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• Famous L-H transition movie from MAST

• Fusion, DT, JET

• L-H power threshold. PLH

• PLH scaling

• L-H time evolution, pedestal formation

• Minimum PLH at ne,min:  isotope effect & critical profiles, Aeff

• ExB model vs. measurements: no evolution of vperp along power ramp

• Alternate model: plasma magnetisation, motion of magnetised flux tubes
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Outline
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MAST Video of L-H transition

A Kirk & MAST Team, Plasma Phys. Control. Fusion 48 (2006) B433–B441
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10μs exposure time 
1 frame every 0.13 ms

(7.5 kHz)



• Turbulence at the plasma edge disappears 
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What do we see?

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

In ~100 µs. 1-2 frames:

L-H transition

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

Isotopes of Hydrogen

Isotopes, Mix A, Aeff Plasma 
confinement

Wall 
interaction

Hydrogen 1 Poor Low
Deuterium 2 Medium Medium
DT 50/50 2.5 Good Acceptable?
Tritium 3 Very good Not always

Confinement:

τE=
Wplasma

Pheat
= Plasma energy

Input power

Ideally Tion>10 kV for optimal 
DT fusion cross-section

Deuterium

Tritium

4He, a particle 3.5 MeV

Neutron 14 MeV



JET Tokamak 

Plasma chacteristics:

R= 3 m, a= 1 m

Volume= 80 m3

Ip≤ 4 MA

Btor≤ 4 T

7

The JET tokamak: Hydrogen, Deuterium, Tritium, DT plasmas

Vacuum vessel 4.6 m high x 9 m wide

JET is large!
Unique Tritium and Deuterium-Tritium capability

Stopped end 2023, breaking fusion records

Could be re-started if funding found
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JET-ILW: W divertor, Be walls



• 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 PLH

• 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 PLH
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Power threshold to reach H-mode

https://doi.org/10.1103/PhysRevLett.49.1408


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

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

Multi-machine PLH databases, scaling

Pscaling=0.049 ne20
0.72±0.03 BT

0.83±0.03 S0.94±0.02(2/A)
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𝑃𝑙𝑜𝑠𝑠= 𝑃𝑂ℎ𝑚 + 𝑃𝑎𝑢𝑥− Τ𝑑𝑊 𝑑𝑡 − 𝑃𝐹𝑎𝑠𝑡𝐿𝑜𝑠𝑠

𝑃𝑠𝑒𝑝= 𝑃𝑙𝑜𝑠𝑠 −𝑃𝑟𝑎𝑑,𝑏𝑢𝑙𝑘

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

Martin J. Phys. Conf. Ser. 123 012033 (2008)

• S is plasma surface area
• ne20 average electron density
• ne, Ip and Bt are colinear in most studies
• A represents effective ion mass

Pscal[MW]

𝑃
𝑙𝑜
𝑠𝑠
[M
W
]

https://doi.org/10.1088/1742-6596/123/1/012033


Multi-machine PLH databases, scaling

Pscaling=0.049 ne20
0.72±0.03 BT

0.83±0.03 S0.94±0.02(2/A)
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Work in progress: metal wall multi/machine scaling,
Including new data from AUG, JET, C-Mod 

Pscal[MW]

𝑃
𝑙𝑜
𝑠𝑠
[M
W
]

Metal wall makes a difference
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L-H transition: from Low to High confinement (H-mode)

Experiment with constant gas
In L-mode
2 MW NBI: 1.4 MJ 
3 MW NBI: 1.5 MJ
4 MW NBI: 1.6 MJ

L-H transition: 1.66 MJ 

H-mode: 

4 MW NBI: 2.3 MJ

…

L-H transition allows the plasma to 
keep heat and particles in

ത𝑛𝑒 ,core [1019 m-3]

ത𝑛𝑒 ,edge

99474 DT

W(MJ)

1.4 MJ 1.5 MJ 1.6 2.3

2
3 MW

4 MW
Pheat[MW]

Prad

Te[keV]

Balmer a [a.u.]

