to the original
system equations.

We start by considering the general case of low-flow, linear, electromagnetic,
8f-gyrokinetics including collisions, with equations (2.27)—(2.30) as the functional
operators defining our system in the long time limit.

3.1. General formalism

Since our equations are limited to the linear regime, there is no coupling of different
Fourier modes and it is thus possible to consider each perpendicular wavenumber
individually. Given that we are also considering the post-transient limit with only one
dominant growth rate, it will henceforth be assumed that only a single perpendicular
wavenumber is being considered, and we will thus drop the k subscript, along with the
subscript that denotes the dominant mode for the distribution function and field quantities.
For notational brevity we shall also drop the overbars that appear on the distribution
function and fields that denoted normal mode decomposition. Hence, everywhere g,, ¢,
A and 6B appear it shall be assumed that they contain suppressed spatial and temporal
Fourier subscripts.

Consider now a set of variables that influences our system and which exists within a
parameter space spanned by all possible p. We take the set {p;}, i € [1, N,], to be linearly
independent, with no time variation, and explore how variations within this space affect
the linear growth rate. At present we need not specify which variables are denoted by
P, and thus derive a general set of adjoint equations for the gyrokinetic-Maxwell system
above, (2.27)—(2.30).

Our objective functional, GU, is a linear functional of {g,, ¢, A}, B}, which are coupled
to the fields through the field equations, (2.28)—(2.30). When taking derivatives of G, we
invariably end up with derivatives acting on all four of these variables. This is undesirable
because it requires we calculate the gradients of g, and the fields, which in turn requires
us to solve the gyrokinetic system N, + 1 times, as discussed above. In order to eliminate
these four derivatives we use something akin to the method of Lagrange multipliers and
introduce four adjoint variables which multiply the corresponding constraint equations.
The optimisation Lagrangian is thus

L= <G”’A“>z,v,v+<Q"§>z+<M’§> +<z§/,a> , G.1)
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with the angle brackets representing inner products defined through’

d 2nB
(a, b)Z:/A—Zab*, (a, b>v,v:Z T 0/ d*vab*,
Bob . VZ v m,
d 2B
<as b>z,v,v = Z/ ~ : T 0'/ d>vab*.
v Bob . VZ m,

We have introduced the set of adjoint variables 4,, &, ¢ and o, whose forms are to be
determined.® We identify A, as the adjoint variable to the distribution function, g,, whereas
&, ¢ and o are adjomt to the field variables (referred to henceforth as adjoint fields).
The quantltles Gu, Q M and N are our objective functions, and we remark that since
G, = Q = M = N = 0 for a consistent set of Py, 8 (Py). ®(Py). Ay (py), B (py)} we have
L]p, = 0 for all choices of adjoint variables. For later convenience we decompose the
functional operators into their components that act on g,, ¢, A; and §B) separately

(3.2)

Golp; 80, 9, A, 8B)1 = G u[p; 801+ Gy ulp; @1+ G, [ps Al + G, 03 8B ]

- Clp gl (3.3)

Olp: g6 68,1 = (0ulpi 8.1T)  + Qylps @1+ On p: 3B (3:4)
W1p: g0 AL = (i1, lp: g0 T) -+ 1y, s Ay (3.5)
Nip: 8. ¢.8811 = (Neolp: 8.1 1)  +Nylp: @1+ R s 65, (3.6)

with T simply equal to one. Explicit expressions for these operators are given in
Appendix A.

We next consider taking the gradient of (3.1) with respect to the variables in our
parameter space, p. We now isolate all terms multiplying derivatives of {g,, ¢, A, 6B}
so that each of their coefficients can be set to zero. We are at liberty to do this because of
the freedom that exists in choosing the adjoint variables introduced in (3.1). The gradient
of (3.1) is expanded using (3.3)—(3.6)

V,L=0,C+ (V,,gu, G! lpi 41— Cllp; 1+ O Ip: €1+ M) [p: ¢1+ N! [p; a]}

+ <Vp¢, G, . lp: L)+ O)lp; €1+ N [p; a]>z + <VPAH, Gy, lp: 41+ M [p; §]>,
+ <V,,<SB,,, Gl ,[p: 4,1+ O} [p: €1 + Nj, [p: 0’])Z + B. (3.7)

Here, the daggers that appear on the functional operators denote the adjoint of those
operators with respect to the relevant inner product. The partial derivative, d,, is taken
at fixed g,, ¢, A and §B). Note that it acts on the inner product itself in addition to the

"Note that these must be linear in their arguments, exhibit conjugate symmetry and satisfy the Cauchy—Schwartz
inequality to be well defined. We also require that all arguments are square integrable in order for the optimisation to be
finite.

8Note that the adjoint variables here are defined in Fourier space, so A,, &, ¢ and o also contain suppressed k
subscripts, and thus we are calculating each for a specific k. The derivatives V, indicate how these Fourier components
respond to external changes of the parameters p in our system.
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terms within it to account for the p-dependence of the Jacobians® and functional operators.
The term ‘B’ accounts for boundary terms that arise when we integrate by parts to invert
operators such as (V p0-8v, /ll,)Z onto the adjoint variables, (V P&y 8Z/lv)z, and is given by

53

m / d /l ; + _\} qu F1 ; ¢
Vv v v v )4
; 14 pg Tv s 5

Zve Jl,v =
-2 T U||J0,VF0,UVpA|| + 4MVa_F0,UVp(SBII
2mB, 0B, |
_ Z ” dz | du Mva—z/lqugV . (3.8)
v ' vj=—00

We can conveniently set these terms to zero by applying appropriate restrictions on
our adjoint variables. These terms consequently define the boundary conditions we
apply to our adjoint variables. The incoming boundary conditions along the magnetic
field on g, are taken to be g,(z — —oo,v; >0, u,), g (z— oo, v, <0,u,) = 0,
independently of p, such that d,g, =0 at these limits. We impose the boundary
condition on A} to be A} (z = —oo, v <0, ), A;(z = oo, v > 0, u,) — 0 in order to
eliminate the boundary term arising from the z integration by parts, and hence remove
the need to calculate V,{g,,®,A, B} at the boundaries in z. The boundary term
arising from integration by parts in v, is automatically satisfied as it is assumed that
8v(z, vy = oo, u,) =0, V{z, u,} independently of p. However, it is convenient to
impose that A%(z, vy — £oo, u,) =0 such that A7 and g, satisfy similar boundary
conditions, whilst also ensuring A, is sensibly defined and normalisable.'” The substitution
A" = A (z, —v), 1y) is made such that the adjoint equations more closely resemble those
in the original gyrokinetic system. This redefines the z-boundary condition on the adjoint
variable A5*(z = —oo, v > 0, u,), 47" (z = oo, vy <0, u,) — 0, which now mirrors
those satisfied by g,.

