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ITER
 burning plasm

a design specification tolerates 5%
 of fast ion losses

1

In ITER
, tw

o negative-ion-based neutral beam
 injection sources, w

hich w
ill 

account for33M
W

of injected pow
er (up to 50M

W
 after upgrade installation 

of third beam
). 

In ITER
, both the

3.5M
eV

fusion-born alpha particles and the tangentially 
injected

1M
eV

N
BI ions w

ill have supra-A
lfvénic

velocities: 
fast ions w

ill interact w
ith TAEs via their m

ain resonance.

In this presentation: a study of the likely nonlinear evolution scenario 
of A

lfvénic
instabilities upon their interaction w

ith fast ions in ITER
 is 

addressed

The prediction of the conditions that lead to each type of nonlinear scenario 
helps to understand the applicability of reduced m

odels

1ITER	Physics	Expert	Group	on	Energetic	Particles,	Heating,	Current	Drive	and	ITER	Physics	Basis	Editors	1999	Nucl.	
Fusion	39	2471

The confinem
ent of fast ions is a crucial issue for the success of ITER

N
eutral beam

 injection 
geom

etry in ITER
Singh et al, N

ew
 J. Phys., 2017
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M
ajor question in the field: w

hy chirping is com
m

on in STs and rare in conventional tokam
aks?

W
e develop and validate a criterion that indicates the likelihood of chirping in term

s of plasm
a param

eters

D
III-D

, H
eidbrink, N

F 1995

Each chirp induces fast ion losses
C

hirping is a gatew
ay to 

avalanches

Alfvén
w

aves can exhibit a range of bifurcations upon their interaction 
w

ith fast ions in present day devices (≤40%
 of fast ion loss)

N
ucl.

Fusion
51

(2011)063035
M

.Podestà
etal

F
igure

2.
(a)Spectrogram

ofm
agnetic

field
fluctuations

from
M

irnov
coils

show
ing

TA
E

s
w

ith
differentbehaviour:

quasi-stationary
m

odes,bursting/chirping
m

odes
and

large
avalanches

(som
e

ofw
hich

are
indicated

in
the

figure).
(b)N

eutron
drops

associated
w

ith
TA

E
avalanches.

(c)D
ependence

ofthe
relative

drop
in

the
neutron

rate
upon

the
m

ode
am

plitude
during

TA
E

bursts
fora

setofsim
ilardischarges.

then
decays.

T
he

cycle
is

repeated
on

tim
e

scales!
1

m
s.

In
fact,the

relationship
betw

een
am

plitude
and

frequency
during

the
bursts

(figure
3(b))is

rem
iniscentofa

lim
itcycle

fornon-
linear

harm
onic

oscillators,
such

as
the

forced
V

an
der

Pol
oscillator

[20].
T

his
observation

m
ay

provide
the

basis
for

the
interpretation

of
the

bursting/chirping
single-m

ode
TA

E
regim

e
observed

experim
entally,in

parallelw
ith

otherm
odels

developed
in

recentyears
(cf[21]and

references
therein).

O
ther

salientfeatures
involve

the
entire

setof
TA

E
s,for

instance
the

alm
ost

constant
frequency

separation
betw

een
peaks

w
ith

consecutive
ns.

T
his

suggests
that

the
m

odes
share

a
com

m
on

frequency
in

the
plasm

a
fram

e,
f

TA
E

0
,

such
that[22,23]

f
TA

E
lab

,n
=

f
TA

E
0

+
n

f
TA

E
D

oppler
(1)

w
here

f
TA

E
lab

,n
is

the
m

ode
frequency

for
the

toroidal
m

ode
num

ber
n

as
m

easured
in

the
laboratory

fram
e

and
f

TA
E

D
oppler

the
D

oppler
shift

caused
by

plasm
a

rotation.
In

practice,
a

G
aussian

fit
of

the
peaks

in
the

fast
Fourier

transform
(FFT

)
spectra

from
1
.25

m
s

tim
e

w
indow

s
is

firstused
to

determ
ine

the
centre

frequency
and

frequency
spread

of
the

different
m

odes.
T

hen,
a

linear
fit

of
f

TA
E

lab
,n

as
a

function
of

n,
based

on
equation

(1),provides
the

values
of

f
TA

E
0

and
f

TA
E

D
oppler .

