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Alfvén waves can exhibit a range of bifurcations upon their

interaction with fast ions
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Major question: why is chirping common in spherical tokamaks and rare in conventional tokamaks?
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Chirping is supported by phase-space holes and clumps

Lilley and Nyqvist, Phys. Rev. Lett. 102, 195003 (2014)

Stochasticity hinders the formation of
holes and clumps, preventing chirping
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Two typical scenarios for fast ion losses:

Diffusive transport (typical for fixed-frequency modes)
* can be modeled using reduced theories
o e.g., quasilinear theory
Convective transport (typical for chirping frequency modes)
* Requires capturing full phase-space dynamics
o expensive nonlinear simulations
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A criterion for the likelihood of chirping onset in tokamaks

Starting point: the evolution equation for mode amplitude A near marginal stability:

dA(t t/2 t—27 N P Berk, Breizman and
() = (v — 7a) A(t) — / dT/ dTsze_"gtochTz(27/3"'7'1)"'7’"37’09"(""'71)(’) (A3) Pekker, PRL 1996
dt 0 0 Lilley, Breizman and

Sharapov, PRL 2009
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Starting point: the evolution equation for mode amplitude A near marginal stability:
dA(t)
dt
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= (v —va) A(t) — / dT/ drimle” VgtochTz(2"/3+Tl)+wdmg"(7+ﬁ)(9 (A3) Pekker, PRL 1996
stabilizing destabilizing (makes Lilley, Breizman and

integral sign flip) Sharapov, PRL 2009
Blow up of A in a finite time-> system enters a strong nonlinear phase (chirping likely)
Chirping criterion:

o= A5 [ar, [l

CL) V
73,0 Y drag

Vdrag

3fI , (%wm) >0: fixed-frequency solution likely
24 <0: chirping likely to occur

(nonlinear prediction from linear physics elements->incorporated into the linear NOVA-K code )
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Starting point: the evolution equation for mode amplitude A near marginal stability:
dA(t)
dt

t/2 t=2r Berk, Breizman and
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stabilizing destabilizing (makes Lilley, Breizman and

integral sign flip) Sharapov, PRL 2009
Blow up of A in a finite time-> system enters a strong nonlinear phase (chirping likely)
Chirping criterion:

o= A5 [ar, [l

CL) V
73,0 Y drag

Vdrag

3fl , (Vstoch) >0: fixed-frequency solution likely
24 <0: chirping likely to occur

(nonlinear prediction from linear physics elements->incorporated into the linear NOVA-K code )

The criterion (Crt = 0) predicts that micro-turbulence should be key in determining the
likely nonlinear character of a mode, e.g., fixed-frequency or chirping
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Diffusivity drop due to
L—>H mode transition

Strong rotation shear
was observed

This observation
motivated DIII-D
experiments to be
designed to further test
the hypothesis of low
turbulence associated
with chirping

Duarte et al, Nucl.

Fusion 57 054001 (2017) 13



Dedicated experiments showed

#170669, Negative Triang.

that chirping is more prevalent in
negative triangularity DIII-D shots

* Transport coefficients calculated in TRANSP are 2-3
times lower in negative triangularity, as compared
to the the usual positive/oval triangularity
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Dedicated experiments showed #170669, Negative Triang,

1

that chirping is more prevalent in
negative triangularity DIII-D shots

* Transport coefficients calculated in TRANSP are 2-3
times lower in negative triangularity, as compared
to the the usual positive/oval triangularity

Frequency (kHz)

4
Crt — _Zfdpso fd/“L ’ l j —flnt O.flx‘ed.frequency
Nj,a" WOV drag ol |01 <0: chirping
DIll-D shot 170660 - negative triangularity DIII-D shot 170680 - positive triangularity #163155, Oval
0 1
o 0.75{fixed frequency w
T _025 chirping likely o 05 likely i
= — 0.25
S 05 S 0 E
S Z-0.25 z
% _0.75 5 0% o e
2 _0. 2 °
oo P g 075} 9 -
-1 chirping likely
-1 -1.25} o |
0 5 10 15 0 5 10 15 20 25 30 35 540 560 580 600 620 640

