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H-mode plasma

= When the input power to the plasma is above a specific threshold, the plasma has a
transition from a low confinement regime (L-mode) to a high confinement regimes (H-

mode). e -
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= The H-mode is characterized by: 50 : : ;
o steep gradients in the pressure - A i
"near” the edge of the plasma. 3 >
. . . ” ” 40E° H-mode E
This region is named . = S ]
o sudden releases of energy and = 30 =
particles from the pedestal region 7 g ]
to the SOL and the divertor. L-mode
i 10 =
These‘ event-s‘a‘re triggered by Ao,
MHD instabilities and are named 0 ' i
edge localized modes (ELMs) 0.0 02 04 ¢O~6 08 1.0
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= L-H transition
Pedestal structure
Edge localized modes (ELMs)
o ELM energy losses
o ELM types
MHD stability of the pedestal
o Role of MHD stability (and few words on transport)
o The peeling-ballooning (PB) model
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Pedestal predictions
o The EPED model:
* The PB constraint
*  The KBM constraint
o Non-linear MHD modelling
Some of the most active research areas in pedestal physics
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L-H transition

Above a specific threshold in power (P,,), the plasma enters the H-mode
The P, threshold depends on several parameters.
A scaling law based on results from several machines produces:

P,y = 0.049n072B085094 [Martin JPC2008]
= However, the links between [Gohil IAEA2013]
engineering/plasma parameters and 5 '1‘ ' it ' E
P, is more complex. Some of the 2 A ¥
main parameters that affects P, are: 4F '-‘ 3
o Magnetic field g ‘,‘ ) ";'
o Isotope mass (P, decraeses with 'C.’ﬁ 3k A ° A A ~
isotope mass) [Righi NF1999] ol g B :
o Divertor geometry [Delabie EPS2015] g 2
o Wall material (P ,, reduced from 3
carbon to metal walls) [NeuJNM2013] o 4
o Plasma density [Martin JPC2008] = 0.9MA
»Minimum around 0.2-0.4nGW of 4 Dataset 0.6MVA |
»Non-monotonic behavior seem 0.5 1.0 1.5 20 25
related to edge ion heating [Ryter NF2014] A[n,]
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L-H transition

= The physics of L-H transition is not yet fully
understood
o several models have been proposed to
explain the experimental results
o but a physics based model of the L-H
transition with full predictive capabilities has
not been developed yet.

= Some key experimental and theoretical concepts
to explain the L-H transition are well established:
o The L-H transition is due to stabilization of

E, (kV/m)

=104

the turbulence near the plasma edge
[Burrel PoP1997], [Terry RMP2000]

o E x B shear stabilization plays a key role

>
>

>

higher E X B in L-mode = lower P,

The formation of a E,. well, just inside -30

the separatrix, occurs as the plasma
enters H-mode

The well has to reach a certain depth to
allow the transition

-20

20

[Burrel PoP1997]
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L-H transition

= Many of the theoretical works are based on the 300 [Bourdelle NF2015]
interplay between the L-mode turbulence and E, mj:;;;gj:;g:g;;?g;;“;;f’
shearing. [Connor PPCF2000]

= Alarge part of other theoretical works are based
on the stabilization of RBM via increased pressure
gradient. [Rogers PRL1997]

200,

150

Temperature threshold in eV

100— ;
= An example: [Bourdelle NF2015] K | | | | |
O Yeurb (8rowth rate of the turbulence) can be LEECEE
modeled from theory (either analytically or »50
numerically) < Ve = 0.15

-O- Turlte = 0.3
200~

o Y¢ (E; shear) can be obtained by modelling
the E,. profiles.

O Ywrb/ Ye €aN be used to identify at which
temperature the transition occurs

— Qualitative trends can be tested

100~

1 | | |
0 0.5 1.0 1.5 2.0 25
Density in x 10" m™

Temperature threshold in eV

© cPsi4.1208-7c

w

" For a recent review on L-H transition: [Bourdelle NF2020]
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Pedestal structure