Setting the remaining coefficients of V,g,, V,¢, V,A, and V6B in (3.7) equal to zero
yields the constraint equations for the adjoint variables

Gl lp: A7+ 0 Ip: 14+ M [p; c1+ N] [p; 0] — Cllp: 471 =0, 3-9)

(G AT N + OLlps E1+ N[ps 01 = 0, (3.10)
(Gl 1ps A7 Vo + B 5 C1 = 0, @1
(G, P34 D)o + O [ 61+ N [p1 0] = 0. 3.12)

The expressions for these adjoint operators are stated in Appendix B. The z-derivatives

which appear in the G, operators, under the velocity integrals, in (3.10)—(3.12) pose a
potential difficulty; to calculate the adjoint fields, information is required for A* at all
z, for both positive and negative velocities. Given the boundary conditions on A, and
the propagation of information by advection this information is not readily available.

%It is noteworthy to point out that although the Jacobians present in the integrals (as well as the Lagrange multipliers
themselves) are p-dependent, we anticipate that when the distribution function and fields are evaluated at p their
derivatives provide zero contribution as they multiply the functional operators, which are identically zero at p,. Hence,
we would be justified in pulling the partial derivative through these inner products, and the final derivative of the growth
rate obtained should be the same.

10 An additional consequence is that this choice simplifies the implementation into an existing gyrokinetic code.
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This is akin to the problem faced when solving the gyrokinetic system; an incoming
boundary condition is imposed on the distribution function at z — 0o when v; < 0 and
v, > 0, respectively. The outgoing boundary information is not known a priori but must
instead be solved for. Anticipating the difficulties this will create for numerical solution,
we take moments of (3.9) are taken to simplify the adjoint equations. This simplifies
the adjoint equations, bringing them into a form more closely resembling the that of the
gyrokinetic field equation. It should be emphasised that we retain a fully kinetic treatment
in doing so.

A summary of this calculation can be found in Appendix C, and the result after algebraic
manipulation is

. EY . 9By 91> .
AT b vl Py T2 AT Zoedo ok
0z m, 9z 81)” ' ’
4 I, .
— X Zedo e 4 81t o — G A1 = 0, (3.13)
k7 c a,
1 ZTEB() Zue
- d*v |iw, , “1Jo ,Fo A" =0, 3.14
§+UZV: mu/ U|:60,+TVV]0, oA, (3.14)
1 2TITBO U . Zve « -
- — | dv— |iw,, + Y [ JooFoud, =0, (3.15)
k7 ~m, c T,
ZJTBO My Jl v . Zve
— dv (22— v+ — Y| Fo AT =0, 3.16
’ va / U<Zveav>|:lw’+Tvyi| o ( )

v

with n = Zu(Zve)znv/Tv. Noting that we can also rewrite Gv[p; 8, 9, A, 0Bl =vg, +
I:v [p; 8v, @, A, 6B;], and using VI,,EII,,0 = 0, we can rearrange equation (3.7) to obtain

. (3.17)

Vor{ge Aes = = [k, Ao+ (0. E)e - @i, 0)c - @, 0): ]|

where the partial derivatives have been pulled inside the inner products as the contribution
arising from the Jacobian derivatives is zero by virtue of G, (py) = Q(po) =M (py) =
N (Po) = 0.

To solve for the derivative of the linear growth rate, the following procedure is taken: the
gyrokinetic equations, (2.27)—(2.30), are solved to obtain g, and y, and then the equations
(3.13)—(3.16) are used to solve for the adjoint variables. These quantities are then all fed
into (3.17) to compute V,y.

3.2. Electrostatic, collisionless limit

We consider now the electrostatic, collisionless limit, as we shall perform numerical tests
in this regime. In the limit of small plasma £, meaning the ratio of plasma to magnetic
pressure tends to zero, the magnetic field perturbations tend to zero. Hence, to extract the
electrostatic, collisionless limit from these equations we set Ay = 6B, =0, and C, ,, = 0.
The linear, collisionless, electrostatic gyrokinetic equation is

ag, n Z,e 3]y,

GV[P; 8vs ¢] =VY8v + UHB ° VZ |: FO,V] + ia)*,uJO,v(pFO,v

0z T, 0z
My 4 aBO agv . Zve
——b-Vi——— t+iws | & + —JodFo. |, (3.18)
m, dz vy T,
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which is closed by the electrostatic limit of quasineutrality

n 21tB Z,n,
Olp: gv,¢]=;zue[ Z 0 / Poly,g, + T" (Fo,v—l)qs], (3.19)

v v

with G, and Q identically zero, and M, N providing no contribution in the electrostatic
limit. In the above we are once again considering the long time behaviour of a single
wavenumber, and have suppressed the associated subscripts.

As in § 3.1 we decompose the functional operators G\,[p; gy, @] and Q[p; gy, @] into
components that act on g, and ¢ separately, with all other operators in (3.3)—(3.6) set to
zero. The derivation in § 3.1 is unchanged, with the exception that some terms may now
be omitted. The resulting derivative of the growth rate in the electrostatic, collisionless

regime is

Yoy {8 A = = [Bplo. Ao + 0,0.8):]| (3.20)

where L, = G, — ¥ g, 1s given by equation (3.18), and the adjoint equations are

N N [ D T 0By 04, . -
v +yb-Vz ——b.-Vz— —iwy A, + Zyely 5 =0, (3.21)
8Z m 82 a'UH
1 271B, Z,e

+ - d*v |iw., + “NJonFoudy =0, 3.22
3 UZ mV/ |:60 TVV:|0’ 0.vd, (3.22)

with A5 (v)) = A,(—v)), and n = )" (Z,e)?n, /T, as before.

4. Normalisations and magnetic geometry

To evaluate (3.20), we need to solve for the set of variables {y, g,, ¢, 45", &}, evaluated
at the unperturbed geometric values, p,. We do this by implementing and combining the
adjoint system within the local §f-gyrokinetic code stella (Barnes, Parra & Landreman
2019). In this section we write the gyrokinetic equations in normalised coordinates along
with the corresponding normalised equations for the adjoint variables. We then introduce
a specific choice for p, the Miller parametrisation used to specify local magnetic equilibria
in tokamaks (Miller et al. 1998), and detail how the adjoint method can be applied in this
case.

4.1. Normalisation

4.1.1. Gyrokinetic normalisations

Here, we normalise the full electromagnetic gyrokinetic system and give the reduced
electrostatic limit at the end of the section. We choose our reference quantities to be
the same as in stella to aid in numerical implementation, and denote these with
a subscript ‘r’. A reference length scale that characterises the parallel lengths in the
simulation is introduced as L = a; for the Miller formalism stella takes a to be the
half diameter of the plasma volume (minor radius), at the height of the magnetic axis.
The perpendicular reference length scale is taken as a reference gyroradius p, = vy, /52,
with vy, , = /27, /m, the reference velocity, and §2, = eB,/m,c, with T,, n,, B, and m,
being user specified quantities. The normalised variables are denoted with a tilde, and are
provided in table 1.

