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Fast	ions	in	ST40

2

• Currently	in	operation:	1	MW	25	keV and	1	MW	55	keV neutral	beams

• 3rd	1MW	55	keV	NBI	planned

• All	beams	are	launched	from	the	midplane and	are	tangential,	co-injected	with	the	
plasma	current	

• Two	1	MW	gyrotrons	planned

→	Temperatures	of	the	order	of	10	keV	have	been	demonstrated	in	recent	experimental	
campaigns

M.	Gryaznevich,	“Experiments	on	ST40	at	high	magnetic	field”,	Nucl.	Fusion	62	(2022)	042008	



Alfvén waves	can	exhibit	a	range	of	bifurcations	upon	their	
interaction	with	fast	ions2

FIG. 2. Average q-profile evolution from the LRDFIT equi-
librium code from three discharges. The inset at the upper-
right shows a cross-section of NSTX with the magnetic field
iso-surfaces at t = 320 ms, as reconstructed through the EFIT
code. The plasma is limited by the center stack.

radii of 69, 59 and 49 cm. The maximum acceleration
voltage is 90 kV. The injected species is deuterium. The
velocity of fast ions resulting from charge-exchange of the
injected neutrals is up to five times the Alfvén velocity.
Several resonant mechanisms are thus accessible to desta-
bilize waves in the Alfvén frequency range, and a large
variety of Alfvénic instabilities are commonly observed
[5].

Typical density and temperature profiles for the L-
mode discharges investigated here are shown in Fig. 1.
No direct measurements of the safety factor profile,
q(R, t), are available for the time of interest, t = 240�340
ms. A reconstruction of the average q(R, t) has been per-
formed through the equilibrium code LRDFIT by varying
the NB timing on a shot-to-shot basis. All the other ex-
perimental parameters are kept constant. The evolution
of the q value at the magnetic axis and at the minimum-q
location (q0 and qmin, respectively) is presented in Fig. 2,
showing that the discharges under investigation have a re-
versed shear q profile. A cross-section of NSTX showing
the equilibrium magnetic surfaces is also shown in Fig. 2.

For this experiments, a magnetic configuration with
inner wall limited plasmas was chosen, cf. inset in Fig. 2.
The goal was to obtain a up/down symmetric configura-
tion, without a diverted region. This should simplify the
comparison with numerical codes, such as M3D-K [13],
simulating Alfvén modes in tokamak plasmas, which are
not yet able to simulate adequately the divertor region.
The results of the comparison between experiments and
simulation will be reported in a separate publication.

FIG. 3. (Top) Example of spectrogram showing TAE activity
in the range f = 70 � 200 kHz. (Bottom) Waveforms of NB
power (blue) and neutron rate (red). Note the drop of the
neutron rate at t ⇡ 360 ms, corresponding to an avalanche.

III. EXPERIMENTAL OBSERVATIONS ON TAE

DYNAMICS

A. General features of mode dynamics

Figure 3 illustrates a spectrogram from Mirnov coils
measuring magnetic field fluctuations close to the low-
field side vacuum vessel wall. Multiple modes are visible
in the frequency range 70� 200 kHz. They are identified
as toroidicity-induced Alfvén eigenmodes (TAE), desta-
bilized by the injected fast ions from NB injection. The
modes are fist destabilized during the current ramp-up
(t  200 ms). According to previous studies [14], in this
initial stage they are better characterized as reverse-shear
Alfvén eigenmodes (RSAEs). Starting from the begin-
ning of the current flat-top, they gradually evolve into
TAEs [7]. Toroidal mode numbers are n = 2 � 8. Typ-
ically, the dominant modes have n = 2, 3 and frequency
90 � 120 kHz. As the discharge evolves, the modes ex-
hibit a quasi-stationary behavior, then their dynamics
becomes more turbulent, especially when a second NB
source is added. After that, relatively large excursions in
both amplitude and frequency are measured, eventually
ending up with a dramatic burst of TAE activity. The
latter is dubbed avalanche, and correlates with a drop
in the volume-averaged neutron rate of up to 30% [6][7].
Note that only down-chirping TAE modes are observed
on NSTX, contrary to other experiments from which both
upwards and downwards frequency sweeps have been re-
ported [9][15]. The mode evolution described above is
representative of discharges spanning a broad range of
plasma parameters (e.g. density and temperature) and
moderate NB power, below ⇡ 3 MW. At higher power,
the plasma eventually undergoes a transition from L to
H confinement mode. The analysis of avalanches in H
mode is beyond the scope of this paper.

Micro-turbulence	has	been	put	forward	as	an	explanation	as	to	why	chirping	is	common	in	
spherical	tokamaks	and	rare	in	conventional	tokamaks

Podestà et	al,	Nucl.	Fusion 51 063035 (2011)

Heidbrink,	Plasma	Phys.	
Control.	Fusion 37 937	(1995)

Each	chirp	induces	fast	ion	losses

Chirping	is	a	
gateway	to	
avalanches

2

sequently, of the dispersion relation), for example in the
case of Alfvén Cascades [8]. Chirping is faster and harder
to suppress using external control.