(6™ T T 3 ]
= To study the pedestal, it is necessary to quantify E E':.'. ‘ 2 ]
the parameters that identify its structure. S Vst o0 it
© 1o=— __________ %, :.'.‘i ______ height_
= The key parameters are < ? % ]
o pedestal heigth & :;_ s? .
o pedestal width b: 'd““, ]
o pedestal position (often defined as the ob L. \ I
position of the maximum gradient). 0.85 0.90 0.95 1.00
o maximum gradient U
* The pedestal parameters are determined for: SR0 |
© pressure 2 7°0F maximumgradient _______ & _____]
o temperature o aak A :
. o | \
o density < 50k Lo 3
S [ \
, . = 100f N ‘
= These parameters are determined by fitting an S ; P g
analytical function (typically, a modified SRR # I
hyperbolic tangent) to the experimental data. ot ' —
0.85 0.90 095 1.00
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OUTLINE

= Edge localized modes (ELMs)
o ELM energy losses
o ELM types
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Edge Localized Modes (ELMs)

| ' [.Frassine'tti'NF2013]
*= The pedestal is characterized by sudden events, S ELL,W., ]
triggered by MHD instabilities, called edge = 107 L,/ ‘f//
localized modes (ELMs). 2, v
= The ELM triggers the collapse of the pedestal — 0.5]
temperature and density, which in turn leads to (&)
the release of energy and particles to the 0.0 L
divertor. z~ g
¢ WM RO r
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Edge Localized Modes (ELMs)

= The pedestal is characterized by sudden events,
triggered by MHD instabilities, called edge
localized modes (ELMs).

= The ELM triggers the collapse of the pedestal
temperature and density, which in turn leads to
the release of energy and particles to the
divertor.

= The ELM collapse affects the kinetic profiles only
in the pedestal region.

= The ELM losses can be calculated by integrating

the profiles just before and soon after the ELMs:
[Beurskens NF2009]
AWgiy = vare - Wpost =
3
= Ek j(npreTpre - npostTpost) av =

3 3
~ EijanV+§kjnATdV

7 _
~ ~
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ELM types: definitions

* H-mode plasma can be characterized by several
types of ELMs. The ELM frequency (fg,,,) is often
used to identify the most common ELMs.

= The most common are:

o Type | ELMs.

» fgmincreases with B, = P,

» typically occurs at Psopy > Pry.

» they are triggered by ideal MHD.

» they appear as sharp burst on the D,,.
o Type lll ELMs.

» fym decreases with P,

» typically occurs P, = Ppy.

» they are not triggered by ideal MHD.
o Type Il (or "grassy” ELMs).

— Prgq — AW /dt.

feom (Hz)

[Sartori PPCF2004]

1000

100 4

1

Yoo
7

o 25MA2ZAT

Vertical, low &

>
>

>

Not achieved in all machines.

Occurs at high confinement and high
triangularity.

They lead to small but frequent energy
losses.
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ELM types: examples

[Zohm PPCF1996] 15 [Osborne EPS1997]
15 1 Injected NBI Power (MW) 69105 'TER_SHA:’E_ RO —
] Qs5=32 =15 | TypeTELMs
101 s b, [ Type III ELMs
] . X
5 ] 1oL s
3 %
0 ' L 1 L 5/
Dalpha in the Divertor (a.u.) Type | -
| - . o
@
= 05
Type lll
| D
500 1000 1500 2000 2500 3000 3500
TME (msec) 0.0 ] ] 1 ]
0 2 4 6 8
PED .19, 3
o Type | ELMs. g (107/m7)

» fgmincreases with P, = Py, — Prgq — dW/dt.
» typically occurs at Psop, > Ppy.
o Type lll ELMs.
» fg v decreases with P
» typically occurs Py, = Ppy.

For reviews of ELM types:
= [Zohm PPCF1996]
= [Leonard PoP2014]

10-march-2021 L. Frassinetti, KTH Royal Institute of Technology 10



ELMs: energy losses and heat loads

0.25 1 [Loarte PPCF2003]

= ELM losses tend to increase with |
decreasing collisionality. 0.20 o°

= AtITER collisionalities, the ELM energy !
losses might be 15%-20% of the
pedestal stored energy.

= ELMs lead to fluxes of energy and
particles to the divertor.