Vatoch >/<Vrag > <Vitoeh >I<Varg >Vian Zeeland et al, Nucl. Fusion 59 086028 (2019)Time (ms)



Dedicated experiments showed #170669, Negative Triang,

1

that chirping is more prevalent in
negative triangularity DIII-D shots

* Transport coefficients calculated in TRANSP are 2-3
times lower in negative triangularity, as compared
to the the usual positive/oval triangularity

Frequency (kHz)

4
Crt — _Zfdpso fd/“L ’ l j —flnt O.flx‘ed.frequency
N .oy WOV drag ol |01 <0: chirping
DIlIl-D shot 170660 - negative triangularity DIlI-D shot 170680 - positive triangularity #1631 55’ Oval
0 1
o 0.75fixed frequency R
T _025 chirping likely o 05 likely i
= — 025
S S o I E
S -0 Z-0.25 —? g
= = -05 & [
% -0.75 % -0.75 60
-1 chirping likely "
-1 -1.25 .
0 5 10 15 0 5 10 15 20 25 30 35 540 560 580 500 620 640

Vatoch >/<Vrag > <Vswoeh >/<Vang >Vian Zeeland et al, Nucl. Fusion 59 086028 (2019)Time (ms)



GTS global gyrokinetic analyses show turbulence reduction for

rare NSTX Alfvénic transitions from fixed-frequency to chirping
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Chirping criterion explains different spectral behavior in

spherical vs conventional tokamaks

chirping, NSTX fixed-frequencies, DIlI-D and TFTR
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Chirping is ubiquitous in NSTX but rare in DIII-D, which is consistent with the inferred fast ion micro-turbulent
levels

Similar agreement was later found in ASDEX-U [Lauber et al, IAEA inv. talk 2018] 18
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Alfvénic chirping is unlikely but cannot be ruled out in ITER

Predictions for the most unstable (n=7-11) TAEs in ITER are near threshold between fixed
frequency and chirping, based on TRANSP analysis, requiring Q>10
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Validated chirping criterion predicts when fast ion

transport can be modeled with reduced models

Reduced transport models are only applicable when details of phase-space dynamics are
unimportant (no chirping modes)

Nonlinear theory has been used to develop a criterion for when chirping is likely to occur

Stochasticity destroys phase space coherence necessary for chirping
o less turbulence favors chirping = confirmed in negative triangularity experiments

Chirping criterion explains why chirping is ubiquitous in NSTX and rare in DIII-D
o predicts that chirping is possible but unlikely in ITER

21
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Critical gradient behavior in DIlI-D suggests that quasilinear

modeling is a viable tool for fast ion relaxation

Fully nonlinear modeling of fast ion
interaction with Alfvénic modes in a
realistic tokamak is numerically

Critical gradient is often observed in DIII-D
- stiff, resilient fast ion profiles as beam power varies
-stochastic fast ion transport (mediated by

overlapping resonances) gives credence in using a expensive
quasilinear approach Fast-lon Transport
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Resonance-broadened quasilinear (RBQ) diffusion model

-a reduced but yet a realistic framework-

Formulation in action and angle variables 0 _ o 0 Broadened delta
« Diffusion equation or o9& IF,
of of R, (I —1I
o pzmjm, aID ke mom (1) 7 + Ol Dip,m,ms (1) = A (1) 5{\9’ agz e, pCimy
ol
* Mode amplitude evolution: : N
dAL (1) of eigenstucture

e (Yo — Ya.x) Ar(t) YLk O BT information

* Broadening is the platform that allows for momentum and energy exchange between
particles and waves.
o Heuristic broadening recipes historically used
o Physics-based determination of the resonance broadening function was only very
recently achieved
* The model is applicable for both single/isolated resonances and also multiple and
overlapping ones.

