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Introduction

» Understanding (turbulent) heat transport in magnetically confined plasmas is
crucial to the design of successful tokamak experiments

» These systems are incredibly complicated; what methods can we use to
better understand them?

» Focus on two particular instances of where physics results derived in the
context of reduced models carries over to the tokamak torus:

i) Scale invariance of electrostatic drift-kinetics
ii) The thermo-Alfvénic instability (TAI)
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Scale invariance

» Electrostatic (8s — 0) drift-kinetic (k1 ps < 1) limit of gyrokinetics:
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Scale invariance

» Electrostatic (8s — 0) drift-kinetic (k1 ps < 1) limit of gyrokinetics:

0 qs® c
ot (hs Tos Bo

B bo - [Vé x V (hs + fos)]
0= qu {—%n% + /dgv <hs>r} .

» One-parameter transformation:

fOs) + (vybo + vas) - Vhs +

RSN = N2 R (/N7 y /N7, 2 N /NP,
RO = N R (/N y /N, 2 NP /NP,
¢ =X p(x/N y/ N7, 2/ N N7,
for any A. Note a = 1,2 in the collisionless (v» — 0) and collisional (v, > 1)
limits, respectively.
» Mathematically, the existence of this symmetry is a consequence of the scale

invariance of electrostatic DK.
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Implications for transport
» Suppose that our original solutions were periodic in z, y and z with domain
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3
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Implications for transport

>

v

Suppose that our original solutions were periodic in z, y and z with domain
sizes L., Ly and L, respectively. Then, the transformed solutions will still be
periodic in x, y and z, except now with domain sizes \?L,, >\2Ly and )\Q/QL”.

Electrostatic heat flux

0T
TOs ’

3
Qs = nosTos / d7r (ve - V)

will transform as:

Qs( Xy ) = AQs( Ly ).

Locality: Qs is independent of perpendicular domain size (local DK).
Stationarity: Qs has been able to reach a statistical steady-state.

Given that A can be chosen arbitrarily, it follows that:

Qs < Ljf

3/13



Scale invariance in a slab

0 __, v, 02 1 ca2\ 07T
—_ — e - 1 — — 1 —_ =
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d éT. 2 cw?he 9? 1 co c3 co
— - — 1+ = 14+ = - | = 14+ =
dt Toe . 3 2ue; 022 + T + c1 ® c1 + * Cc1
__ PeUine Op

2LT ay ’

» Describes physics on scales:

kyLr ~\o, kipi~1, pL==7,
0 Aei

€
where o is some arbitrary constant satisfying

Be <Kok \1/

EM effects thermal diffusion

» Manifestly invariant under the derived DK symmetry:

0T = N26To(x/ N2 y/ N2, 2/ Mt/ N2), &= N2p(x/A%, /N2, 2/ X\ t/N2).
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Scale invariance in a slab
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» Characteristic parallel and perpendicular frequencies:
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Scale invariance in a slab

0 __, v, 02 1 ca2\ 07T
—_ — e - 1 — — 1 —_ =
TY 022 * )¢ * c1) Toe 0
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d 67T, QClvfhe 9? 1 co c3 co 2 0T,
— - e —— 1+ = 14+ = - | = 14+ =

dt Toe + 3 2ue; 022 + T * c1 ¥ c1 + * c1 Toe
__ PeVine Op

o 2Lr Oy ’

» Characteristic parallel and perpendicular frequencies:

(kHvthe)Q . — k’ypevthe.

W) =Cc1—F—— *e
I We; 2Lt

» Supports the collisional slab ETG (sETG) instability (Adkins et al., 2022):
for w) K w <K Wae,

. 1/2
o iLﬁ;('ﬂy) (1 n 9) (ool 7) 2
C1
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Scale invariance in a slab
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» We conducted a series of simulations in which we varied the parallel system
size at fixed parallel resolution.
» Perpendicular hyperviscosity was introduced in order to provide an ultraviolet
cutoff for the sETG instability. Breaks scale invariance?
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Scale invariance in a slab
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» Logarithmic fits to the data give slopes of 2.02 and 2.06, respectively.

» Appears to agree quite well with the predicted scaling. But are the plasma

dynamics? See Adkins et al. (2023)
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Scale invariance in a slab
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> Logarithmic fits to the data give slopes of 2.02 and 2.06, respectively.
» Appears to agree quite well with the predicted scaling. But are the plasma

dynamics? See Adkins et al. (2023)
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Scale invariance in a tokamak

» So how do we extend these ideas to toroidal geometry?