T
he

results
as

a
function

of
tim

e
are

reported
in

figure
4.

f
TA

E
D

oppler
evolves

slow
ly

in
tim

e,exceptfora
jum

p
at

t≈
310

m
s

w
hich

F
igure

3.
(a)D

etails
ofthe

bursting/chirping
dynam

ic
ofthe

n
=

4
m

ode
in

figure
2.

(b)R
elationship

betw
een

am
plitude

and
frequency

forthe
burstofthe

n
=

4
m

ode
at

t≈
342

.8
m

s.

F
igure

4.
C

alculated
f

TA
E

0
and

f
TA

E
D

oppler from
equation

(1)forthe
discharge

show
n

in
figures

1
and

2.
D

ark
sym

bols
are

the
results

from
Fourieranalysis

(cfsection
3),lightcrosses

w
ith

associated
errorbars

are
from

tim
e-dom

ain
analysis

(cfsection
4).

isalso
observed

in
f

TA
E

0
.

T
he

jum
p

isfollow
ed

by
a

qualitative
transition

in
the

m
ode

dynam
ics

from
quasi-stationary

to
a

bursting/chirping
regim

e.
A

s
a

speculation,
w

e
observe

that
the

m
ode

structure
and

its
(poloidal)

harm
onic

com
position

m
ay

be
changing,forexam

ple
because

ofthe
evolution

ofthe
q-profile,and

the
differentm

ixture
of

the
poloidalharm

onics
of

each
m

ode
favours

its
bursting

character.
In

addition,the

3
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F 2011
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C
hirping is supported by phase-space structures: holes and clum

ps

Tw
o typical scenarios for fast ion losses:
–

D
iffusive transport (typical for fixed-frequency m

odes): can be m
odeled using reduced theories, 

such as quasilinear
–

C
onvective transport (typical for chirping frequency m

odes): needs to retain full nonlinear features 
of the w

ave, is sustained by nonlinear phase-space structures (num
erically costly)

distribution
tends

tow
ards

an
unm

odulated
plateau,such

a
state

is
actually

unstable
w
ith

respect
to

m
odes

w
hose

phase
velocities

are
shifted

from
the

initial
w
ave-particle

resonance
tow

ards
the

plateau
edge,

a
claim

that
w
ill

be
justified

shortly.A
n
analogousstory

can
be

told
forthe

near
threshold

case,w
here

dissipation
acts

overallto
produce

a
sim

ilarplateau,albeitin
a
m
ore

sophisticated
w
ay.T

he
area

ofphase
space

perturbed
by

the
initialplasm

a
w
ave

is
sm

all
w
hen

γ
d =γ

L ≲
1,so

the
sidebands

form
ed

from
the

incom
-

plete
phase

m
ixing

interact
strongly

w
ith

the
bulk

plasm
a

m
ode.T

he
interaction

results
in

several
stages

of
rise

and
fall

in
the

w
ave

am
plitude,

each
successively

larger,
until

eventually
a
plateau

establishesfrom
w
hich

chirping
m
odes

develop
[as

seen
in

Fig.
1(b)].

T
he

unstable
nature

of
an

unm
odulated

phase
space

plateau
is
dem

onstrated
via

linear
stability

analysis
of

the
shelflike

distribution
show

n
in

Fig.
3.

Follow
ing

the
m
ethod

of
L
andau,

[21],
the

tim
e
asym

ptotic
behavior

of
the

linearized
system

is
ofthe

form
expð−

iω
tÞ,w

here
ω
is

the
solution

to

ε
¼

1−
ω
2p

ωðω
þ
iν

c Þ −
jej 2

m
e ε

0 k Z
∞

−
∞ ∂F

0 =∂v
kv−

ω
dv

¼
0:

(2)

T
he

shelf
half-w

idth,
Δ
v,

is
sm

all
com

pared
to

ω
p =k,

m
eaning

ω
R
≈
ω
p
(w

here
the

subscripts
R
and

I
denote

real
and

im
aginary

parts).
In

this
lim

it,
the

cold
electron

contribution
to

ε
sim

plifies,
and

the
dispersion

relation
takes

the
form

ε¼
2ω
p !