Berk et al, Nucl. Fusion 35 1661 (1995);  Duarte, PhD thesis (2017);  Gorelenkov, Duarte, Podesta and Berk, Nucl. Fusion 58 082016 (2018) 24



First-principles analytical determination of the

collisional resonance broadening

Blue curve: pitch-angle scattering

Starting with the kinetic equation:
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Verification of the analytical predictions against ORBIT

simulations of Alfvénic resonances

Modification of the distribution function vs canonical toroidal momentum
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simulation results for two different levels
of collisionality
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White, Duarte et al, Phys. Plasmas 26, 032508 (2019)
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Quasilinear simulations replicate analytical predictions

for the mode saturation amplitude from nonlinear theory

Definitions: initial linear growth rate Yz, mode damping rate”Yd and trapping (bounce)
frequency wy (proportional to square root of mode amplitude)
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Verification of RBQ runs for the collisional

evolution of an Alfvénic wave

DIII-D discharge 153072
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RBQ is interfaced with TRANSP: multi-mode case
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ECE, #159243 (6.4 M 10 J ] o%
= ' 1 830
6647
g % 4.98&@
= 3 s
g classical | [l
= 1 Mo.oo
l_‘.i_’ 9.96
8.30
' i e.e4~.
S o 4988
400 500 600 700 800 900 T i -
Time (ms) . 3.32%
; . ‘ ; ‘ ' ; 1.66
159243Q71 classical -1. = 0.00
— S %‘ 0.6 0 20 40 60 80 100
- E [keV
2, o 05 _ 3 et
) o 159243091 nominal
E 3 = 04¢c
[y] 5]
— A [ 03_
S 2 ;3
g measured 159243Q71 classical .S 02F
. 1 2 o1
0 139240U91 nom\nal 0.0
600 650 700 750 800 850 900 180 190 200 210 220
t [ms] R [cm]

31
Gorelenkov, Duarte et al, Phys. Plasmas 26, 072507 (2019)



RBQ is interfaced with TRANSP: multi-mode case
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Summary

Prediction of Alfvénic spectral character

Chirping criterion determines when reduced models, such as quasilinear, can be applied
— also explains why chirping is more common in spherical tokamaks

DIlI-D negative triangularity experiments confirm prediction that chirping is more prevalent
when turbulence is reduced

The criterion ITER scenarios are predicted to be near boundary between chirping and fixed-
frequency behavior

Quasilinear modeling

The Resonance Broadened Quasilinear (RBQ) model exactly preserves key properties of the full
nonlinear system
—  Extensively verified and validated

Integration in TRANSP enables predictions in realistic scenarios
—  Captures hollow fast ion profiles observed in DIlI-D discharges
33



Ongoing study on the evolution of toroidal Alfvén modes in

DIlI-D, with a changing drive due to beam blips

Amplitude evolution for a single mode near marginal stability: DIII-D shot 176523
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80| ) -
20 (@) 40 (b) PO ): O TR R T O (s YO A s e e
590 600 610 620 630 640 650
30 Time (ms)
10 20 0.3 : -
0eff=3 10 9eﬁ=5 ' 0.2
i 0 S
o= 0.1
0 10 20 30 40 50 0 10 20 g0
x10° 0.0
500 12 01F . EJw E
400 (© 9 (d) 590 600 610 620 630 640 650
300 6 Time (ms)
200 \ N The INPA signal is being used as a proxy for
A V=1 .
100 Verr=20 of the mode drive 2
00 2 4 6 00 1 2 3 4 [Duarte and Van Zeeland, in progress]
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First-principle analytical determination of the

collisional resonance broadening — part |

ot ' op 90

from collisions, turbulence,...)

vk (Fo — f)
Start with the kinetic equation: ﬁ X Qg 1 Re (wgew) ﬁ — C[f, FO]{ygwttm (f — Fy) /092

Periodicity over the canonical angle allows the distribution to be written as a Fourier series:

F0 ) = Fo () + fo (0 + 3 (fu (1) ™ +c.c)

n=1
Near marginal stability, a perturbation theory can be developed in orders of w%/u%)scatt
which leads to the ordering |F}| > f{(l)‘ > | @ f§(2)’. When memory effects are weak,
i.e., VK,scatt/ (VL,O —va) > 1,

2
_ wy £ Afo 1, 50 = 2% p1\
fr= 2 (i + vi) or 2 (W LA] e h) = —vich

Y
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Self-consistent formulation of collisional quasilinear transport

theory near threshold

of (2 o, of (2

t) = § [ 7o ARG dfw]” fdt =2 (ve (6) = 70) [} ]

A QL theory naturally emerges when considering kinetic theory near threshold when
collisions occur at a time scale faster than the phase mixing time scale.