= The divertor can be damaged or could
even melt. This could pose a problem

for ITER. [Pitts INM2013]
- ltis essential to understand ELM =

pedestal physics to:

o Minimize ELM energy losses g s

o Develop techniques for ELM " Tg
mitigation/suppressions. Some of a3 B
the most developed techniques are: s g

o RMPs for a review: [Evans JNM2013] A

o ELM pacing with pellets [Baylor NF2009] 3

50 55 ®(°) 60 65
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OUTLINE

= MHD stability of the pedestal
o Role of MHD stability (and few words on transport)
o The peeling-ballooning (PB) model
o The ELM cycle within the PB model
o Parameters that influences the pedestal
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MHD stability and transport

What are the physical mechanisms that determines the pedestal structure and
trigger the ELMs?
=  Two main concepts Pedestal pressure

t s
o MHD stability + :
o Heat and particle transport I

®= The time evolution is set by transport |
o Transport determines time evolution of |
» pedestal gradients l
» pedestal heights [
= The pedestal grows till a critical threshold i
in pressure. Then, the MHD stability pressure
triggers an ELM. 1 2
o MHD stability determines:
» pedestal height
» the maximum gradient.
o Inthe pedestal, the main MHD
instabilities are:
» ballooning (B) modes
> peeling (P) modes >
» coupled PB modes

v
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OUTLINE

= MHD stability of the pedestal
o Role of MHD stability (and few words on transport)
o The peeling-ballooning (PB) model
o The ELM cycle within the PB model
o Parameters that influences the pedestal
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The ballooning modes

= The ballooning instabilities are pressure
driven: they are triggered when the
pressure gradient exceeds a critical
threshold.

= They arise from toroidicity

= B has an unfavourable curvature low field
side—> balloning modes develop mainly on
the LFS

[Freidberg, “Ideal MHD"]

= Two key parameters define the ballooning

stability
o the normalized pressure gradient a
2uoRq? dp
B2 dr

has a destabilizing effect.
o the magnetic shear
rdq

§=———

qdr
s has a stabilizing effect.
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The ballooning modes

= the normalized pressure gradient a [Wesson “tokamaks”]
210Rq* dp
- B2 E 2.0
o theincrease of a destabilizes balloning
modes
o atacertain threshold in a (o) , the
mode is unstable Stable
= the magnetic shear s (M
rdq 1.0
§=———
qdr
o the shear has a stabilizing effect i brore  the Ly Mlstable
o Increasing the shear leads to an ‘“;M K
increase in o ;. T
= Most of the machines have a pedestal in \
| . ave a pe AN @
region (1): the first stability region 0SS |
1.0

= However, theory predicts a second stability 0 0t 03

region, at high o and low shear
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The ballooning modes

the normalized pressure gradient a
2uoRq% dp
B B? dr
o theincrease of a destabilizes balloning
modes
o atacertain threshold in a (a
mode is unstable
the magnetic shear

), the

crit

rdq
S = aa
o the shear has a stabilizing effect
o Increasing the shear leads to an
increase in Ol ;.
Most of the machines have a pedestal in
region (1): the first stability region
However, theory predicts a second stability
region, at high o and low shear
Finite Larmor radius effects have a stabilzing

effects and reduce the unstable region

2.0F

Stable
(D

unstable

the ELM is
triggered

well before
the ELM

——> W= >

44

No!
There are further instabilities>see later.
But first...
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The bootstrap current

= Due to the steep gradients in the 484794 * |pedestal region
pedestal region, the bootstrap current 0.4 TR
(jps) can give a significant contribution :'g 03ll_ 1::13::;“’"“-
to the total current density. e - = Ohmic current
= For an expression of j,.: [sauter PoP1999] g 02
= The increase in the current density B N B AL LLLEE T P
affects the shear [Miller PoP1999] = 00|
. . _0.1 [Horvath PPCF2018] o
- jus has an effect on the ballooning 080 085 090 095 1.00
stability. P

[Snyder PoP2002]

—> the parameters that affects j,, will
affect also the balloning stability:
o collisionality
o plasma shape

1st stability region

Balloning modes

= |tis common to use j,, instead of the
shear in the stability diagram

2nd stability region
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The bootstrap current

= Due to the steep gradients in the 484794 * |pedestal region
pedestal region, the bootstrap current 0.4 TR
(jps) can give a significant contribution :'g 03ll_ 1::13::;“’"“-
to the total current density. e - = Ohmic current
= For an expression of j,.: [sauter PoP1999] g 02
= The increase in the current density B N B AL LLLEE T P
affects the shear [Miller PoP1999] = 00|
. . _0.1 [Horvath PPCF2018] o
- jus has an effect on the ballooning 080 085 090 095 1.00
stability. P

[Snyder PoP2002]

—> the parameters that affects j, . will 2nd stability region
affect also the balloning stability:
o collisionality
o plasma shape

JtOt Balloning modes

= |tis common to use j,, instead of the

shear in the stability diagram 15t stability region
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The external kink / peeling mode