» Scale invariance is broken by the existence of some spatial inhomogeneity of
the (parallel) magnetic equilibrium. For a tokamak:

Ly~mqR = Qsxq”

» This could have implications for plasma systems in which magnetic fields have
(significant) parallel structure on scales much shorter than the connection
length e.g., edge plasmas (Parisi et al., 2020, 2022) or in stellerators
(Roberg-Clark et al., 2022).

6/13



Scale invariance in a tokamak
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» We performed a series of ion-scale (adiabatic electron) simulations using the
gyrokinetic code GX for Cyclone-Base-Case parameters (Dimits et al., 2000).

> Parameters: 7/a = 0.5, R/a = 2.8, 8=0.8, a/Lt, = 2.5, a/L, = 0.8,
vii/(veni/a) = 1.2 x 1072,
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Scale invariance in a tokamak

0.7 1.4 2.1 28 35 42 49 566.37.0
Safety factor, ¢

» Drop-off in transport at lower values of g appears to be consistent with the
onset of the Dimits shift (see, e.g., Rogers et al., 2000).
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3. Thermo-Alfvénic instability



Instabilities above the d. scale
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» The electron inertial scale de = p./+/Be plays a key role in the linear (and
nonlinear) dynamics of low-beta plasmas = flux-freezing scale
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Instabilities above the d. scale
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» At kide > 1, electrons are allowed to stream freely across unperturbed field
lines. sETG and cETG, E x B drive.
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Instabilities above the d, scale

001}

0.01 0.05 0.10

» At kid. < 1, 6B is created as electrons move along field lines and drag
them along. sTAI and cTAI, magnetic flutter drive (as well as E x B).
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Curvature-mediated TAI

i 6”8 _ PeVthe g 6Te % Uthe aﬁ
dt noe Ly OyTo.  dt 2 Oz
Y Bo
By + 0B
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—_——
@
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Noe
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2

> A perturbation 6B, = Bope9dy.A sets
up a variation of total temp. along
the perturbed field line as it makes
excursions into hot and cold
regions.

» Rapid thermal conduction along
field lines creates a temperature
perturbation that compensates for
this.
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Curvature-mediated TAI

i(sne _ 7,06/Uth6 géTe dA Uthe 8780 — Uthev 6”6 V 5Te _ Pe 8./4
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@
Y
¢
®Vdc
> » Velocity dependence of magnetic
B > drifts vge creates an electron
il B density perturbation (hot particles
Ve .
eve drift faster than cold ones).
3 » This electron density perturbation
Vie® has both ky # 0 and k) # 0.
T
Hot VToe, V By Cold
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Curvature-mediated TAI

i(sne _ 7,06/Uth6 géTe dA Uthe aﬁ — Uthev 6”6 V 5Te _ Pe 8./4

dt noe Lg OyTo.  dt 2 0Oz 2 e I Toe ~ Lt oy’
(©))

>

» The parallel density gradient must
be balanced by the parallel electric
field.

» Inductive part leads to an increase
in 0B, deforming the field line
further into the hot and cold
regions = feedback.

» The does not require the usual
& FE x B feedback mechanism to be
present.

S —
Hot VToe, VBy Cold
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General TAI dispersion relation

» More generally, both the sTAI and c¢TAI can be captured in a single
dispersion relation:

wri=— (2wdew*e — wquw) (7' +

1 )7 5*_ﬁ e

1+ it T2 [kylvime

» Also valid in the collisional regime, in which thermal conduction replaces
parallel streaming as the relevant parallel timescale:

ﬁ Wie
2 |k|||vthe

_ _ Wie

& = o= e

» The general physical mechanism is the competition between the diamagnetic
drifts (arising from the presence of the ETG) and rapid parallel streaming
(collisionless) or thermal conduction (collisional) along perturbed magnetic
field lines = accessing the magnetic flutter drive.
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TAI in gyrokinetics
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» Extensive details of the Thermo-Alfvénic instability can be found in
Adkins et al. (2022).
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» Extensive details of the Thermo-Alfvénic instability can be found in
Adkins et al. (2022).

