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Famous L-H transition movie from MAST
Fusion, DT, JET

L-H power threshold. P,

P, scaling

L-H time evolution, pedestal formation

Minimum P, at n, ...: isotope effect & critical profiles, A

e,min*

ExB model vs. measurements: no evolution of v, along power ramp

Alternate model: plasma magnetisation, motion of magnetised flux tubes
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MAST Video of L-H transition
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10us exposure time
1 frame every 0.13 ms
(7.5 kHz)

A Kirk & MAST Team, Plasma Phys. Control. Fusion 48 (2006) B433—-B441
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What do we see? (@)

* Turbulence at the Iasma edge disappears

JET

‘ Photron

L-mode: the edge looks diffuse, there are
spinning plasma filaments that drift outside the
separatrix, leading to losses

In ~100 ps. 1-2 frames:
L-H transition

H mode: the edge is sharp, no filaments or
turbulence reach accross the separatrix

Emilia R. Solano | JET isotope studies and the L-H transition | Ghent, ICPP 2024 | 11/09/2024

5



Confinement:
_Wplasma _

.EE—

Pheat

Deuterium

Tritium,
& /

G+\

|

JET

2

&

+

)\

\
)
z

Fusion

=
p=
{

\\_
=

\=Z
Isotopes of Hydrogen
Isotopes, Mix | A, A Plasma Wall
Plasma energy confinement| interaction
Input power Hydrogen 1 ® Poor Low
Deuterium 2 = Medium Medium
2.5 Good Acceptable?
Tritium 3 | Verygood | Notalways
Helium
+ @

+

“He, o particle 3.5 MeV

Ideally T,,,>10 kV for optimal
Neutron
¢ DT fusion cross-section
Neutron 14 MeV
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The JET tokamak: Hydrogen, Deuterium, Tritium, DT plasmas @)

o T 2 1| JET Tokamak
Plasma chacteristics:
%5 7 '{;'_’ _, R=3m,a=1m
’/7(?’ _ : 5 Volume= 80 m3
A\ | 1,< 4 MA
%= isd = B, <4T

q JET is large!
L S Unique Tritium and Deuterium-Tritium capability
o Stopped end 2023, breaking fusion records

JET-ILW: W divertor, Be walls

Vacuum vessel 4.6 m high x 9 m wide

JET

Could be re-started if funding found
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Power threshold to reach H-mode (@)

* Discovery of H-mode: F. Wagner Phys. Rev. Lett. 49, 1408 (1982)

* Experiments show that, for otherwise fixed plasma conditions, there is a
power threshold to enter H-mode.

* Predicting the appearance of H-mode for future devices requires
understanding the power threshold

* In the absence of understanding for L-H transition trigger conditions,
experiments with slow power ramps provide measurements of P,

* Multi-machine scaling studies are used to investigate dependencies of the
power threshold.

* Plasma composition affects the power threshold
* Tokamak size, field, current, plasma shape: all affect P,
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Multi-machine P, databases, scaling

The power required to achieve L-H is
measured as:

Pyoss= Ponm + Paux— dW /dt — PFa

stLoss

Depending on circumstances and data
availability it may be useful to discount
bulk radiated power (W,<0.95)

Psep= Ploss _Prad,bulk

ITPA 2008 P ,, multimachine scaling,
derived for Deuterium, single null, no
ECRH heating (quite old).

Martin J. Phys. Conf. Ser. 123 012033 (2008)
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P
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Devices
AUG
CHS

x CMOD

o D3D
JET
= JFT2M
JT60U
MAST
NSTX

S is plasma surface area

* n,,o average electron density

n., |, and B, are colinear in most studies
* A represents effective ion mass
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° ° - /‘?5\\
Multi-machine P ,, databases, scaling (@
5+ 10— Devices
C-Mod — 7 - AUG
47 R=0.68m /T~ = 5] CHS
§=7.2 m? N = 3 x CMOD
/ \ —
31 / N 5 2 = D3D
R=2.96 m 3 JET
2 s=140m? | ITER A A 15 ~ JFT2M
R=6.2m  \ il JT60U
17 | s=680m2 | i MAST
0.3 1 "
0f D |\ ,l ol 5 NSTX
14 AUG \ // 0.1 O
2 R=1.65m \\ / “|1 2 3 '4'-'5 lsl‘ll 2 3 45 7 1|0 I:)scal[lvlvv]
S=42.4 m? \ //
31 w / Pscaling=0'049 ne200.7210.03 BT0.83i0.03 50.94i0.02(2/A)
0 1 2 3 4 5 6 7 8 RM | Workin progress: metal wall multi/machine scaling,
Metal wall makes a difference Including new data from AUG, JET, C-Mod
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L-H transition: from Low to High confinement (H-mode)

99474 DT

4.0

14 MW —

: Pheat[MW] 2
FTTTTT]

20

T TTTTTTT]

0

60 : ﬁe,core [1019 m-3]

40F

20
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|5 - W(MJ)

1.4 el A M

~- Balmer a [a.u.]