= The external kink mode is current driven (b) [Huijsmans NF1998]
= The kink mode (m, n) is destabilized when q .
at the plasma edge is low enough that ¢
Jeage < m/m and the resonance is very . | mi= 5|

close to the plasma
» the kink mode is resonant outside the i

plasma
> the kink mode is strongly localized at the displacerent due tp 2 pecling mode
0 0.2 0.4 0.6 0.8 1.0
plasma edge. Yy
. . [OX RN
For comparison, the ballooning modes [ [Wilson PoP2002]
have a more global structure. 0.6 ,‘,
= The kink mode depends on the edge current [ '"’" 'i
- jps has a strong role [Hujsmans NF1998] g ™4 ”"‘ M
L “
. . O.Ej l' "") “"
kink/peeling unstable : ,,zé_é,%,’!ﬁf!’o’!&“!ﬂé
0.0 e o e o e R S A
jbs 02 I baIIoningI eigenfuncltions for n=|10 .
0.5 0.6 0.7 0.8 0.9 1.0
(a) ¥/ Y
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The peeling-ballooning (PB) modes

= Toroidicity and shaping effects can 2nd stability
couple peeling and ballooning (PB) peeling modes region
modes. coupled PB
modes
= The coupleds PB modes can be

destabilized even if the single peeling Jtot
mode and ballooning are stable.
[Connor PoP1998]
= The PB stability are driven by both 1st stability region
pressure gradient and current density.

Balloning modes

= The PB stability is the leading theory o
to explain the pedestal behvaior in
type | ELMy H-modes. [snyder PoP2002]
[Wilson PoP2002]
= The PB modes strongly limit the stable
region.
= The access to the 2nd stability region
is closed (most of the times).




OUTLINE

= MHD stability of the pedestal
o Role of MHD stability (and few words on transport)
o The peeling-ballooning (PB) model
o The ELM cycle within the PB model
o Parameters that influences the pedestal
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The PB model for the ELM cycle

@Just after an ELM, the pedestal has !
low gradient and low j,..

@ During the ELM cycle, the pressure = 4 5]
gradient (and hence j,.) increases \ i
The process continues till the PB /\g
boundary is reached. g0l

@Then an ELM is triggered: 2 i
o the pressure gradient and the j,

collapse. 05h

o the process starts again.
1 5 3 4 5 6

Pedestal p pressure o
pressure 3 4
4‘ m ! 3
<
|
|
|
|
1 : _>
time R
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OUTLINE

= MHD stability of the pedestal
o Role of MHD stability (and few words on transport)
o The peeling-ballooning (PB) model
o The ELM cycle within the PB model
o Parameters that influences the pedestal
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Parameters that affect the pedestal:

(p) /
AT
= the increase of 3 leads to the

increases of the Shafranov shift.

o the Shafranov shift has a . . .
stabilizing effect on the ballooning boo 1 ngreasingB _ [,
modes.

o the ballooning modes boundary
moves to higher a

o the pre-ELM pedestal pressure
gradient increases o

- pPedincreases with increasing p. pressure
4L

v

v
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b

k)
Parameters that affect the pedestal: feriy
Bt
0.7
m ’B — L o [Saarelma PoP2015]
B?/(2p0) 0.6 35:;1:4
= the increase of 3 leads to the - .
increases of the Shafranov shift. < og >
o the Shafranov shift has a g
stabilizing effect on the ballooning L
modes. o
o the ballooning modes boundary '
moves to higher a 02, ! L L 7
o the pre-ELM pedestal pressure max
gradient increases Ta High-5 experimental "
- pPedincreases with increasing . TR Hgh-donteal &
7~ @ Low-3 critical
6_ Q
ol s
< °
g 4
i o
27 1}
0 1 | ] g
0 1 2 3 4
Bn

10-march-2021 L. Frassinetti, KTH Royal Institute of Technology 21



Parameters that affect the pedestal: v

= Collisionality 1 peeling
Rgn,
£3/2 (Te)z
= the collisionality has a major effect on j,..
[Sauter PoP1999]

= Approximately:

v* = clnA

Jtot

Jbs ®V ballooning

v

jbs

pedestal
region

R

= The reduction of collisionality tends to increase
Vp, if the pedestal is near the ballooning
boundary
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Parameters that affect the pedestal: o