δω
þ
iγ

d þ
γ
Lπ

"
log½kΔ

v−
δω&−

log½kΔ
vþ

δω&

þ
2δω

kΔ
v

δω
2−

ðkΔ
vÞ

2 #$
¼
0;

(3)

w
here

log
denotes

the
com

plex
logarithm

.
A

num
ericalinvestigation

of
E
q.(3)

reveals
three

roots
w
ith

phase
velocities

w
ithin

the
plateau.T

he
existence

of
tw
o
extra

roots
beyond

thatofthe
classic

instability
is
due,

in
a
beam

like
fashion,

to
the

discontinuities
in

the
dis-

tribution
at

the
shelf

edges.In
the

absence
of

dissipation,
there

isa
criticalw

idth,given
by

kΔ
v
¼

4γ
L =π,atw

hich
all

three
roots

coalesce
atthe

origin.In
fact,the

dissipationless
case

alw
ays

has
a
root

w
ith

δω
¼

0.
B
elow

the
critical

w
idth,itis

com
plem

ented
by

a
stable-unstable

conjugated
pair

on
the

im
aginary

axis
(Fig.4).In

this
case,instability

FIG
.2

(color
online).

Snapshots
of

the
resonantfast

particle
distribution

function
for

γ
d =γ

L
¼

0.1
that

display
(a)

the
initial

phase
m
ixing

follow
ed

by
(b)the

alm
ostspatially

uniform
plateau

w
ith

sideband
trapping

regions
form

ing
close

to
the

edge,and
finally

(c)a
detaching

hole-clum
p
pair.

O
btained

using
B
O
T
[10,20].

FIG
.
3
(color

online).
M
odel

“shelf”
distribution

for
the

fast
particles.

FIG
.
4
(color

online).
M
otion

of
the

tw
o
nontrivial

roots
of

E
q.(3)

for
γ
d
¼

0
as

the
shelf

w
idth

increases
from

below
(red

dashed)
to

above
(blue

dotted)
the

critical
value

kΔ
v
¼

4γ
L =π.

PR
L
112,

155002
(2014)

P
H
Y
S
IC

A
L

R
E
V
IE

W
L
E
T
T
E
R
S

w
eek

ending
18

A
PR

IL
2014

155002-3

Stochasticity prevents the form
ation of 

holes and clum
ps. M

ultiple sources for it: 
R

F fields, collisions, N
TM

s, 3D
 fields, 

resonance overlap,…

Lilley and N
yqvist, PR

L 2014

hole

clum
p

>0: fixed-frequency
solution

likely
<0: chirping

likely
to

occur
Turbulence is predicted to be a m

ajor chirping prevention m
echanism

3

V.N
. D

uarte et al

∥ ∫
∫

∑
µ
ω
ν

=
∂
Ω∂
∂∂

<
σ

ϕ
θ

C
rt

N
P

V

I
fI Int

1
d

d
0

j

j
j

,

4drag
4

 
(3)

w
here

∫
νν

≡
−

−
+

νν

∞
⎡⎣ ⎢⎢

⎤⎦ ⎥⎥
Int

z
zz

z
z

R
e

d
i exp

23
i

.
0

stoch
3drag
3

3
2

stoch
3drag
3

 
(4)

For the resonances to be linearly destabilizing to positive 
energy w

aves, Int (plotted in figure 2) is the only com
ponent 

of the criterion (3) that can be negative from
 the phase-space 

regions w
hich contribute positively to the instability grow

th. 
N

 is a norm
alization factor consisting of the sam

e sum
 that 

appears in equation (3) except for Int. T
hus, in N

O
VA

-K
 w

e 
use the contributions from

 each resonance w
eighted in accord 

w
ith the appropriate eigenfunction (that fits the m

easured 
field structure) and the position in phase space of the resonant 
interaction. W

e w
ill see that this procedure produces quite a 

different conclusion from
 the less detailed m

ethod that uses a 
single characteristic factor, as is the case in figure 1.