» Can we recover the TAI in gyrokinetics? Following results from D. Kennedy
(CCFE) and M. Giacomin (York)

11/13



TAI in gyrokinetics
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» Extensive details of the Thermo-Alfvénic instability can be found in

Adkins et al. (2022).
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» Can we recover the TAI in gyrokinetics? Following results from D. Kennedy

(CCFE) and M. Giacomin (York)

» Performed simulations of sTAI in GS2 and GENE, showing remarkably
agreement with theory. Here, Lye¢/Lt, = 105, k||7min = 0.03L7//Be.
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TAI in gyrokinetics

25 . .

. 51 -~ w/o curvature o ?
20 . S e e, o w/$—acurvature ........
A .‘\.. \ .o .
. 15 . 04 & O o o 000
< N
= * 3
7y 107 e oo . 2
e} . oe L -5 L]
Ty 05 . . 3 L)
% 4 o &, °
4 00
=10
-0.5
®- wj/o curvature b
-1.0 4 e W/ S—a curvature -15 &
1073 1072 101 10° 1073 1072 107t 10°
kyde kyde

» What about curvature? Both GS2 and GENE are also able to recover the cTAI
in constant-curvature geometries.
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TAI in gyrokinetics
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» What about curvature? Both GS2 and GENE are also able to recover the cTAI

in constant-curvature geometries.
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TAI in gyrokinetics
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» What about curvature? Both GS2 and GENE are also able to recover the cTAI
in constant-curvature geometries.

» The sTATI and ¢TAI have different parity eigenfunctions, as expected. Both
instabilities are highly electromagnetic in nature, with A > .
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» Increase complexity further: magnetic shear
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» Increase complexity further: Shafranov shift.
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Shafranov shift.
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magnetic shear 4+ Shafranov shift.
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TAI in gyrokinetics
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» It appears that the TAI instability mechanism appears to survive the
transition to toroidicity. Another win for the slab?

magnetic shear 4+ Shafranov shift.
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» Increase complexity further: magnetic shear 4+ Shafranov shift.

» It appears that the TAI instability mechanism appears to survive the
transition to toroidicity. Another win for the slab?

» We plan to further push towards a realistic (STEP relevant) tokamak

geometry, and determine how TAI fits within the established electromagnetic
instability “zoo”.
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4. Electromagnetic “blow-ups”



Electromagnetic sTAI-driven turbulence
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Simulations of turbulence driven by the (collisional) sTAI display a lack of
saturation similar to that seen in gyrokinetic codes.
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Electromagnetic sTAI-driven turbulence
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» The time-evolution of individual poloidal wavenumbers kyd.x of the
temperature perturbations. The dominant (growing) wavenumber at late
times is kydex = 0.0157, corresponding to the second poloidal harmonic.
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Electromagnetic sTAI-driven turbulence

(c) (Lr/dex®)A

» The three-dimensional nature of the sTAI can be seen in the parallel structure
manifest in all of the fields, as can the Alfvénic character of the instability in
the fact that the electrostatic and magnetic vector potential perturbations are

approximately in phase. 1218



Electromagnetic sTAI-driven turbulence
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» The magnetic vector potential is now at significantly larger scales than the

other two fields, displaying a streamer-like structure, albeit one with a

non-zero kj.
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Electromagnetic sTAI-driven turbulence
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» The lack of saturation is associated with a now fully-developed streamer-like
structure (with non-zero parallel and poloidal variation) in the parallel
magnetic vector potential. This structure appears to be impervious to all

mechanisms of nonlinear shearing. 1218



Electromagnetic sTAI-driven turbulence
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» This behaviour is reproduced in gyrokinetic simulations of sTAI turbulence
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» This behaviour is reproduced in gyrokinetic simulations of sTAI turbulence =

minimal model that reproduces the gyrokinetic electromagnetic

blow up.
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Summary and future work

» Scale invariance of gyrokinetic turbulence.

SYMMETRY TRANSPORT

(scale invariance vs. L) (heat flux scaling Qs o< L))

Future work: extensions to more general geometries (stellarators),
electromagnetic scale invariance (or not?)

» The thermo-Alfvénic instability (TAI) extracts free energy from the
equilibrium temperature gradient through finite perturbations to the
magnetic-field direction. Appears to survive the transition to toroidicity.

w2 = - (2wdew*e - wlz(AW) (’T— +

1
1+ )’

Future work: probing the robustness of this survival (e.g., ions)

» Electromagnetic “blow-ups” reminiscent of those in full gyrokinetics
appear to be reproducible in sTAI-driven turbulence. Future work:
determining how (and whether) these blow-ups can be arrested in these
simple models, application to more general gyrokinetic simulations.
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