Multiplying the gyrokinetic equation, rewritten in normalised coordinates, by the
factor (a*/ p, v, )exp(—v? /v, ) /Fo,.» we obtain the normalised low-flow, electromagnetic

https://doi.org/10.1017/50022377824000709 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824000709

14 G.O. Acton, M. Barnes, S. Newton and H. Thienpondt

Normalised Parameters

Parameter Normalisation
7 ta/vth,,

7, T/T,

B B/B,

my, my/my

ny ny/ny

v aV

U vj/Vehv

v wvBy/m, Utzh’v
5th,v Uth,v/vth,r
g:k,v 8k,v (CXP (_65)/1:0,\)) (a/pr)
?k ox(e/Ty)(a/pr)
Ak (a/BrpPA| k
Bk (a/Brpr)dB) k
ar.v kiv1/82,

Normalised Variables

(X ke = Jo.kvBr — 20,0010,k vA) & + 4Mv(Tu/Zu)(Jl kv /8x)8B) &
Od fe,y = (Tu,Or/ZvB)(v Ve + fvva) - (keVx + Kk Vy)
Wy kv = (kypr/2)aB, (dY/da)(dlnFo,u/dW)

TaBLE 1. List of normalised parameters and variables.

gyrokinetic equation taken in the long time limit

agk,v
0z

A

Gy = J7§k,u + 5th,u5|| l; . 62 |:

Z 8( )kv _172:|
= e v
T,

07

.~ 2 - - Z, . 5
i@ g€ (X + 1@a ke |:gk.u + 7 (X)ve ”2]
~ ~ 7 % agk,v Zv ~ 7 5 - ~ o ~
— U, vilvb + VBy 9% + 2]/71_,“1)[7 - Boe v‘z’Jo,k,uAH,k — Crl8rv] 4.1)
II v

The corresponding transformed, normalised field equations are given by

v

2B U Z, . 1 5
O = ZZ n, { 2 d*0Jo kv 8kvo + T (FO,k,v - 1) Pro + B_Fl,k,vSBll,k,O} , (4.2)
)

A

B, .. 2B / e
M, = — Z,ny Oy ——= | A0 0 k08k.v.0
(kpp)? Z v

By Z,n,
1 Doy | Aykos 4.3
+|: +(k¢,0r)22v: i 0.k, :| Il,k,0 (4.3)
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A~ 2B - Yok o B 5 .
N = 2/&2” T, \/—RO d*ofi, ?k 8rvo T |:2_l§0 XU:ZvnuFl,k,v:| Dr0
Br - ~
1+ = >z T ok | 8By a0, (4.4)
0 v

with the reference plasma beta, 8, = 87n, T, /Bf.

4.1.2. Adjoint normalisation

We choose the normalisation of the adjoint variables in such a way that our optimisation
Lagrangian is dimensionless. In general, this is achieved by enforcing that the dimension
of the adjoint variables in § 3 satisfy

mpﬁwlm=@ﬂ} @5)
[g1=1" (o] =[N, ‘

with [A] denoting the dimensionality of A. The normalised adjoint variables should then

satisfy
Lﬂﬁgzé’
b (4.6)
C - o
@,’ = o =—.
[c1 [o]

Analysis of (2.27), and (2.28)—(2.30) gives the normalisations consistent with those chosen
for the gyrokinetic variables

Fo, porvm, = n.ep,
1, = /l 0.v PrUth, E—g % ’
- a2 a
5 4.7)
~ Brp, - B, p;
{=¢—— oO=0 .
a a

We then multiply the adjoint equation (3.13), written in terms of normalised coordinates,
by a factor of (p,/a)Fy.,/ e " to obtain the electromagnetic, collisional adjoint equations
in normalised units

ai?Jﬁm + bV by b-Vz 9By 0L - o
— v VU — - v My — — 1wy,
97 th,v V|| 4 oz th, i 93 8v|| dv A,
- B, Jiv
+Z,i1,JovE — ———Zit, D Jon 9y E + 28, Tjty =26 — Cy[4,] =0, (4.8)
(kJ_ r)2 a,
E 4 - Z = | & [id) + é)?*] Joe "A7 =0 (4.9)
ﬁ - ﬁ ,V TV L,V v ’
- 2B Z
-y = | &0Q0p.0y) 10wy + —7% | Joe AT =0, 4.10
¢ Z):ﬁ-/ 2vp, ||)|: i TVV] 0, ; (4.10)
T J[ v -~ Zv ~ M~
5 — o (4, 2= ey + —P* e A =0, 4.11
o Zf (MZV&V>|:ICU,+TVV:| v (4.11)
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with 17 = A,(Z, =9, fi,), and §j = Y, Z%#1,/T,. This change of variables has been made
such that the adjoint equations more closely resemble the gyrokinetic equations, with the
boundary conditions on ;l;* mimicking those on g, 0. This is convenient as the numerical
machinery from existing gyrokinetic codes can be re-used. An artificial time dependence
has also been introduced in (4.8) in order to make computation easier, and we solve for the
steady-state solution for /lv, when 8,/1 =01

As before, we can use G p; g, ¢ A“, SB“] =vyg, + L p; g, d) A”, (SBH] with the
added constraint of V,L|, = 0 to rearrange the above and obtain

A

V7@ Dz = = [(Bpha Wz + 00, 8): + @0, 8z + @8,6):]| . @12)

Po

with closure equations provided by (4.8)—(4.11).

4.1.3. Electrostatic collisionless limit
Finally, in the electrostatic, collisionless regime, the system of equations to solve in the
normalised stella coordinates is given by

9 3o 5.9 AT . vaiéeo T 7o
Vg, U — — Uy oy b VI——— — 0y,
a7 th,v V| Z o3 th, f Z Py Bv” d,vt,
+Z, i, o6 " E =0, (4.13)
1 2B Z -
+-y — [ d&* [id)* v+ = ] Jo,e AT =0, (4.14)
3 7 ; ﬁ , 7 14 0,

and

(4.15)

4.2. Magnetic geometry

The coefficients in equations (4.1)—(4.4), and thus the associated linear growth rates, are
implicitly dependent on the magnetic geometry. For the remainder of the paper we will
take p to be an appropriate set of parameters that specifies the local magnetic geometry.
In particular, we will use the Miller formalism (Miller ef al. 1998) to parameterise the
magnetic field on the flux surface of interest. The Miller approach ensures that the
Grad-Shafranov (Shafranov 1966) equation is always satisfied locally by using a set of
independent parameters to define a single flux surface in an axisymmetric device. The
model equations describing the shape of the flux surface with flux label r are

R(r,0) = Ry(r) + rcos {0 + sin(6)5(r)}, (4.16)

Z(r,0) = rr(r) sin(9). 4.17)

Here, R(r,0) and Z(r,0) define the major radial and vertical locations for a given
poloidal location, €, which is related to the cylindrical angle, and é§ and « indicate the
triangularity and elongation of the surface, respectively. Specifying the full set of Miller

parameters provides all of the information required to compute the geometric coefficients
in the gyrokinetic-adjoint system consistent with the local magnetohydrodynamic

Here, the time derivative serves as an iterative scheme to converge to the correct steady-state solution for 71;"
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(MHD) equilibrium (though consistency with a global MHD equilibrium is not
guaranteed).