N
on-steady 

oscillations, 
w

ith 
the 

likelihood 
of 

chirp-
ing, are predicted to occur if C

rt  <
  0 w

hile a steady (fixed-
frequency) solution exists if C

rt  >
  0. H

ow
ever, w

e see from
 

figure 2 that Int could be an order of m
agnitude larger in phase 

space regions w
here 

/
!

ν
ν

1.04
stoch

drag
 com

pared w
ith regions 

w
here 

/
!

ν
ν

1.04
stoch

drag
. H

ence, because of this disparity, it 
can turn out that a choice of the use of a single characteristic 
value for 

/
ν

ν
stoch

drag , w
ould lead to a positive value for C

rt 
w

hile the use of the appropriately w
eighted average leads to 

a negative value for C
rt. Such a change is indeed the case for 

all the T
FT

R
 and D

III-D
 m

odes and for m
ost of the N

ST
X

 

m
odes show

n in figure 1, w
here ν

stoch  w
as considered sim

-
ply as ν

scatt . T
he reason for this sensitivity is that there w

ill 
alw

ays be a contribution to C
rt from

 a phase space region 
w

here 
/

≪
ν

ν
1

scatt
drag

 because our m
odeling of the pitch angle 

scattering coefficient goes to zero as µ
 vanishes [26]. H

ence 
even w

hen the characteristic value of 
/

ν
ν

scatt
drag  is substantially 

greater than unity, one still can find that C
rt  <

  0.
T

he above observation indicates that pitch-angle scat-
tering ν

scatt  m
ay not alw

ays be the dom
inant m

echanism
 in 

determ
ining ν

stoch . H
ence, w

e now
 introduce the contribution 

of fast-ion electrostatic m
icro-turbulence for the determ

ina-
tion of ν

stoch  through the follow
ing procedure introduced by 

L
ang and Fu [27]. T

he T
R

A
N

SP code [28] is em
ployed to 

obtain the therm
al ion radial therm

al conductivity, χ
i  (w

hich 
is essentially the particle diffusivity, D

i  [29]) based on pow
er 

balance. T
he heat diffusivity due to collisions is subtracted 

out and the rem
aining diffusivity is attributed to m

icro- 
turbulence interaction w

ith the ions. T
hen the E

Ps diffusivity 
is estim

ated by using the scalings determ
ined in a gyrokinetic 

sim
ulation of electrostatic turbulence [30], w

hich for pass-
ing particles gives 

/
≈

D
D

T
E

5
i

i
E

P
E

P . In the experim
ents w

e 
analyzed, the drive w

as m
ostly from

 the passing particles and 
therefore w

e used this relation as an estim
ate for D

E
P . T

he 
response of the resonant E

Ps to perturbing fields is essentially 
one-dim

ensional [18] and produces steep gradients in the E
P 

distribution in this perturbing direction. W
e can then accu-

rately account for the diffusion that is directed in all phase 
space directions, by projecting the actual diffusion from

 all 
these directions onto the steepest gradient path defined by the 
one-dim

ensional dynam
ics, using the specific relation given 

by equation (2) of [27]. D
etails of the m

ethod are given in 
[26].In considering the classical transport processes, w

e only 
included 

the 
dom

inant 
transport 

process 
of 

pitch 
angle 

scattering, w
hich is larger than energy scattering by a fac-

tor  ∼
/

E
T

i
E

P
. A

lso, the collisional effects from
 beam

-beam
 

interactions have been neglected since they are sm
aller than 

the beam
-background interactions by a factor  ∼

/
n

n
b

i , w
ith n

b  
being the density of the E

Ps injected by the neutral beam
 and 

n
i  the background ion density. R

F fields have been show
n to 

Figure 1. C
om

parison betw
een analytical predictions w

ith 
experim

ent w
hen single characteristic values for phase space 

param
eters are chosen. T

he dotted line delineates the region of 
existence of steady am

plitude solutions of the cubic equation (2) 
w

hile the solid line delineates the region of stability, as predicted 
by [16]. M

odes that chirped are represented in red and the ones 
that w

ere steady are in black, as experim
entally observed for TA

E
s, 

R
SA

E
s and B

A
A

E
s in D

III-D
 (circular discs), TA

E
s in N

ST
X

 
(diam

onds) and TA
E

 in T
FT

R
 (square).