= §: plasma triangularity 1
= the increase of § stabilizes part of the

ballooning modes. _
= the PB is strongly shaped at high & and a so high &

called "nose” is formed: Jrot low &
o highj,,= Vp increases with increasing 0.
o lowj,. = Vp does not change much with 9.
[rrrrrrrTT T T T TrTTTTTTT T .
i high & [Saibene PPCF2002]
2 4 [Beurskens NF2013]
lowd © [urano NF2014] 5
1 (04
@) | [Beurskens NF2013] A
I A
0.6
. _ '
(r' E E _
| .
a
& ] P &* ”
E’L 0.2 Total [&pm
¥ BL hi-§ drives pedestal
] e BL Io-3 stability
72_7 {4 " ) 3t 1 4 Hyhi-s (depends on triangularity)
L r #® Hylo-§
L 4 0.0 . PR B PR T |
| L | b by Ll 0.0 0.5 1.0 1.5
1 2 3 4 5 Pipoi- total
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Parameters that affect the pedestal

= QOther parameters that affect the pedestal

1.2 —
stability are:
o Impurities. Z 4 affects collisionality and j,.. It _
affects the electron pressure via the dilution ci% 08 1
effect. [Saarelma PoP2015] =
o q-profile. A change in g-profiles affects the .2 04
shear. [snyder PoP2002]

o Pedestal width. A wider pedestal can 0 N —

contain more ballooning modes, so it is ¥ ! o 2 g 4
more unstable  [snyder PoP2002] e

o Plasma rotation. [aiba NF2018] E49229 (CTR)] irojen: poumcary wio rot

o Density at the pedestal top. Not trivial insiab
effects, see later [snyder NF2011] Lo 6 0o B U ONEEE R

0g e . ©pona>napooo gxXxx |

o Position of the pedestal. An outward shift of £ Sfoo stable > 0 0 0 0 > x x x
ofe . e OO0vwuvvwuvuuwvu 0OO00OO0OO0OO0 X X X

the pedestal destabilizes the ballooning A 0000000000000 o xxx

. 2 0O 000000000000,/ X X X

modes—> pedestal reduction [punne PpcF2007] B o b b o o nnk

S%ox X x % X x
7 f

o Density at the separatrix. Only partially
understood. [Snyder IAEA2018] ° /7 unstable”

o Isotope mass. Origin of the effect still >
unclear. [MaggiNF2019]

0.5
Io
o

o

//xxxxxxxx

unstable

XX XXX

X% % ¥ %, % ¥

3
gy [Aiba NF2011]
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OUTLINE

= Pedestal predictions
o The EPED model:
* The PB constraint
*  The KBM constraint
o Non-linear MHD modelling
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= Can we use the PB model to predict the
pedestal pressure height before the ELM?

= The PB model identify the critical normalized
pressure gradient (o) above which the PB
modes are destibilized.
» It can be used to determine Vp.

= For a specific pedestal width, the PB model can “max &'crit

determine the critical Vp at which the PB
modes are destabilized.

» for this specific width, the critical

=
pressure height can determined from %
(vp)crit' f&-
» A correlation between width and =2
critical pressure can be obtained. This =
is often called ”PB constraint” % sl
o
0 N 1 . 1 N I .
0.01 0.02 0.03 0.04 0.05

= More information is necessary to predict
pedestal height and width.
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Pedestal predictions: the KBM constraint

The other constraint can come from

pedestal transport

The problem is that the pedestal

transport is (often) driven by turbulence.

Turbulence studies are not trivial and

very time consuming

The most succesfull approach, so far, has

been developed in DIII-D [snyder PoP2009]

» experimental results suggest that DIlI-
D pedestal transport is driven by
kinetic ballooning modes (KBMs)

» from the theoretical arguments, it can
be derived that for pedestals limited by
the KBM turbulence:

ped
Wped = € 1/.8

» an experimental fit from DIII-D data
gives:

_ / ped
Wped = 0.076 :8 KBM constraint

Pedestal Width A(y,)

0!1 0 | T T ’ 1 ¥ ] b 1 T ] ¥ 1 ’ 1 ¥ 1 ¥ T r 1 ¥ ]
F o DII-D data ]
0.08F _. 0.076 By/2eq 4
i =
0.06} H b ]
0.04} ) /I’H}H ]
0.02} e ]
N R - [Snyder PoP2009]'

0.00L
0001 0203040506 0708091011

1/2
Be ped

Pedestal Height (pped, kPa)

0.02 0.03 0.04
Pedestal Width (A,n)