The user specified input parameters used in the local version of stella are
{Fyos Rygs Ayos Qs Sygs K /cl’/,[), Lyy, 8y, 8:/[0, ﬂl’jm }, corresponding to markers for the minor
and major radii, horizontal Shafranov shift (A, = RQIIU), safety factor, magnetic shear
(5 = (r/q)q"), elongation and its radial derivative, the external axial discharge current
(which is used as a proxy for the reference magnetic field), triangularity and its
radial derivative and the radial pressure derivative, respectively, with each being
specified at the flux surface of interest. Further information about how the Miller
geometry is treated in stella is given in Appendix E. We henceforth set

P = A1y Rygs Augs Guos Sugs Ko Ko Tygs Sugs 85 By b

5. Numerical implementation

The aim is to find the magnetic geometry that minimises the linear growth rate for the
ITG instability, and maximises the linear critical temperature gradient across the device.
This requires three distinct stages: first, the computation of V,y at a fixed ion temperature
gradient, 77; second, its subsequent use in an optimisation algorithm to find the p that
minimises y for this given 77; third, iteration of this procedure with variable 77 to find the
maximum temperature gradient for which y < 0 for the range of p considered.

5.1. Initial simulation

Solving, at an initial set of p,, for y, g, and ¢ is achieved by allowing stella to run for
a sufficiently long time, such that the solution is dominated by a single normal mode. To
determine the time at which this is satisfied, we employ a convergence test: the growth rate
is calculated at each time step and if the value of this is constant in time (within a specified
tolerance) then the system is deemed to be converged. There are two components of the
convergence test. The first is to check that the growth rates calculated at adjacent time
steps are within a given tolerance of each other. The second is to perform a windowed
average to check that the growth rate remains consistent over a defined number of time
steps. Two windowed averages are done; one over N, time steps and one over Z(N,/2) time
steps. When these two window-averaged growth rates agree within a set tolerance, g, and
 are taken to have converged. The corresponding growth rate is then calculated from the
windowed average.'?

5.2. Adjoint simulation

As previously introduced, an artificial time dependence is added to the adjoint equations
to facilitate computation. The solution is found in the steady-state limit, in which the time
derivative appearing in the adjoint equations goes to zero.

The resulting adjoint equations are treated in a similar way to the treatment of the usual
gyrokinetic system of equations in stella. The main aim is to ensure that the parallel
streaming term may be treated separately from the rest of the dynamics through operator
splitting. This is done by discretising in time, and splitting the time derivative into a series

12In cases where there exist two modes of similar growth rates, it may take a long run time to isolate the dominant
mode. In these instances of ambiguity, the adjoint method as demonstrated here, may fail to provide the correct gradient
of the linear growth rate in the desired parameter space at that point. However, it should be noted that as soon as you move
away from this region of ambiguity in the growth rate, the adjoint method can continue to be applicable, and will provide
the correct gradient in the parameter space. Hence, even if you take a step in the wrong direction within the space, the
adjoint method should correct itself to then step in the direction of stability.
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oAy oAy N E) e N ) b 5.1
o\ a1 ) ot ) or )’ '

of three steps

where
EY e . - .
( af ) = — P AT + i@, AT — Zo7E, (5.2a)
! 1
Y s~ 0By
2 ) =0y, iy b Vi— —L, 5.2b
( ot )2 Vi £ ‘ 82 aU” ( )
o Sy b 9200 (5.20)
— = — VvV . —_—. zC
ot , vl ¢ 0z

Analogous to stella, the terms in (5.2a) are treated explicitly using a
strong-stability-preserving, third-order Runge—Kutta method (Gottlieb, Shu & Tadmor
2001). In combination with the operator splitting employed within stella the overall
algorithm is second-order accurate in time step size, A7.

The parallel streaming and mirror terms, given by (5.2¢) and (5.2b), respectively, are
treated separately, due to the presence of the prefactor vy, ,, which increases the relative
amplitude of these terms when considering electron dynamics. As a result these terms have
the potential to exert a stringent Courant—Friedrichs—Lewy condition on the simulation,
and require a small time step to be taken in order to retain accuracy. Thus these terms are
treated implicitly in time to relax this constraint.

The mirror term, (5.2b), is a simple advection equation of A= in @, which is treated
using a semi-Lagrange method, akin to the algorithm used to advect the distribution
function in v; within stella. The mirror coefficients are independent of both time and
vy and hence the exact characteristics of this equation are known. The interpolation in v,
is forth order accurate in vy grid spacing, Av(Barnes et al. 2019).

The streaming term, (5.2¢), is also an advection equation in z, which is treated using the
Thompson algorithm for tri-diagonal solve. When fully centred in time the discretisation
reduces to the Crank—Nicolson method, which is second-order accurate in time, and Z grid
spacings, A7 and AZ, respectively.

We are seeking a steady-state solution to the adjoint equations. The same convergence
test is performed on ;lv“’ as that performed on the distribution function in order to check
that the complex growth rate has converged to zero within a given tolerance. When this
is satisfied, the resulting A" is used to solve for 1,. This is then stored for use in the
remainder of the calculation.

5.3. Optimisation loop

Once the gradients V,y are obtained we use them inside an optimisation loop to find the
p that minimises y. We employ the Levenberg—Marquardt (LM) algorithm, (Transtrum &
Sethna 2012), to find the local minimum. The method adopts a steepest descent behaviour
when the location in parameter space is considered to be far from the minimum, and
progresses towards Gauss—Newton behaviour as one approaches the minimum. This is
achieved by introducing a damping factor, I, which is updated with each iteration. The
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algorithm iteratively solves the following:
[H + I'diag(H)]dp = —V,y, (5.3)

with H = Vf}y ~ (V,y)'V,y the Hessian matrix. When I" is large we have
Prew = Pog — @+ V,y, with a = [I"diag(H)]~', which mimics the gradient-descent
algorithm. However, when I is small, (5.3) reduces to p,., ~ poq — H' - V,y, which
matches with the Gauss—Newton algorithm.

The LM formalism is derived using the Taylor expansion, and as such a trust region is
included within the optimisation loop to ensure that the updated value of p is close enough
to the previous, such that the Taylor approximation is valid within the limits for which the
algorithm is applied. The trust region for p is defined via

0.5dp" - H - dp
== — = <

é, 5.4)
dp-V,y

where € is a chosen tolerance. If p > € for a given dp the algorithm rejects the output pyey,
and increases the weight I" in an attempt to improve the accuracy of the approximation.
This helps ensure that the updated value of p is a reasonable one.