Qouter strike[MW]
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L-H transition: from Low to High confinement (H-mode)

Pedestal 
formation

JET 99474 DT (2021)

ത𝑛𝑒 ,core [1019 m-3]

ത𝑛𝑒 ,edge

W(MJ)

Pheat[MW]

Prad

Te[keV]

Balmer a [a.u.]

Qouter strike[MW]
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6

4

2

0

0.8

0.6

0.4

0.2

0.0
3.6   3.7     3.8   R[m]

ne [1019 m-3]

Te [keV]



fGW

തne

ത𝑛𝑒,𝑚𝑖𝑛

ത𝑛𝑒,𝑚𝑖𝑛

ത𝑛𝑒,𝑚𝑖𝑛

തneത𝑛𝑒[1019m-3]

0.2 0.4 0.6
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JET 3T, 2.5 MA:  ഥ𝒏𝒆,𝒎𝒊𝒏, 𝑷𝑳𝑯,𝒎𝒊𝒏, high and low ne branches

Clear shift of ത𝑛𝑒,𝑚𝑖𝑛: lowest for T, then DT, then D.  

ത𝑛𝑒,𝑚𝑖𝑛 is density at which PLH is lowest, 𝑃𝐿𝐻,𝑚𝑖𝑛

High density branch: ത𝑛𝑒 > ത𝑛𝑒,𝑚𝑖𝑛

Low density branch:  ത𝑛𝑒 < ത𝑛𝑒,𝑚𝑖𝑛

In JET ത𝑛𝑒,𝑚𝑖𝑛 depends on plasma and divertor
configuration/shape, divertor material, plasma 
species and plasma current.

Shift of ത𝑛𝑒,𝑚𝑖𝑛 with isotope clearest in JET 
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E.R. Solano et al., Nucl. Fusion 63 (2023) 112011 
https://doi.org/10.1088/1741-4326/acee12

https://doi.org/10.1088/1741-4326/acee12
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PLH in 3T 2.5 MA dataset

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

New JET scaling proposed, stronger 
dependency on ne

PTC26-iso = 0.057 ത𝑛e20
1.43 Btor

0.77 S (2/Aeff)

PITPA=0.049 ne20
0.72±0.03 BT

0.83±0.03 S0.94±0.02(2/A)

Work ongoing: 
multimachine metal PLH scaling, including new JET data (E Delabie, APS 2024) 
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Critical profiles at L-H transition

E.R. Solano et al., Nucl. Fusion 63 (2023) 112011 
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Compare profiles at transition for 
different species, at given density
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3T 2.5 MA critical profiles

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

ne [1019 m-3]

Thomson Scattering   < 50 ms before L-H

R[m]

Te : markers

R[m]

Te [keV]

ER Solano IAEA FEC 2023

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



17

3T 2.5 MA critical profiles

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

ne [1019 m-3]

Thomson Scattering   < 50 ms before L-H

R[m]

Te : markers

R[m]

Te [keV]

ER Solano IAEA FEC 2023

Ti~Te (solid lines), Core CX
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3T 2.5 MA critical profiles

ne [1019 m-3]

Thomson Scattering   < 50 ms before L-H

R[m]

Te : markers

R[m]

Te [keV]
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Same profiles at 
transition require very
different PLH depending
on plasma isotope:

T : 3 MW
DT: 3.2 MW
D : 5 MW 

Isotope effect on transition rooted on isotope effect in L-mode
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Critical profiles for varying H+T mixtures (1.8T 1.7 MA)

Tconcentration %
Tconcentration

Psep

ohmic
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Hydrogen has much higher PLH than 
Deuterium, larger than Tritium
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Critical profiles for varying H+T mixtures (1.8T 1.7 MA)

Tconcentration %
Tconcentration

Psep

Same critical 
profiles for all  
mixtures

Critical profiles? 
Or critical pe, 
pi or ptotal?