 The QL plasma system automatically replicates the nonlinear growth rate and the
wave saturation levels calculated from full kinetic theory near marginality, with a
rather complex time-delayed integro-differential equation (Berk, Breizman and
Pekker, Phys. Rev. Lett. 1996) |w; 0| = 84 (1 — va/vp.0) " * vk

d t t

T wp = (yL = ya)wj(r) = % ft G 'Y wp(t') ft dnexpl=v Qe =1 =] wj(t)ei( + 1 = 1)
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Determining the parametric dependencies of the

broadening from single mode saturation levels

The broadening is assumed with the parametric form AQ = awy + bueff where the
coefficients a and b are determined in order to enforce QL theory to replicate known
nonlinear saturation levels:

1/4
Limit near marginal stability3 wp = 1.18vfr (%) Top-hat, square
> b=3.1 resonance function
heuristically assumed
1/3
Limit far from marginal stability* wp = 1.20.5 (%07—;%>
> a=27

Resonance-broadened quasilinear formalism can cope with both situations of isolated
and overlapping modes

3H. L. Berk et al. Plasma Phys. Rep, 23(9), 1997 “H. L. Berk and B. N. Breizman. Phys. Fluids B, 2(9), 1990



Characterization of a rarely observed chirping mode in DIII-D

shot #152828 CO2 Interferometer  |og, (P'?) D3D #152828, r/a=0.5
140 4 ' ' T Diffusivity drop
120 3.0 _ETR?;\JS!J run - dueto L->H
00 3.5 Diffusivity mode
~ S -
T - : transition
f 80 4.0 tlme
60 -4.5 .
Strong rotation
40 -5.0
20 = shear was
920 940 960 980 1000 observed

Time (ms)
Chirping criterion integral

2.0 \ \ \ %o.m 2.0 0.036
\ o ={0.12 —10.000
Before R = Dur 18 =
: 2 010 @ —0.036 ©
hirpin 16 0 %% % i E uring 16 2
chirping, %, 20 B\ 008 > h . -0.072 >
Vscatt1.4 0'09&0 RV | 006 & C Irplng’ Vscatt 14 ~0.108 5
at Tscatt 0.0\??0 steady\solutlon/‘ Q : ') g
L. . ex
Vii:’g)l'z N4 pq‘ss“nbl“é / 0.04 E at 960mS Vacatt 12 —0.144-§
900ms: 1.0 V) joo2 £ D~0.2 2/ 1.0 -0.180%
D~1m2/s 0.8 |4/ / éo.oo g .ZMm S 0.8 _0.216%‘
—0.02 0252
0.6 0.6 =
- —0.04 =
=-0.288
0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 06 08 1.0 1.2 1.4 1.6 1.8 2.0 40
Vdrag Vdrag
ezp) Duarte et al, Phys. Plasmas 24, 122508 (2017) (exp)

v, drag drag



A criterion for the likelihood of chirping onset in tokamaks

Starting point: lowest-order nonlinear correction to the evolution of mode amplitude A:

dA t/2 t—2r @ 9 Berk, Breizman and
P A— / drr*A(t — 1) /% (27/3+71) THTOA(t — 7 — 1) A* (t — 27 — 71)  Pekker, PRL 1996
0 0

e . Lilley, Breizman and
stabilizing Sharapov, PRL 2009

destabilizing (makes integral sign flip)

Blow up of A in a finite time-> system enters a strong nonlinear phase (chirping likely)

Chirping criterion:

4
Crt = lZfdpso fd” |VJJ AU L/ — I >0: fixed-frequency solution likely
N, Wolgrag | OI | OI <0: chirping likely to occur
0.1 (nonlinear prediction from linear physics elements->incorporated into NOVA-K code )
O ---------
o (T atlows steady solution ™ The criterion (Crt = 0) predicts that micro-
—-0.21
nt_o 5t Boundary at | 04 turbulence should be key in determining the likely
—0.41 y - . nonlinear character of a mode, e.g., fixed-
—05 if Vgioch » Varag are constants . .
o6 frequency or chirping
0 0.5 1 1.5 2 2.5 3

41
Vetoeh/Vrag Duarte et al, Nucl. Fusion 57 054001 (2017).



Good Curvature P Bad Curvature

Magnetic Field Line

N

Spherical Torus (ST)

Tokamak = .
Vinicius Duarte, "Prediction of the nonlinear character of Alfvénic instabilities  *?

1T



The overlapping of resonances lead to losses due to

global diffusion

« Broadened QL theory is designed to address both regimes of isolated and
overlapping resonances

— the fast ion distribution function relaxes while self-consistently evolving the amplitude of modes

i T T T T 1 T T T

. i\m\m\\m\x\\m“\\\x\\\\\\m . R \\s\f\&\\\\\\\&is
7 Assnmnmsses o8 ;\x\\im@ \\\ i\\:\%\&

N\
2 g A ) L - AN 0.6 \‘\ §\\\§\\\\\§\\\§\\\\\\\\\§
| s Foa i i TN m\“ \ W
- 0.4 E\\m\m\\\\wmmm\mm\\mm\m\@ 0.4 g \ X :“Q\\\\\\Q\x&
mmmm\m\m\\\\m\\m\\m\\\m i \\\\\\\\\\\\\s\\\\\\s\\sg\ M
0.2 aaat S R e e == \\\\\\\\\\\\\\\\\\\\\\\\\\}\&N \ \\ X

N

265 276 287 298 309 320 265 276 287 298 309 320

Yt
et
H. Berk, B. Breizman, J. Fitzpatrick, and H.

Wong, Nucl. Fusion 35, 1661 (1995).



Correction to the diffusion coefficient: the

inclusion of electrostatic microturbulence

* Microturbulence can well exceed pitch-angle Ratio of fast ion diffusivity to
scattering at the resonance! thermal ion diffusivity?
* From GTC gyrokinetic simulations for passing
particles:? 5T. 1§Z§§
Dgp (Egp) ~ Dth"iE 1.3933
EP 1.3010
. . . 1.2086
* As pitch-angle scattering, microturbulence 11163
acts to destroy phase-space holes and clumps e 83?52
* Unlike DIII-D and TFTR, transport in NSTX in W 0.7489
mostly neoclassical 9-5022
« Complex interplay between gyroaveraging, T
field anisotropy and poloidal drift effects | §i§§§
leads to non-zero EP diffusivity3 -1.0 -0.5 0.0 0.5 1.0
1Lang and Fu, PoP 2011 Pitch angle (¢)
2Zhang, Lin and Chen, PRL 2008 Pueschel et al, NF 2012 gives similar

3Estrada-Mila et al, PoP 2005 microturbulence levels 44



Two types of frequency shift observed experimentally

Frequency sweeping
* frequency shift due to time-dependent

background equilibrium
« MHD eigenmode
e timescale: ~100ms

16

14}

5 12 ;
E i }ﬂhx
z 100 A
& Pk
3 “

g [
& 8- | /|

5,
D343 353

6
Sharapov et al, | n
PoP 2006

Frequency chirping
* frequency shift due to trapped particles

does not exist without resonant
particles
timescale: ~1ms

Frequency [kHz]

140

120

100

80

64 66 68

Time [ms]

70 72

Pinches et al, NF 2004
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Nonlinear vs Quasilinear approach

Requires particles to remember
their phases from one trapping
bounce to another;

Full kinetic approach necessary;

Entropy is conserved in the
absence of collisions;

Convective transport.

Requires particles to forget their phase (via
collisions, turbulence or mode overlap);

Assumes that the modes remain linear (therefore
NOVA is suited) while the distribution function is
allowed to slowly evolve nonlinearly in time;
Entropy increases due to particle memory loss (due
to phase averaging).

Diffusive transport.