It is worth noting that the LM algorithm is designed to find local minima, so there is no
guarantee that the minimum obtained is the global minimum of the system.

We also emphasise that the gradient-based optimisation algorithm is independent of the
adjoint method that has been developed for gyrokinetic microstability. The optimisation
loop may be itself optimised to efficiently search for regions of stability given a gradient
input. Different algorithms, and indeed different parameter choices within each algorithm,
will yield different efficiencies in finding stable solutions. An illustrative example of this
is given later in figure 1, where the step size for the optimisation loop is varied to yield
two distinct paths through the parameter space using the adjoint gradient. However, this
is not the focus of this paper and we will not labour on enhancing the gradient-based
optimisation loop.

6. Numerical results
6.1. Initial benchmark

The first numerical check we perform is to ensure that the values of d, ) obtained from our
adjoint method agree with those obtained using a finite-difference approach. Following
this, we perform a more extensive benchmark by conducting a parameter scan in the
growth rate using stella for different values of the Miller parameters. We then choose
an initial set of parameters and perform the adjoint-optimisation scheme described above,
and overlay the results of this with the parameter scan to see how these compare, whilst
checking the growth rates at each point considered by the adjoint-optimisation scheme
against those obtained using a finite-difference approach. As a proof of principle we
chose to vary two parameters: triangularity, 6, and elongation, «, whilst holding the
other Miller variables fixed. Given that the Miller parametrisation is local to a given
flux surface, this variation is not necessarily consistent with a global solution to the
Grad—Shafranov equation. The choice to vary these two parameters in isolation is driven
by two considerations; first, it is only intended as a proof-of-principle check of the adjoint
approach so simplicity is desirable, and second, previous research has shown that maximal
shaping, with large elongation and triangularity, minimises the linear ITG instability,
whereas parameters such as «’ and §’ have an order a/R, < 1 is the inverse aspect ratio,
with a and Ry the scales associated with the minor and major radii, respectively (Highcock

https://doi.org/10.1017/50022377824000709 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824000709

20 G.O. Acton, M. Barnes, S. Newton and H. Thienpondt

3.0
2.51
-0.10
=
¢ 2
- 0.08 3
2.01 &
1.5
1.0

0.25 050 0.75 1.00 1.25 1.50
é

FIGURE 1. Two-dimensional parameter scan over elongation and triangularity, with the
colour map indicating the amplitude of the linear growth rate. Here, ky, = 0.68, k, = 0.0,
me/m; = 2.7 x 1074, Ii=T,=1,nj=n.=1,a/Lt; =a/Ly, =2.42,a/L,, = a/L,, = 0.81,
with a the minor radius of the last closed flux surface. The path taken by the optimisation
algorithm is indicated in white, with the initial point x = 1.5, and § = 0.14. A second path,
drawn in grey, is shown indicating the adjoint optimisation with a different step size for the
optimisation loop.

Miller Parameter Initial Value
P 0.5
Ro 2.94
Reeo 2.94
A —0.11
K 1.52
K’ 0.10
q 2.02
s 0.34
1) 0.14
8 0.29
B 0.069

Equilibrium Miller parameter values used in the initial benchmark simulations.
TABLE 2. List of Miller Parameters.

et al. 2018). Table 2 lists the values of input equilibrium variables in the Miller geometry.
These have been chosen to coincide with values used in Beeke et al. (2020) in order to
verify the qualitative behaviour found.

Given these initial values of § and x, we determine the linear growth rates for a
grid of perpendicular wavenumbers within k, < 2.0, k, < 2.0, which reveals that the
most unstable mode is found at {k,, k,} = {0.68, 0.0} for mass ratio m,/m; = 2.7 x 1074,
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normalised species temperatures and densities of T; = T, = 1,n; = n, = 1 and normalised
species temperature and density gradients of a/Lr. = a/Ly, = 2.42,a/L,, = a/L,, = 0.81.

In figure 1 we show a scan in the linear growth in elongation and triangularity obtained
by running stella with the Miller parameters specified in table 2, and the values of
k and § adjusted accordingly. The contour colour indicates the magnitude of the growth
rate, and the plot extends over a range of values that has been set by reasonable physical
constraints on devices.

Figure 1 shows that increasing the elongation and triangularity of our flux surface
reduces the linear growth rate, and that there exists a region of stability when the shaping
is maximal, in agreement with previous work. The path taken using the adjoint method
is indicated in white. At the chosen starting point, located in the region of instability,
the gradient d,y is calculated and the value of p = {4, «} is updated using the previously
mentioned LM method. The final point is found to be locally stable as the growth rate here
is negative. The algorithm then checks a nearby point to determine if a small region of
stability exists and, once this has been verified, outputs this as the final p value. In this
particular case of a two-dimensional parameter scan, a finite-difference approach could
utilise the same optimisation loop, requiring only three simulations, plus one additional
simulation performed at the next iteration point to verify the growth rate. The adjoint
method must simulate the gyrokinetic equation once, and also solve the adjoint equations
— which are of similar computational cost as the gyrokinetic equation — in order to achieve
the same result. In this particular low-dimensionality case, the advantage of the adjoint
approach is comparatively small over using a finite-difference approach. However, the
computation time required for the traditional method scales linearly with the number
of parameters, so that for an N-dimensional parameter space, N + 1 simulations are
necessary at each iteration point, whilst the adjoint method is effectively independent
of the number of parameters, and only the steady-state solutions to the gyrokinetic and
adjoint equations are required. It can therefore be readily applied to a high-dimensional
parameter space without any significant increase in computational cost.

A second path is plotted on figure 1 in grey. This path is taken using the same adjoint
technique, but increasing the step size within the optimisation loop. When the step size is
small, as with the white path, the LM algorithm more closely resembles a gradient-descent
method, however, when the step size is larger, as with the grey path, the LM algorithm
resembles Newton’s method for gradient optimisation. The figure illustrates how the
adjoint algorithm can be combined with an optimiser to quickly and efficiently converge
to a stable region of parameter space.

6.2. Increasing the critical temperature gradient

We have seen that the adjoint method is a powerful technique for computing stable
points in a large parameter space; figure 1 shows that it can efficiently be used inside an
optimisation loop to find a minimum of the linear growth rate for a given temperature
gradient. Once the adjoint-optimisation loop locates a region in the parameter space
with negative or zero growth rate the local temperature gradient (or other plasma profile
variable of interest) may be increased and the process repeated. Conversely, if a minimum
positive (unstable) growth rate is found, the temperature gradient can be reduced to seek
out the optimal shape that maximises the critical temperature gradient at which linear
instability occurs to seek out microstability.