Chirping modes can have frequency shifts greater than
the linear growth rate “L and are observed to be pre-
cursors of even worst scenarios, known as avalanches. A
spectrogram showing repetitive chirping cycles followed
by avalanches for toroidal Alfvén eigenmodes (TAEs) in
NSTX, for several toroidal mode numbers, is presented
in Fig. 1(a). The inset shows four of the chirping events
and indicates that it consists mostly of a down-chirping.
The system preference for a direction (up or down in
frequency) has been theoretically linked with the com-
petition between di�erent collisional processes [9]. Fig.
1(b) shows very significant neutron rate drop correlating
with the avalanches.

The long-range chirping evolution was described by the
Berk-Breizman prediction for the frequency variation ”Ê

scaling with the bounce frequency Êb to the power of 3/2
[6]. It has been successfully used for applications that
include the inference of mode amplitude on MAST [10]
and the estimation of kinetic parameters such as drive
and damping in JT-60U [11] and in NSTX [12].

The present work however focuses on establishing the
conditions for chirping onset rather than modeling their
long-term evolution in order to predict the likely charac-
ter of EP transport. The EP losses are typically di�usive
(e.g. due to mode overlap, turbulence and collisional
scattering) or convective (as a result of chirping oscilla-
tions and collisional drag). We describe the methodol-
ogy for the generalization of previous works and we show
how it is possible to include micro-turbulent stochastic-
ity, which is shown to compete, and even greatly exceed,
collisional scattering in many tokamak experiments and
therefore needs to be added to the stochasticity intro-
duced by pitch-angle scattering.

Chirping and quasilinear (QL) regimes correspond to
two opposite limits of kinetic theory. Since they may be
competing mechanisms in the modification of the distri-
bution of fast ions in tokamaks (and their consequent
transport), their parameter-space regions of applicabil-
ity need to be carefully addressed. The derivation of the
QL di�usion equations [13, 14] relies on averages, over
a statistical ensemble, that smooth out the distribution
function. In order to justify the resulting smooth, coarse-
grained distribution, stochastic processes (which can be
intrinsic due to mode overlap or extrinsic due to colli-
sions) need to to be invoked. The fast-varying response
associated to the ballistic term is disregarded, which im-
ply that entropy is no longer conserved. Consequently,
QL theory kills phase correlations and cannot capture
chirping events, since chirping needs time coherence from
one bounce to the next in order to move nonlinear struc-
tures altogether over phase space. QL di�usion theory
needs phase decorrelation, i.e. particles need to be ex-
pelled from a phase-space resonant island at a time less

than the nonlinear bounce time. This means that there
are no particles e�ectively trapped. Due to the reduced
dimensionality of phase space, the QL description is less
computationally demanding than the full nonlinear de-
scription needed to capture chirping. It also is much
less computationally expensive than particle codes. A
criterion for chirping likelihood is an important element
for identification of parameter space for QL theory ap-
plicability for practical cases and consequent validation
of reduced models. An example of such models is the
Resonance-Broadened Quasilinear (RBQ) code [15]. It
uses the usual structure of the QL system written in
action-angle variables [16] with a broadened resonance
width that scales with bounce frequency, growth rate and
collisional frequency [17, 18].

In this work, we build predictive capabilities regarding
the likelihood of the nonlinear regime, which can be use-
ful for burning plasma scenarios. If further validated and
verified, the developed methodologies could be of prac-
tical importance for predictive tools of EP distribution
relaxations in the presence of Alfvénic instabilities. This
is especially important for the development of the re-
duced models since their methodologies critically depend
on that.

This paper is organized as follows. In Sec. II the pro-
posed theoretical methodology is presented. In Sec. III
the numerical procedure is presented along with experi-
mental analysis of results. Discussions are presented in
Sec. IV. and the Appendix is devoted to discussions on
the chirping likelihood in terms of the beam injection
energy.

Figure 1. (a) Spectrogram showing chirping associated with
toroidal Alfvén eigenmodes (TAEs) for several toroidal mode
numbers and (b) neutron loss rates in NSTX shot 141711
correlating with the TAE avalanches. The small inset shows
a zoomed region with mostly down-chirping.
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NNSTX
DIII-D

Duarte	et	al,	Nucl.	Fusion 57 054001	(2017)

30-40%	of	confined	
ions	get	lost



>0:	fixed-frequency solution likely
<0:	chirping likely to occur

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

stabilizing destabilizing (makes
integral	sign flip)

Berk,	Breizman and	
Pekker,	PRL	1996
Lilley,	Breizman and	
Sharapov,	PRL	2009

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

4

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

Duarte	et	al,	Nucl.	Fusion 57 054001	(2017)

The	criterion	(																)	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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Correlation	between	chirping	onset	and	a	marked	reduction	
of	the	turbulent	activity	in	DIII-D