In L-mode
2 MW NBI:
3 MW NBI:
4 MW NBI:

L-H transition:

H-mode:
4 MW NBI:

/I/ S\

(&1

Experiment with constant gas

1.4 MJ
1.5 Ml
1.6 MJ

1.66 MJ

2.3 MJ

1.0
L-H transition allows the plasma to
88 F il A keep heat and particles in
- 15.5 16.0 16.5 17.0 17.5 Time(s)
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L-H transition: from Low to High confinement (H-mode) )
JET 99474 DT (2021) g [T
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JET 3T, 2.5 MA: 7, 1nins PLH min, high and low ne branches {©)

8 1 Of[iﬂw] = 0-‘1 — ‘w7, i is density at which P, is lowest, Py min
70 Remin _m High density branch: 71, > g in
6 - Low density branch: 1, < 1, min
m = ’
5 1 4 - — :
SR = In JET 71, 1in, depends on plasma and divertor

4 4T ® R . .

¥ " configuration/shape, divertor material, plasma
3 - * :

4 species and plasma current.
2 - _ DT
m D : _ L .
1- _l o T Shift of 1, ;i With isotope clearest in JET
0 T ne'min T
1 2 3 4 5 ﬁe[1019m—3]

Clear shift of 1, ;,;5,: lowest for T, then DT, then D.

E.R. Solano et al., Nucl. Fusion 63 (2023) 112011
https://doi.org/10.1088/1741-4326/aceel2
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P, in 3T 2.5 MA dataset
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Potential easier access to H-mode in T-rich
plasmas at lower density, to be evaluated vs. T
consumption for ITER, DEMO, SPARC?

ITPA 2008 scaling doesn’t match D data

P1px=0.049 n_, 0-72£0.03 g 0.83:0.03 50.94:0.02() /A

New JET scaling proposed, stronger
dependency on n,

Prca6.iso = 0-057 ﬁezol'43 B>’ S (2/ Actr)

tor

1 2 3 4 5 Ne 10" m?]
Work ongoing:
multimachine metal P, scaling, including new JET data (E Delabie, APS 2024)
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Critical profiles at L-H transition (@)
g 0.2 1, 04 : 06  fow
; Pioss MW] . . Compare profiles at transition for
m = different species, at given density
6 |
[ ] |
5 + i 3
NER: A
£ K
3 A . '?;: 4
2 ¢ DT
mD
1 - & T
0 T T T T
1 2 3 4 5 ﬁe[lolgmG]

E.R. Solano et al., Nucl. Fusion 63 (2023) 112011
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3T 2.5 MA critical profiles (@)

Thomson Scattering < 50 ms before L-H

4.0 1.0 —=
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1.0 4 * DT 99472 ¥ iy
u 0.2 i,
. X
D 95307 . { T,:markers ‘g
0.0 I | 1 1 I | ~maa 0_0 I | I | | 1 “,’;}.-J

3.5 3.6 3.7 3.8 R[m] 3.5 3.6 3.7 3.8 R[m]

From r/a=0.5, very similar n_, T,, T, profiles just before the transition in D, DT ,T

ER Solano IAEA FEC 2023
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3T 2.5 MA critical profiles

Thomson Scattering < 50 ms before L-H
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T,~T, (solid lines), Core CX

N
1 T.:markers g w
i 1 i 1 i | “ﬁ:_._-_
35 36 37 38 R[m]

From r/a=0.5, very similar n_, T,, T, profiles just before the transition in D, DT ,T

JET

ER Solano IAEA FEC 2023
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3T 2.5 MA critical profiles

Thomson Scattering < 50 ms before L-H

a Me [10%° m3]
—0;,.:-;{:.?:.- :,
T + 798969 )
1 & T100202 ns
4 + DT 99472 ¢

= D 95307 :_

Y N NI B
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0.2 -

0.0

\
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Same profiles at

transition require very
different P ,, depending
on plasma isotope:

T:3MW
DT: 3.2 MW
1 T,:markers ik « | D:5SMW
N T . -3¢
35 36 37 3.8 R[m]