Figure 2 demonstrates an iterative use of the adjoint optimisation. Here, we have
iterated the temperature gradient, and inside each temperature-gradient iteration the
adjoint method is used to find a stable geometric configuration. However, this principle
could be extended further by continuing to increase the temperature gradient until no
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FIGURE 2. Plots showing a parameter scan in elongation and triangularity, with a temperature
gradient of a/Lr; = 3.80, increased from the a/L7, = 2.42 value used in figure 1. The geometry
of the initial point, located in the unstable region, is provided by final point in figure 1
and is now unstable due to the increased temperature gradient. Here, k, = 0.68, k, = 0.0,
me/mi =2.7x 1074, T;=T, = 1,n; =n, = 1, a/Lr, = a/Ly, = 3.80, a/L,, = a/L,, = 0.81.
Note that the colour scales used in the figures above are different than that used in figure 1. The
right-hand side plot is a zoomed in figure of the left.

region of stability is available, indicating a limiting temperature gradient that can be
achieved through geometric considerations alone. Figure 2 is a demonstration that the
adjoint method may be used to increase the temperature gradient, whilst retaining stability
using geometry. Though we have opted to consider only two parameters in the above as
a demonstration and for clarity have focused on ITG, it is possible to employ the adjoint
method to optimise over a large number of geometric parameters simultaneously. Such an
exploration would be expensive using traditional finite-difference methods.

6.3. Negative triangularity

To form a final example here, we note there has been previous evidence that negative
triangularity can offer improvements for microstability, Pochelon er al. (1999), so we
repeated the benchmark scan using negative triangularity. All values of equilibrium Miller
parameters are the same as in table 2, except we now set the initial value of triangularity
to 6 = —0.14.

The path taken using the adjoint-optimisation loop is again shown in figure 3 by the
white path, starting in the dark red region at {§, «} = {—0.14, 1.52}.

This highlights a key feature of the gradient-based optimisation method: the solution is
not unique, and the output can depend on the starting region within parameter space. See
figure 4 for an illustrative example of this.

Finally, we consider increasing the temperature gradient for the negative triangularity
case, and we repeat the procedure to find a stable region of parameter space. We again take
the input parameters {3, k} = {—0.9965, 2.4488} to be the outputs from the previously
optimised case at a temperature gradient of a/Ly = 2.42. Then we use the adjoint
algorithm coupled with the gradient optimiser to look for a stable region of parameter
space at an increased temperature gradient of a/Ly, = 3.8. The results of this are shown in
figure 5.
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FIGURE 3. Growth rate contours for a parameter scan with negative triangularity for k, =

0.68, ky = 0.0 and equilibrium parameters m,/m; = 2.7 x 04 Ti=T,=1,n=n,=1,

a/Lt; = a/Lt, = 3.80, a/L,, = a/L,, = 0.81. The white line indicates the path taken by the

optimisation algorithm. The initial values of {3, x} are taken to be {—0.14, 1.52}.
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FIGURE 4. Growth rate contours for a parameter scan with both positive and negative
triangularity for k, = 0.68, k, =0.0 and equilibrium parameters m,/m; = 2.7 x 1074,
Ti=T,=1, nj=n,=1, a/Lt, =a/Lt, =3.80, a/L,; =a/L,, =0.81. The white line
indicates the two paths taken by the optimisation algorithm starting in different regions in
parameter space. The initial values of {§, x} are taken to be {0.14, 1.52} and {—0.14, 1.52}.
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FIGURE 5. Growth rate contours for a parameter scan with negative triangularity at a
temperature gradient of a/L7, = 3.80, increased from a/Ly; = 2.42. The geometry of the
initial point is taken as the final point in figure 3, and is now unstable due to the increased
temperature gradient. The scan is performed at the same parameter values as those in figure 3
—ky = 0.68, ky = 0.0 me/m; =2.7 x 0 4Ti=T,=1,n=n,=1, a/Lt; = a/Lr, = 3.80,
a/L,, = a/L,, = 0.81. The white line indicates the path taken by the optimisation algorithm.
The initial values of {8, «} are taken to be {—0.9965, 2.4488}.

7. Numerical efficiency improvement

Recall that for a conventional finite-difference approach method for a parameter vector,
p. of size N we require N + 1 simulations to be carried out until convergence at each of
the points considered (these are shown by the white dots in the figures above) in order to
compute one gradient in our parameter space. However, when using the adjoint method the
same gradient may be computed for the cost of roughly two simulations — one gyrokinetic,
and one adjoint — which is of similar computational cost as a gyrokinetic simulation.
This approach is essentially independent of the number of parameters used, with the only
additional cost incurred being that associated with calculating the partial derivatives that
appear. However, these are extremely inexpensive for computers and can be calculated
using one processor.

To illustrate this example we will show the progressive computational improvement of
using the adjoint method, as compared with finite differences, and show how this scales
favourably with increasing . In order for the comparisons to be fair, we shall run all
simulations to a standard time of 100a/ vy, ;.

7.1. Numerical demonstration of improved efficiency

For the case where A/ = 2 we are optimising with respect to two parameters, {8, «}.
We find that to calculate a gradient at each point in our parameter space requires a
total of ~ 4.752 CPU (central processing unit) hours on 4 nodes, each with 48 cores
on the supercomputer Marconi. The same calculation as performed using the adjoint
method requires a total of ~3.168 CPU hours. Though this is only a modest improvement,
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we shall show that as A increases the advantage of using the adjoint method, over a
finite-difference scheme, becomes increasingly apparent.

Increasing the number of parameters to A/ = 4, optimising over the miller parameters
{A, k,q, 5}, we find that the finite-difference approach requires ~7.920 CPU hours to
compute a gradient at each point in parameter space. However, when computing the same
gradient using the adjoint method the CPU time, to the precision of the CPU clock, is
~3.168 CPU hours.

If we increase the number of parameters further to N = 7, optimising over the
miller parameters {Ry, Reeo, A, k, q, 5, 8} we find that using the finite-difference approach
requires ~ 12.672 CPU hours to compute each gradient at a point in parameter space.
When using the adjoint method to compute the same gradient, to the precision of the CPU
clock, is still ~ 3.168 CPU hours.

Hence, we conclude that the numerical speed up is significant with increasing N. This
allows for the potential of including multiple harmonics within our shaping optimisation
for very little additional computing cost.

For the example including seven parameters, we iterate the process of stepping through
parameter space to find a point of stability. We take our set of initial parameters
to be those given in table 2, and we simulate using a temperature and density
gradient of a/Ly, = a/Ly, = 2.42 and a/L,, = a/L,, = 0.81, respectively. We perturb the
magnetic geometry by varying {Ry, R, 4, k, ¢, 5, 8}. Following iterations of the coupled
adjoint-LM system we find a configuration that is stable when {Ry, I, A, «,q, 5,8} =
{2.979, 2.846, 0.562, 1.656, 2.085, 0.167, 0.225}. A cross-section of the initial, unstable
configuration and the final, stable configuration, with their corresponding neighbouring
flux surfaces, are shown in figure 6.