D3D #152818
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5Duarte	et	al,	Nucl.	
Fusion 57 054001	(2017)

• 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



Dedicated	experiments	
showed	that	chirping	is	

more	prevalent	in	negative	
triangularity DIII-D	shots

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

6
Van	Zeeland	et	al,	Nucl.	Fusion 59 086028 (2019)



Before	chirping,	265ms

During	chirping,	290ms

Electrostatic	turbulence	fluctuation

Electrostatic	turbulence	fluctuation

Before	chirping,	265ms

During	chirping,	300ms

Peak	of	the	most	
intense	mode

Peak	of	the	most	
intense	mode
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GTS	global	gyrokinetic analyses	show	turbulence	reduction	for	
rare	NSTX	Alfvénic transitions	from	fixed-frequency	to	chirping

Duarte	et	al,	Nucl.	Fusion 58 082013	(2018)
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ST	discharge	9831

8

NOVA/NOVA-K1 indicates	that	the	most	unstable	modes	are	found	to	be	core-
localized	n=1	beta-induced	acoustic	Alfvén eigenmodes (BAAE)

Reminiscent	of	NSTX(-U)	avalanches	preceded	by	chirping

1Cheng,	Phys.	Rep.	211	1	(1992);	Gorelenkov,	Phys.	Plasmas	6	2802	(1999)	



Eigenstructure and	fast	ion	distribution	function	in	ST40	
#9831	at	85ms		
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NUBEAM/TRANSPNOVA

Mode	resides	in	the	BAAE	gap
Gorelenkov et	al,	PLA'07

An	integrated	data	analysis	approach	was	used	to	constrain	several	
quantities	based	on	the	available	measurements	



The	steady-to-chirping	frequency	transition	correlates	
with	a	marked	drop	in	the	turbulent	activity:	#9831	
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The	steady-to-chirping	frequency	transition	correlates	
with	a	marked	drop	in	the	turbulent	activity:	#9831	

The	strength	of	the	turbulent	spectrum	drops	by	a	factor	of	5	before	the	
transition	to	chirping:
§ The	initially	flat	density	gradient		becomes	steep	and	decreases	the	ITG	

drive	associated	with	ηi=|grad log	Ti|/|grad log	ni|
§ The	chirping criterion,	as	evaluated by NOVA-K,	indicates that chirping is

predicted to occur for	χi<0.8m2/s,	at the peak of the eigenstructure

ST40 #9831
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Another	example	of	chirping	onset	correlation	with	a	
marked	drop	of	turbulent	activity:	#9894
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Another	example	of	chirping	onset	correlation	with	a	
marked	drop	of	turbulent	activity:	#9894

13

chirping
phase

Chirping likely emerges	due to plasma	
beta	effect on turbulent suppression



Conclusions
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• TRANSP	and	NOVA/NOVA-K	analysis	has	been	performed	on	high	Bt,	high	Ti ST40	
discharges,	with	two	tangential	NBIs	at	25kEV	and	55keV,	with	1MW	each.	An	integrated	
data	analysis	approach	was	used	to	constrain	several	quantities	based	on	the	available	
measurements.

• Anomalous	transport	was	found	to	dominate	over	neoclassical	transport	on	the	ion	scale.

• The	most	unstable	modes	appear	to	be	n=1	BAAEs	(with	mixed	acoustic	and	Alfvénic
polarization),	as	identified	by	the	NOVA	and	NOVA-K	codes.

• Chirping	behavior	in	ST40	has	been	inhibited	by	micro-turbulent	scattering	on	fast	ions	-
interpreted	in	terms	of	the	suppression	of	coherent	phase-space	structures	that	support	
chirping.



Limitations	of	the	current	modeling
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• Changes	in	temperature	and	wave	amplitude	has	an	effect	on	the	damping	and	can	also	
be	linked	with	changes	in	the	nonlinear	character	of	Alfvénic waves.

• Turbulence	drive	was	inferred	from	extrapolated	temperature	and	density	profiles.

• Stability	of	the	BAAEs	need	to	be	more	systematically	addressed:	non-perturbative	
effects	important?

→	Upcoming	campaigns	with	enhanced	diagnostic	capabilities	will	allow	us	to	make	
more	conclusive	statements	to	better	inform/predict	experiments.



Backup	slides
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ST40:	high	field	spherical	tokamak	built	and	operated	
by	Tokamak	Energy,	in	the	UK

18

Combines	the	high	beta	of	spherical	tokamaks	
with	high	toroidal	field,	using	high	temperature	
superconducting	coils,	with	the	goal	of	
maximizing	the	fusion	power	scaling	~β2Bt4V	

Design	parameters:
• R	=	0.4–0.6m,
• R/a=1.6–1.8,	
• elongation k=2.5	
• Ip=2MA,	
• Bt =3T,
• pulse duration	∼1–2	sec	

M.	Gryaznevich,	“Experiments	on	ST40	at	high	magnetic	field”,	Nucl.	Fusion	62	(2022)	042008	