Isotope effect on transition rooted on isotope effect in L-mode

JET
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Critical profiles for varying H+T mixtures (1.8T 1.7 MA)

g+ M D, ICRH + T, transient
H, ICRH X T, Ohmic
8 H-T, ICRH # T, NBI
7 b X H-T, Ohmic D-T, ICRH
# T, ICRH
T tration 70
— 6 ‘ concentration
S ..
= 5k b s
E *®00/® G0
4t e
| ,é 642::
£3r OV
A : 07»1;;"' ‘ "T
2F—m A %“ %
B v
o e W96
1 F—x%x ¥ -
. ohmic | |

JET

)\

\
)
z

“a
{
N

(

Tconcentration ﬂ
Psep ﬂ

Hydrogen has much higher P, than
Deuterium, larger than Tritium
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Critical profiles for varying H+T mixtures (1.8T 1.7 MA)
G. Birkenmeier et al., PPCF (2023)

g+ M D, ICRH + T, transient
H, ICRH X T, Ohmic 4
8 H-T, ICRH # T, NBI
7| X H-T, Ohmic D-T, ICRH T _
# T, ICRH y concentration ﬂ 5l
L Teoncentration 70 o
g ° ﬁé / I:)se ﬂ ot
= 5l * ) P B —4§—T NBI, P,, = 2.14 MW
- .... g ‘51&:@ = —f—D, ICRH, P,, = 1.81 MW
& . 1+1 3 D-T, ICRH, P, = 1.66 MW
gl i oo Same critical i | i o et
: ) : —@—H, ICRH, P, = 4.55 MW
|£ 3l %4? édu_: prOfI|eS fOI’ a” . _O_H'T 50/50{3&? :2,9;1\»]w
o Vol ) 4T | mixtures =
2 u %“ B 1.50
| #
] R | o5 1.25
Ir X xx * " = 1.00
. ohmic Critical brofiles?  Sost|2
" > 3 " ; Critical profiles? 7 |2
e (10" m=?) Or critical Vp,, lE
0.25F | &
Isotopic dependency of L-mode  Vp; or Vp,,..? sl |
transport defines P, i 2 s BE RS
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Critical profiles for varying H+T mixtures

Tconcentration ﬂ
Psep ﬂ

Same critical
profiles for all
mixtures

/

- A ¢ Not good!

g+ M D, ICRH + T, transient
H, ICRH X T, Ohmic
8 H-T, ICRH # T, NBI
7 b X H-T, Ohmic D-T, ICRH
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. Critical profiles?

Or critical Vp,,
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. Birkenmeier et al., PPCF (2023)

TNBI P, = 2.14 MW
=D, ICRH, P,,, = 1.81 MW
D-T, ICRH, P,,, = 1.66 MW
wefp==T ICRH, P, = 1.68 MW
=—@—H, ICRH, P,;, = 4.55 MW
we(Jue H-T 50/50, P,,, = 2.97 MW

Magnetic axis
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Emilia R. Solano | JET isotope studies and the L-H transition | Ghent, ICPP 2024 | 11/09/2024 21



\
z

(//ff
{
A=

Theory?
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Why does the L-H transition happen? Q)

—

Contour plots of turbulence amplitude, ed (simulation)
T

* In L-mode: turbulence is strong
* In H-mode: turbulence reduced

* The ExB model/paradigm
Sheared ExB rotation breaks up turbulent
eddies, reduces turbulent transport

* Known: H-mode profiles stabilise
turbulence, L-mode profiles don’t

012 0 0.2 -006 0 0086

* But L-H transition trigger remains Without Sheared Flow  With Sheared Flow

un known Z. Lin, Science 281,1835(1998)
Multiple theories develop ExB idea, \ Experimental counter-evidence

based on electrostatic turbulence in Deuterium at JET:
None succeed in simulating transition Doppler reflectometry
consistent with measurements measurement of v,
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Typical results of P, density scan in Deuterium

JET Deuterium HT 2.4 T 2 MA

2
Ploss[MW] -
5 u® =
"aym _0Op0O
’ N gﬁ%
u

3 (]
2

mD RF
1

oD NBI
0
00 10 20 3.0 40

JET

50 11,

\
/2

(//?
{
N

Focus on L-H transition with very detailed
Doppler reflectometry measurements

Doppler reflectometry measures v , rotation of
fluctuations perpendicular to B

v, shear is exactly what will tear or stretch
turbulence eddies’, if that is the mechanism for
L-H transition

v, “ExB/B? (different from v,,,)
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30 JET 96290 Deuterium