G. Birkenmeier et al., PPCF (2023)

Isotopic dependency of L-mode 
transport defines PLH

ohmic
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Critical profiles for varying H+T mixtures

Tconcentration %
Tconcentration

Psep

Same critical 
profiles for all  
mixtures

Aeff not good!

Critical profiles? 
Or critical pe, 
pi or ptotal?

G. Birkenmeier et al., PPCF (2023)

Isotopic dependency of L-mode 
transport defines PLH

D-like
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Theory?



• 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

• But L-H transition trigger remains 
unknown
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Why does the L-H transition happen?

Multiple theories develop ExB idea, 
based on electrostatic turbulence
None succeed in simulating transition
consistent with measurements

Experimental counter-evidence
in Deuterium at JET: 
Doppler reflectometry 
measurement of v⊥
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Typical results of PL-H density scan in Deuterium

ത𝑛𝑒

Ploss[MW] 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/B2 (different from vion)

JET Deuterium HT 2.4 T 2 MA
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2 MW
2.2 MW

1 MW

PICRH POhm
Prad

1.7 MW
Psep [MW] 

ത𝑛𝑒 [1019 m-3]

Wdia [MJ]

JET 96290 Deuterium

Time [s]
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Doppler reflectometry along power ramp in Deuterium

C. Silva, Nucl. Fus. 61 126006 (2021)
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2 MW
2.2 MW

1 MW

PICRH POhm
Prad

1.7 MW
Psep [MW] 

ത𝑛𝑒 [1019 m-3]

Wdia [MJ]

JET 96290 Deuterium

Time [s]

JET 96290 Deuterium
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Doppler reflectometry along power ramp in Deuterium

C. Silva, Nucl. Fus. 61 126006 (2021)
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Deuterium: Er measurements along ICRH power ramp, at ne,min(D)

Neither v
┴

well nor v
┴  

shear increase during 
the power ramp. No critical Er well depth
Is this v⊥ shape characteristic of L-mode?
If so, what triggers the L-H transition?

27

Time resolution: 300 ms (~tE)
No momentum input, RF heating

Ohmic: low v⊥ at separatrix/SOL, deep well

During power ramp:
• high v⊥ at separatrix/SOL when ICRH on
• reduction in depth of v⊥ well with ICRH
• similar v⊥maximum shear during power ramp

JET 96290, 2.4T, 2 MA, ICRH 

v⊥=
𝐸×𝐵

𝐵2
~𝐸𝑟/𝐵

C. Silva, Nucl. Fus. 61 126006 (2021)
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3.2           3.6       R[m]
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2 MW
2.2 MW

1 MW

PICRH POhm
Prad

1.7 MW
Psep [MW] 

ത𝑛𝑒 [1019 m-3]

Wdia [MJ]

JET 96290

Time [s]

Te profile does evolve along the power ramp

2.0

1.0

0.0
3.2           3.6       R[m]

5.0

4.0

3.0

2.0

1.0

0.0

• Plasma heated with Ion Cyclotron RF:      
no Ti or rotation measurements 
available. 

• p does steepen along power ramp.
• Critical p or pe or pi ? Not critical Er.
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• Critical profiles ne, Te, Ti determine access to L-H transition

• PLH depends on isotope due to L-mode isotopic dependencies 

• L-mode τE 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?