8. Conclusion and discussion

We have derived an adjoint method tailored for local, linear gyrokinetics and
demonstrated its numerical integration within the Jf-gyrokinetic code stella. As a
proof-of-principle case we have demonstrated the effectiveness of our adjoint method,
as applied to a gyrokinetic system, by finding the geometric configuration of the magnetic
field that is stable to microinstabilities. The illustrative example given has focused on
increasing the temperature gradient, whilst preserving microstability; ITG instabilities are
often prevalent in fusion devices due to the existence of large temperature gradients, and
thus it is conceivable that geometric considerations could help mitigate their growth and
improving overall efficiency.

As that the computational cost of the adjoint method remains independent of the number
of parameters, its applicability to high-dimensional parameter spaces is readily apparent.
The advantages become more pronounced with an expanding number of parameters, as
the adjoint method outperforms traditional techniques for calculating gradients, where the
computation cost scales with parameter count. This becomes especially beneficial when
examining devices like stellarators, which have a large number of geometric parameters
that can influence the microinstability of the confined plasma.

It is important to stress that although we have demonstrated a specific example focused
on increasing the ITG, this approach can be readily extended to optimise the density
gradient or other plasma properties, by adapting the overarching LM optimisation loop,
without necessitating alterations to the adjoint calculation itself. Such adaptability enables
the application of stella and other local, §f-gyrokinetic codes to explore the impact
of shaping on various types of microinstabilities and assess how geometry can be
instrumental in mitigating their growth.
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FIGURE 6. Plots of the flux surfaces in the poloidal cross-section. The orange surface is the flux
surface at p = 0.5, and the blue and green surfaces are the two adjacent flux surfaces. The image
(a) is the initial unstable configuration, before optimising. The image (b) is the stable, optimised
configuration found using the adjoint-LM system.

A crucial point to note is that, while the numerical examples presented above have
focused on the electrostatic, collisionless regime for optimisation with respect to the
Miller geometry, equations (3.13)—(3.17) maintain generality. They can be applied to an
electromagnetic system, including collisions, and can be optimised using any appropriate
set {p;}. It should also be stressed that the adjoint method is agnostic to the underlying
mechanism driving the linear instability, and provides a gradient in the desired parameter
space independently of the drive. As a result the method presented here is applicable to a
wide range of microinstabilities.

It should also be emphasised that the adjoint method and the gradient-based
optimisation presented are independent of one another. We have considered the simplified
case of optimising the linear growth rate of a single wavenumber, k. For more practical
purposes one may wish to apply the adjoint method to a range of wavenumbers, and design
the external optimisation routine to take an appropriately weighted average of these as the
most unstable wavenumber may change as one moves within the parameter space.

Future extensions of this work may include: implementing the electromagnetic
equations derived into gyrokinetic codes, applying this work to three-dimensional
stellarator geometries, as well as potentially adapting the analytical framework to include
global effects (radial or poloidal), whereby different k, or k, modes are coupled, and
considering the time-dependent adjoint case to include effects such as E x B flow shear.
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Appendix A. Decomposition of operators
Here, we give the definitions of the operators introduced in § 3 in (3.3)—(3.4)
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and C, , is an appropriate collision operator.

Appendix B. Adjoints of operators

The adjoint operators appearing in equations (3.9)—(3.12) are obtained by performing
integration by parts wherever a derivative acts on the distribution function or a field
variable. After performing the change of variables v; — —v; the adjoint operators take
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Appendix C. Simplifying adjoint equations
Consider taking the following moments of (3.9):
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giving
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We now identify different terms in (C2) for each «, which are odd in v, so evaluate to zero
when integrated over the domain {—oc, 0o}
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We can then perform integration by parts on the remaining v derivative, using velocity
independence of the fields. Using equations (3.10)—(3.12) it is then possible to simplify the
above equations to produce the results (3.14)—(3.16).

Appendix D. Integral weights

The code stella computes its [i, grid points according to Gauss—Laguerre quadrature
such that the ji,-integration of a variable, f, may be approximated numerically as

N,
[e%s) v . B
B / duvfwu)wa,-e“vB—of(m), (D1)
0 i

where N, is the number of grid points in x,, and the definition /1, = u,B, is made, with
By relating to the minimum of the normalised magnetic field. This By acts as a scaling
factor that acts on the upper limit of the u, grid such that the grid may be defined solely
based on the number of grid points whilst still covering the necessary domain as [, is
an independent coordinate that is independent of p. Previously, the importance of the role
of the Jacobians was mentioned with a stress that certain variables are being considered
as fixed, dummy variables, whilst others are dependent on the geometric inputs, p. We
take the [1, variable to be the dummy variable that is kept fixed in the perpendicular
velocity integral such that the weights w; = B/B, are the only factors to be perturbed in
the integrals and, in a similar manner, the fixed variable, fi,, is weighted by a varying
factor, By, when it appears in the equations. It should be noted that since the [, grid is
calculated independently of the geometry, it is the same for each perturbed value of p, and
as such the j1, grids will always align even when multiplying terms that are evaluated at
different p values, such as when coefficients are perturbed but are multiplied by g, (p,).

Appendix E. Geometry implementation

The code stella has an input option to use the Miller parametrisation of a flux
surface; it takes a set of input variables to describe the local geometry of a specified flux
surface along with the two adjacent flux surfaces on either side. We take (4.16) in the form

R(r,0) = Ry(r) + rcos[0 + sin(0)é(r)], (ED)
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with the triangularity redefined as 6 (r) := arcsin[8(r)]. We now consider Taylor expanding
in r about r = ry,

dR,
Ro(r) = Ro(ry,) + —

o | )t ARy, + Ay dr ow@r), (B2

v

with dr = r — ry,, Ry, = Ro(ry,), and Ay, = dRy/dr],, . Similarly

ds
8(r) = 8(ry,) + —

S| o) Ayt 8, dr +0(dr?), (E3)

rwo

with 8y, = 6(ry,), and 5://0 = dé§/dr|, o Combining (E2) and (E3) gives

R(r,0) ~ Ry, + ry, cos[0 + sin(0)d,]
+ {A% + cos[6 + sin(0)8y, | — ry, sin[0 + sin(6)dy, | sin(@)%o} dr, (E4)

such that the above definition holds on any given flux surface, 1. Equivalently, (4.17) can
also be expanded about r = ry, by first expanding the elongation

dk
dr

Ty

k(r) = k(ry,) + (r—ry,) + - Ky, + K;jo dr + O(drz), (ES5)

with «y, = k(ry,), and K{//O = dk/dr|, 5 10 then write

Z(r, 0) & rycy, sin(0) + [y, + ry, iy, | sin(8) dr. (E6)

These functions are used to describe the geometry of the flux surface of interest and the
two adjacent flux surfaces by setting dr = {0, =A}, with A <« 1 a constant, in order to
evaluate their radial derivatives. These quantities are then used to compute the Jacobian,
magnetic field strength and configuration along with other functions defined on the flux
surface.