Doppler reflectometry along power ramp in Deuterium
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20r 1iMw

1.7 MW
I

12.2 MW
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a
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9.0}

8.0

10.0

12.0

14.0

Time [s]

C. Silva, Nucl. Fus. 61 126006 (2021)

JET
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Doppler reflectometry along power ramp in Deuterium

JE'_I' 96290 Deuterium

3.0
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C. Silva, Nucl. Fus. 61 126006 (2021)
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Deuterium: E, measurements along ICRH power ramp, at n ;.(D)
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374 376 3.78 3.80 3.82
Major radius (m)

C. Silva, Nucl. Fus. 61 126006 (2021)
JET

3.84

s this v, shape characteristic of L-mode?
If so, what triggers the L-H transition?
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o~ [ JET 96290, 24T, 2 MA, ICRH { 1 Time resolution: 300 ms (~t¢)
A 1 . No momentum input, RF heating
o F : j . .
T2 | | Ohmic: low v, at separatrix/SOL, deep well
A | § :
S 1E ‘ i During ramp:
O \ 2 . .
of 23MW | 1 *high v, at separatrix/SOL when ICRH on
2 | 1 *reduction in depth of v, well with ICRH
3 { *similar v, maximum shear during power ramp
@t et
é 0?" P +”+$#++**++§+"*+ + : 5 ExXB
Rl Vit g2
2 - 1| Neither v, well nor v, shear increase during
E 19 \ 3 ..
-3 #96290, n=2.7x107"m™ | 3| the power ramp. No critical E, well depth
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T, profile does evolve along the power ramp

pr—p— —

|
= IPsep

201 1ImMw

[MW]

1.7 MW
I

12.2 MW

2 MW

a

i, 1029 m3]

14.0

Time [s] 4

Emilia R. Solano

\
z

{
=

5.0
2.00 ] 4-0§
[ 130 _ i.viiir'".w A 5
[ P o
1.0 1208
L 1100
N S e o0
3.2 3.6  R[m] 3.2 3.6 R[m]

Plasma heated with lon Cyclotron RF:
no T, or rotation measurements
available.

Vp does steepen along power ramp.

Critical Vp or Vp, or Vp, ? Not critical E,.

| JET isotope studies and the L-H transition | Ghent, ICPP 2024 | 11/09/2024
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JET L-H experimental results ”6' o)

* Critical profiles n, T,, T, determine access to L-H transition
* P.,, depends on isotope due to L-mode isotopic dependencies
* L-mode t; scaling is VERY old (1989), needs revisiting, especially isotope effect
* Effective mass orders threshold, but not good scaling parameter
* v, profile doesn’t evolve along power ramp

And what about theory?

Magnetization phase transitions: explored in

Equilibrium criticality when j,=0: ER Solano, PPCF 46 L7 (2004)

Diamagnetism and ITB formation: J Garcia, G Giruzzi PRL 104 205003 (2010)
Magnetic phase transition, transport barriers: ER Solano & RD Hazeltine NF 52

114017 (2012)
JET
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https://iopscience.iop.org/article/10.1088/0741-3335/46/3/L02/meta
https://doi.org/10.1103/PhysRevLett.104.205003
https://iopscience.iop.org/article/10.1088/0029-5515/52/11/114017/meta

Laboratorio

Plasma magnetization in a tokamak | e

Ciemat

Plasma force balance: Vp=jxB= j.;; X By + X B.-:, dB
In cylindrical approximation i[p + Bi + Bé _ _B_é dr — “Hole
Integrating: dr 2Ho THo
_[ﬁpdS B2 B B (B. (B Bg related to volume averaged
B, = BED T = ];( > ~1+ . ( B (B.) plasma magnetization
Ba 0 Oa 1 B
. . Bz \_ /——\Z
Bo< 1 B,increased byj,, [ --B, | S
Vp<j, XB paramagnetism, ]
>0 Jow pressure ' - Jo
B.
Be>1 B, reduced by j, o By .
Vp > j,x B, diamagnetism, L R
high pressure r
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Plasma Magnetisation
The tokamak plasma is a magnet
Sign of j, describes local magnetisation
Magnetisation phase boundary at j,=0

Paramagnets
increase the background magnetic field
move towards high field

Diamagnets
increase the background magnetic field
move towards low field

Laboratorio

Nacional
de Fusion

Ciemat

2

Diamagnetic frog levitating
in magnetic field

Berry, Geim (Ig-Nobel)

Eur. J. Phys. 18 307 1997
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Magnetism in cylindrical blob with pressure peak/hole & =