29

JET L-H experimental results
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Magnetization phase transitions: explored in 
Equilibrium criticality when jθ=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)

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
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βθ related to volume averaged

plasma magnetization

Plasma magnetization in a tokamak

Plasma force balance:

In cylindrical approximation

Integrating:

βq< 1 Bz increased by jq, 
paramagnetism,
low pressure

βθ> 1 Bz reduced by jq
diamagnetism, 
high pressure

∇p < jz×Bq

∇p > jz×Bq

Bz

jq

jq
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Plasma Magnetisation

Diamagnetic frog levitating 
in magnetic field
Berry, Geim (Ig-Nobel) 
Eur. J. Phys. 18 307 1997

The tokamak plasma is a magnet

Sign of jq describes local magnetisation

Magnetisation phase boundary at jq=0

Paramagnets
increase the background magnetic field
move towards high field

Diamagnets
increase the background magnetic field
move towards low field
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Magnetism in cylindrical blob with pressure peak/hole

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

Magnetization of the blob:

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

Bz

ρ

෩𝐌

෩𝐌

෥𝐩

෥𝐩

32



Emilia R. Solano   | JET isotope studies and the L-H transition |  Ghent, ICPP 2024  | 11/09/2024 33

Movement of magnetised blobs in paramagnetic plasma

the cold blob (paramagnetic) seeks high field

the hot blob tube (diamagnetic) seeks low field

Blob averaged dBz/dr controls motion of magnetised plasma

blobs: Anti-potential leads to magnetic phase separation

Bz0

r

෩𝐌

෩𝐌

෥𝐩

෥𝐩

(∇(Mɶ.B))dV≃
V

V

m
dt

dv
=∫

B=B0 + r.∇B0 +...
. (∫(r×jmag)dV)∫∇B0zdV

blob magnetization

Jackson, Classical Electrodynamics



paramagnetic cold blobs move inward, 

diamagnetic hot blobs move outward

Paramagnetic plasma: L-mode

Motion of pressure blobs depends on dBz/dr

outward thermal energy convection at the 

expense of

inward magnetic energy convection

p blobs “grow”, “instability”

L-mode

r

r

p(r)

r

Bz(r)

Paramagnetism
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Diamagnetic plasma: H-mode

diamagnetic hot blobs move inward, 

paramagnetic cold blobs move outward

Motion of pressure blobs depends on dBz/dr

inward thermal energy convection 

at the expense of

outward magnetic energy convection

H-mode

p(r)

r

r
Bz(r)

p(r)

diamagnetic

p blobs “decrease”, “saturation”
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At a magnetic phase boundary blobs of the

same type accumulate/separate

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

With multiple blobs moving, 

p and Bz profiles evolve,

steepening magnetic hills, digging magnetic wells

Developing pressure pedestal

Magnetic Boundary: phase transition
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p(r)

rBz(r)

jq=0



Pedestal formation at magnetisation boundary

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

Ideal MHD with magnetization force

Integrating one temporal step

pressure steepens in diamagnetic regions, increases diamagnetism 

flattens in paramagnetic regions, increases paramagnetism

Magnetic phase separation drives pedestal formation

, p(r)

B-B0

Initial profiles - - -

Final profiles

~
ζ

∇B
rv ~ M

~

dia para dia
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•present when radial force acts equally on electrons and ions
•equivalent to the Rayleigh-Taylor instability in a fluid.
•magnetization gradient acting on magnetized plasma blobs replace 

“gravitational field” or “curvature”.
Magnetization interchange

 = g⊥ =

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

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

heavy fluid

light fluid

g

Interchange instability1

V

1


B2

= −
 

m 2B2 r

p~

Heavy fluid
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Suydam criterion for interchange instability

magnetic shear opposes interchange of tubes 
driven by cylindrical curvature and ∇β

Generalization: add magnetization force to cylindrical curvature

In magnetically mixed states

magnetisation force adds to curvature, instability,

until the magnetic shear q’ or the sign of dBz/dr changes.

B. R. Suydam, Proc. 2nd UN Conf. on Peaceful Uses of Atomic Energy, Geneva, 1958.
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L-H transition power threshold

Conventional L-H models unlikely to 
explain our detailed measurements

Much work yet to be done

at JET?

• Plasma shape affects PLH

• H, D, DT, T affects PLH

• SIZE and current matters

• Er shear not the only ingredient?
• Test magnetisation phase transition model?