Figure 2. Int (equation (4)) plotted in term
s of local values of 

/
ν

ν
stoch

drag .

N
ucl. Fusion 57 (2017) 054001

C
hirping criterion (nonlinearprediction

from
linear physics

elem
ents) :
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M
arked reductions of the turbulent activity causes chirping 

onset  in D
III- D

D
uarte et al, N

F 2017.

The therm
al ion heat 

conductivity is used 
as a proxy for the 
fast ion anom

alous 
transport

These
observations

are consistentw
ith

the
proposed

criterion
for chirping

onset
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Experim
ental scenario developed based on the theory: dedicated experim

ents show
ed 

that chirping is m
ore prevalent in negative triangularity

D
III-D

 shots

•
Transport coefficients calculated in TR

AN
SP 

are 2-3 tim
es low

er in negative triangularity, as 
com

pared to the the usual positive/oval 
triangularity

>0: fixed-frequency
<0: chirping

3

V.N
. D

uarte et al

∥ ∫
∫

∑
µ
ω
ν

=
∂
Ω∂
∂∂

<
σ

ϕ
θ

C
rt

N
P

V

I
fI Int

1
d

d
0

j

j
j

,

4drag
4

 
(3)

w
here

∫
νν

≡
−

−
+

νν

∞
⎡⎣ ⎢⎢

⎤⎦ ⎥⎥
Int

z
zz

z
z

R
e

d
i exp

23
i

.
0

stoch
3drag
3

3
2

stoch
3drag
3

 
(4)

For the resonances to be linearly destabilizing to positive 
energy w

aves, Int (plotted in figure 2) is the only com
ponent 

of the criterion (3) that can be negative from
 the phase-space 

regions w
hich contribute positively to the instability grow

th. 
N

 is a norm
alization factor consisting of the sam

e sum
 that 

appears in equation (3) except for Int. T
hus, in N

O
VA

-K
 w

e 
use the contributions from

 each resonance w
eighted in accord 

w
ith the appropriate eigenfunction (that fits the m

easured 
field structure) and the position in phase space of the resonant 
interaction. W

e w
ill see that this procedure produces quite a 

different conclusion from
 the less detailed m

ethod that uses a 
single characteristic factor, as is the case in figure 1.

N
on-steady 

oscillations, 
w

ith 
the 

likelihood 
of 

chirp-
ing, are predicted to occur if C

rt  <
  0 w

hile a steady (fixed-
frequency) solution exists if C

rt  >
  0. H

ow
ever, w

e see from
 

figure 2 that Int could be an order of m
agnitude larger in phase 

space regions w
here 

/
!

ν
ν

1.04
stoch

drag
 com

pared w
ith regions 

w
here 

/
!

ν
ν

1.04
stoch

drag
. H

ence, because of this disparity, it 
can turn out that a choice of the use of a single characteristic 
value for 

/
ν

ν
stoch

drag , w
ould lead to a positive value for C

rt 
w

hile the use of the appropriately w
eighted average leads to 

a negative value for C
rt. Such a change is indeed the case for 

all the T
FT

R
 and D

III-D
 m

odes and for m
ost of the N

ST
X

 