BZ
g

Laboratorio
Nacio [

dv . ~ bxVp
= —Vp+ixB=0 i =
dt P it B

F—=—mn

Diamagnetic current: if inside the tube there is a pressure peak,
the associated j reduces B,: diamagnetism

Paramagnetic current: if inside the tube there is a pressure hole,
the associated j, increases B,: paramagnetism

Magnetization of the blob:

bx V1 dM .
VXM =, XVP:——I‘
B dr
__f b EY i Py <0, dia
B 0Op' B

> 0, para
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Movement of magnetised blobs in paramagnetic plasma ¢ ««%

Jackson, Classical Electrodynamics
dv

dt

= [(Vors))av (J € Xinsg)aV) [VByav

v ~— _ _-_ bjob magnetization
B=B +r.VBD+... &

m,,

BzO

<

mn,, d—‘ M VB
dt

——— the cold blob (paramagnetic) seeks high field

r

==> the hot blob tube (diamagnetic) seeks low field

=N 2
< —
= -

Blob averaged dB,/dr controls motion of magnetised plasma
blobs: Anti-potential leads to magnetic phase separation
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Laboratorio

Paramagnetic plasma: L-mode | S

Ciemat

Motion of pressure blobs depends on dB,/dr

v, =
mn, — =M.V B,
paramagnetic cold blobs move inward,
I . :
— diamagnetic hot blobs move outward

p(r)
outward thermal energy convection at the

expense of

inward magnetic energy convection

r

N «;

p blobs “grow”, “instability”

L-mode
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Diamagnetic plasma: H-mode Qe

Ciemat

o(r Motion of pressure blobs depends on dB,/dr

dv, - =
- =M.V B,,
dt |

diamagnetic hot blobs move inward,

< mn \Vs

r paramagnetic cold blobs move outward
p(r) inward thermal energy convection

at the expense of

outward magnetic energy convection

B,(r) —> p blobs “decrease”, “saturation”
diamagnetic
H-mode
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Magnetic Boundary: phase transition &

p(r) : At a magnetic phase boundary blobs of the
< | == same type accumulate/separate

diamagnetic blobs (heat) seek magnetic wells
paramagnetic blobs seek magnetic hills

B,(r) r
=

S ——— |
With multiple blobs moving,
— l_ p and B, profiles evolve,

steepening magnetic hills, digging magnetic wells

|
i Developing pressure pedestal
jo=0
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Laboratorio

Nacional
de Fusion

Pedestal formation at magnetisation boundary S

Assume dashed B,(r), p(r) initial profiles

Ideal MHD with magnetization force

n,m, & g - M,VEOZ
dt? N ;
a‘BZ =Vx(¥.B,)
ot |
3 ~ =
SRR
2 Oty

Integrating one temporal step
pressure s{teepens in diamagnetic regions, increases diamagnetism
flattens in paramagnetic regions, increases paramagnetism

Magnetic_phase separation drives pedestal formation
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Interchange instability? )
epresent when radial force acts equally on electrons and ions
eequivalent to the Rayleigh-Taylor instability in a fluid.
emagnetization gradient acting on magnetized plasma blobs replace

“gravitational field” or “curvature”.
Magnetization interchange

V:@LZ

NN
m, 2B* or °

Magnetization interchange growth faster for
high magnetisation, blob amplitude & radius, low field & mass

IM.N. Rosenbluth and C.L. Longmire, Annals of Physics, Volume 1, Issue 2, May 1957,120

]
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Suydam criterion for interchange instability [ & E?CF'E
B. R. Suydam, Proc. 2nd UN Conf. on Peaceful Uses of Atomic Energy, Geneva, 1958.
Rq| | Bk,
q fls

I Ko

S

-
-

q” magnetic shear opposes interchange of tubes

3' 4q2 driven by cylindrical curvature and V8

Generalization: add magnetization force to cylindrical curvature

2 2 . _ dB 12
3 Rq Bh1‘+MZ 0z >c]2
I, " dr 4q
. . L dBOz
In magnetically mixed states M, — <0
T

magnetisation force adds to curvature, instability,
until the magnetic shear g’ or the sign of dB,/dr changes.
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C-Mod R=2.96 m
2 1Bino= 8T S=140 m?
R=0.68 m
1 15=7.2m?

L-H transition power threshold JET Petition

* Plasma shape affects P,
* H, D, DT, T affects P,

* SIZE and current matters
* E, shear not the only ingredient?
» Test magnetisation phase transition model?

Conventional L-H models unlikely to
explain our detailed measurements

Much work yet to be done

at JET?