REFERENCES

ABEL, [.G., PLUNK, G.G., WANG, E., BARNES, M., COwLEY, S.C., DORLAND, W. &
SCHEKOCHIHIN, A.A. 2013 Multiscale gyrokinetics for rotating tokamak plasmas: fluctuations,
transport and energy flows. Rep. Prog. Phys. 76 (11), 116201.

ANTONSEN, T.M. JR. & Lane, B. 1980 Kinetic equations for low frequency instabilities in inhomogeneous
plasmas. Phys. Fluids 23 (6), 1205-1214.

BARNES, M., PARRA, F.I. & LANDREMAN, M. 2019 stella: an operator-split, implicit-explicit
sf-gyrokinetic code for general magnetic field configurations. J. Comput. Phys. 391, 365-380.

BEEKE, O., BARNES, M., ROMANELLI, M., NAKATA, M. & YOSHIDA, M. 2020 Impact of plasma
shaping on tokamak microstability. Nuclear Fusion 61 (6), 066020.

BEER, M.A., COWLEY, S.C. & HAMMETT, G.W. 1995 Field-aligned coordinates for nonlinear
simulations of tokamak turbulence. Phys. Plasmas 2 (7), 2687-2700.

CATTO, P.J. 1978 Linearized gyro-kinetics. Plasma Phys. 20 (7), 719.

COWLEY, S.C., KULSRUD, R.M. & SUDAN, R. 1991 Considerations of ion-temperature-gradient-driven
turbulence. Phys. Fluids B 3 (10), 2767-2782.

DIMITS, A.M., BATEMAN, G., BEER, M.A., COHEN, B.I., DORLAND, W., HAMMETT, G.W., KIMm, C.,
KINSEY, J.E., KOTSCHENREUTHER, M., KRITZ, A.H., et al. 2000 Comparisons and physics basis
of tokamak transport models and turbulence simulations. Phys. Plasmas 7 (3), 969-983.

https://doi.org/10.1017/50022377824000709 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824000709

Optimisation of gyrokinetic microstability using adjoint methods 33

DoyLE, E.J., HOULBERG, W.A. & KAMADA, Y. 2007 Chapter 2: plasma confinement and transport
[Progress in the ITER Physics Basis (PIPB)]. Nucl. Fusion 47, S20-S36.

DRAKE, J.F. & LEE, Y.C. 1977 Kinetic theory of tearing instabilities. Phys. Fluids 20 (8), 1341-1353.

GERALDINI, A., LANDREMAN, M. & PAUL, E. 2021 An adjoint method for determining the sensitivity
of island size to magnetic field variations. J. Plasma Phys. 87 (3), 905870302.

GOTTLIEB, S., SHU, C.-W. & TADMOR, E. 2001 Strong stability-preserving high-order time
discretization methods. STAM Rev. 43 (1), 89-112.

HiGHCOCK, E.G., MANDELL, N.R., BARNES, M. & DORLAND, W. 2018 Optimisation of confinement
in a fusion reactor using a nonlinear turbulence model. J. Plasma Phys. 84 (2), 905840208.
MANTICA, P., ANGIONI, C., BAIOCCHI, B., BARUZZO, M., BEURSKENS, M.N.A., BIZARRO, J.P.S.,
BUDNY, R.V., BURATTI, P., CASATI, A., CHALLIS, C., ef al. 2011 Ion heat transport studies in

JET. Plasma Phys. Control. Fusion 53 (12), 124033.

MILLER, R.L., CHU, M.S., GREENE, J.M., LIN-LIU, Y.R. & WALTZ, R.E. 1998 Noncircular, finite
aspect ratio, local equilibrium model. Phys. Plasmas 5 (4), 973-978.

NIEs, R., PAUL, E.J., HUDSON, S.R. & BHATTACHARIEE, A. 2022 Adjoint methods for quasi-symmetry
of vacuum fields on a surface. J. Plasma Phys. 88 (1), 905880106.

PAUL, E.J., LANDREMAN, M., BADER, A. & DORLAND, W. 2018 An adjoint method for gradient-based
optimization of stellarator coil shapes. Nucl. Fusion 58 (7), 076015.

PIRONNEAU, O. 1974 On optimum design in fluid mechanics. J. Fluid Mech. 64, 97-110.

POCHELON, A., GOODMAN, T.P., HENDERSON, M., ANGIONI, C., BEHN, R., CODA, S., HOFMANN,
F., HOGGE, J.P., KIRNEVA, N., MARTYNOV, A.A., et al. 1999 Energy confinement and MHD
activity in shaped TCV plasmas with localized electron cyclotron heating. Nucl. Fusion 39 (11Y),
1807-1818.

ROGERS, B.N., DORLAND, W. & KOTSCHENREUTHER, M. 2000 Generation and stability of zonal flows
in ion-temperature-gradient mode turbulence. Phys. Rev. Lett. 85, 5336-5339.

RuDAKOV, L.I. & SAGDEEV, R.Z. 1961 On the instability of a nonuniform rarefied plasma in a strong
magnetic field. Sov. Phys. Dokl. 6, 415.

SHAFRANOV, V.D. 1966 Plasma equilibrium in a magnetic field. Rev. Plasma Phys. 2, 103.

TANG, W.M., CONNOR, J.W. & HASTIE, R.J. 1980 Kinetic-ballooning-mode theory in general geometry.
Nucl. Fusion 20 (11), 1439.

TRANSTRUM, M.K. & SETHNA, J.P. 2012 Improvements to the Levenberg—Marquardt algorithm for
nonlinear least-squares minimization. arXiv:1201.5885.

https://doi.org/10.1017/50022377824000709 Published online by Cambridge University Press


arXiv:1201.5885
https://doi.org/10.1017/S0022377824000709

	1 Introduction
	2 Plasma evolution equations
	2.1 Magnetic coordinates
	2.2 System equations

	3 Adjoint method for gyrokinetics
	3.1 General formalism
	3.2 Electrostatic, collisionless limit

	4 Normalisations and magnetic geometry
	4.1 Normalisation
	4.1.1 Gyrokinetic normalisations
	4.1.2 Adjoint normalisation
	4.1.3 Electrostatic collisionless limit

	4.2 Magnetic geometry

	5 Numerical implementation
	5.1 Initial simulation
	5.2 Adjoint simulation
	5.3 Optimisation loop

	6 Numerical results
	6.1 Initial benchmark
	6.2 Increasing the critical temperature gradient
	6.3 Negative triangularity

	7 Numerical efficiency improvement
	7.1 Numerical demonstration of improved efficiency

	8 Conclusion and discussion
	A Appendix A. Decomposition of operators
	B Appendix B. Adjoints of operators
	C Appendix C. Simplifying adjoint equations
	D Appendix D. Integral weights
	E Appendix E. Geometry implementation
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