m
odes show

n in figure 1, w
here ν

stoch  w
as considered sim

-
ply as ν

scatt . T
he reason for this sensitivity is that there w

ill 
alw

ays be a contribution to C
rt from

 a phase space region 
w

here 
/

≪
ν

ν
1

scatt
drag

 because our m
odeling of the pitch angle 

scattering coefficient goes to zero as µ
 vanishes [26]. H

ence 
even w

hen the characteristic value of 
/

ν
ν

scatt
drag  is substantially 

greater than unity, one still can find that C
rt  <

  0.
T

he above observation indicates that pitch-angle scat-
tering ν

scatt  m
ay not alw

ays be the dom
inant m

echanism
 in 

determ
ining ν

stoch . H
ence, w

e now
 introduce the contribution 

of fast-ion electrostatic m
icro-turbulence for the determ

ina-
tion of ν

stoch  through the follow
ing procedure introduced by 

L
ang and Fu [27]. T

he T
R

A
N

SP code [28] is em
ployed to 

obtain the therm
al ion radial therm

al conductivity, χ
i  (w

hich 
is essentially the particle diffusivity, D

i  [29]) based on pow
er 

balance. T
he heat diffusivity due to collisions is subtracted 

out and the rem
aining diffusivity is attributed to m

icro- 
turbulence interaction w

ith the ions. T
hen the E

Ps diffusivity 
is estim

ated by using the scalings determ
ined in a gyrokinetic 

sim
ulation of electrostatic turbulence [30], w

hich for pass-
ing particles gives 

/
≈

D
D

T
E

5
i

i
E

P
E

P . In the experim
ents w

e 
analyzed, the drive w

as m
ostly from

 the passing particles and 
therefore w

e used this relation as an estim
ate for D

E
P . T

he 
response of the resonant E

Ps to perturbing fields is essentially 
one-dim

ensional [18] and produces steep gradients in the E
P 

distribution in this perturbing direction. W
e can then accu-

rately account for the diffusion that is directed in all phase 
space directions, by projecting the actual diffusion from

 all 
these directions onto the steepest gradient path defined by the 
one-dim

ensional dynam
ics, using the specific relation given 

by equation (2) of [27]. D
etails of the m

ethod are given in 
[26].In considering the classical transport processes, w

e only 
included 

the 
dom

inant 
transport 

process 
of 

pitch 
angle 

scattering, w
hich is larger than energy scattering by a fac-

tor  ∼
/

E
T

i
E

P
. A

lso, the collisional effects from
 beam

-beam
 

interactions have been neglected since they are sm
aller than 

the beam
-background interactions by a factor  ∼

/
n

n
b

i , w
ith n

b  
being the density of the E

Ps injected by the neutral beam
 and 

n
i  the background ion density. R

F fields have been show
n to 

Figure 1. C
om

parison betw
een analytical predictions w

ith 
experim

ent w
hen single characteristic values for phase space 

param
eters are chosen. T

he dotted line delineates the region of 
existence of steady am

plitude solutions of the cubic equation (2) 
w

hile the solid line delineates the region of stability, as predicted 
by [16]. M

odes that chirped are represented in red and the ones 
that w

ere steady are in black, as experim
entally observed for TA

E
s, 

R
SA

E
s and B

A
A

E
s in D

III-D
 (circular discs), TA

E
s in N

ST
X

 
(diam

onds) and TA
E

 in T
FT

R
 (square).

Figure 2. Int (equation (4)) plotted in term
s of local values of 

/
ν

ν
stoch

drag .

N
ucl. Fusion 57 (2017) 054001●
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Electrostatic turbulence fluctuation

G
TS global gyrokinetics

analyses show
 turbulence reduction for 

rare N
STX TAE transitions from

 fixed-frequency to chirping

Before chirping, 265m
s

D
uring chirping, 300m

s

Peak of the m
ost 

intense m
ode

frequency (kHz)150

100500

tim
e (s)

0.26
0.27

0.29
0.30

0.28

200

0.31
0.32

N
STX

 135388

V. N
. D

uarte
et al, N

F 2018
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Predictions for the m
ost unstable n=7-11 TAEs and R

SAEs
1in 

ITER
 are near boundary betw

een fixed frequency and chirping

Arrow
s show

 how
 radial turbulence diffusion

2,3changes the prediction w
ith respect to the purely collisional 

dynam
ics

1 D
O

E O
FES Theory Joule M

ilestone FY2007, G
orelenkov

et al, PPPL Preprint num
ber 4287 (2008), 2Lang & Fu, PoP

2011, 3D
uarte et al, N

F 2018.

Analysis based on TR
AN

SP m
odeling, requiring Q

>10
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C
hirping can occur in ITER

. N
ew

 theoretical and num
erical tools need to be developed for m

odeling. 
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Sum
m

ary

•
The proposed chirping criterion has been validated against N

STX and D
III-D

 
data

•
C

hirping
cannotbe

ruled
out in ITER

!
Q

<10 and
otherdecorrelation

m
echanism

s, such
as R

F heating
and

resonance
overlap, w

illhow
everenforce

constantAlfvénic
frequency. 

•
Theoreticaland

num
ericaltools should

be
developed

for fully
nonlinear

energetic
particle

transportin ITER