0.05
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The EPED1 model

= The EPED1 model predicts pedestal
pressure height and pedestal pressure
Wldth us|ng the [Snyder PoP2009]
. [Snyder NF2011]

» KBM constraint:

local KBM stability = “clamps” Vp
» PB constraint:

global PB stability = triggers the ELM

Pedestal Height (ppeg, kPa)

0 L 1
THE ELM CYCLE ACCORDING TO EPED1: 0.01 0.02 .
Pedestal Width (A,,n)

Vp grows unconstrained
KBM boundary is reached:
o Vpis”clamped”
o The pedestal height grows via the increase
of the pedestal width:
Wpea = 0.076\/@
@ PB boundary is reached
o ELM triggered

0.05
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The EPED1 model firny

38, OCH KONST 8%

™

102 ey
. © [ e® C-Mod (3, SH expt)
= EPED1 tends to predicts the pedestal S [x C-Mod (10, ELMing H-mode)
pressure height rather well, for a large of £ |*" ?é¢%g172)4)
parameters and in many machines. T [+ JT60U(16)
= © Compass (23) Mo
[Snyder NF2019] "%'101 F+  AUG (13) . ¢33 E
= EPED1 is a useful tool to test the PB 3¢ TER gt
model. 3 Y ik
2 A
§ Lo [Snyder NF2019]
2100 L L )l 1 pyaer a9 o
100 10! 102
EPED Predicted Pedestal Height (kPa)
= EPED1 is widely used to predict the - P2
. . B 11E # [Snyder IAEA2012] ]
pedestal height (also in ITER). S10F P
= 09f
.. T 08E
= Example: prediction of pedestal pressure 207k
. T E
dependence with: = 82-
o density 8 04f ® sk
S ggf < Reference (I,=15MA, By=2)
o B o 02F - Hybrd (5=12MA, Bn=2)
Q g1E - Hybrd (I,=12VA, By=26)
O o ob. . Hybrd (o= 12MABNT3D) L
w =% 5 10 15 20 25 30

Pedestal Density (1019 m-3)
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Non-linear MHD modelling

= EPED1 works relatively well, but itis a 75601
linear model: i
o it does not predict time 065
evolutions 06
o cannot predict ELM energy 055
losses —05  _
= Non-linear codes are necessary for — 045 :;
modelling the details of the ELMs. 04 &
= Recent results with the JOREK code 035 %
are very promising: [Huijsmans NF2007] 03 %
o type | ELMs start to be 025 8
modeled rather accurately 02
[Cathey NF2021] —
o ELMs similar to type lll have -
also been modelled.
0.05
— 0.0e+00

10-march-2021 L. Frassinetti, KTH Royal Institute of Technology 29



OUTLINE

= Some of the most active research areas in pedestal physics

10-march-2021 L. Frassinetti, KTH Royal Institute of Technology 3
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Some active research areas o
4 o §
o
= Discrepancies between EPED1 and o I
experimental results, especially in JET-ILW, 2| - e doeis
have been observed. g 0o o
[Frassinetti NF2019], [Saarelma PoP2019], [Frassinetti NF2021] § 0.04 . .,%0:66&’ oo,%mg -
o what physics is missing in EPED? T3 008 5 o
= Super H-mode: DIII-D results show that at = ’
high & the 2nd stability region can be ool T
accessed. [snyder NF2015] [Saarelma PoP2019]

] 0.01 0.02 003 0.04 005 0.06 0.07

o can other experiments reach this region? :
W, (experimental)

= |sotope effect
o What is the physical mechanism that
exlains the effect of isotope mass on the
pedestal?
= Small ELMs
o will operation with good pedestals and
small ELMs be posisble in ITER?
= ELM mitigation
o develop and test ELM mitigation
techniques that can be used in ITER

&
!
|

T T T T

[Snyder NF2015]
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Some useful references

The choice of the following papers is based on two criteria:

o overview papers, when possible.

o most recent papers.

This list does not necessarily cite the original papers on the topic.
Many excellent papers have not been included.

= Pedestal physics: [Urano NF2014]
[Leonard PoP2014]
= LH transition: [Bourdelle NF2020]
= Pedestal structure: [Frassinetti NF2021]
= |sotope effect: [Maggi PPCF2018]
= ELMs: [Zohm PPCF1996]
[Leonard PoP2014]
= PB model: [Wilson PoP1999]
[Snyder PoP2002]
[Snyder NF2004]
= EPED model: [Snyder PoP2009]
[Snyder NF2011]
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