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Three main elements: Confinement, density limit, L-H power
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➢Besides several operational aspects which can affect the accessibility of target plasma conditions (relevant 
ELM-free regime, sawtooth avoidance / control, … ) three fundamental aspects determine a reactor design 
in combination with the exhaust capabilities
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➢Confinement level and parameters which determine it (IP, BT, R, a/R, q95, …)

➢Maximum density of operation, that is, density limit

➢Power requirements for the sustainment of good and stable H-mode confinement ( L-H power threshold )

➢On each of these three elements, critical uncertainties still remain, even from the standpoint of a 
completely empirical approach

➢ In addition, reliable physics models, which could replace empirical approaches, are still under 
development



H-mode Confinement: current, magnetic field and plasma size
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➢Confinement time increases with increasing current and increasing plasma size

➢Confinement time does not change strongly with increasing magnetic field

➢Confinement time decreases with increasing heating power, how much does it increase with increasing 
density ?

➢On each of these statements we have (large) uncertainties on the precise dependencies, with a significant 
impact on the projections for the reactor operational point

➢On several of these dependencies we have not yet reached a consolidated theoretical understanding, nor a 
robust predictive capability
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➢One question was recently raised in connection with the new DEMO design ( 4.4T, 18.8 MA, 8.6 / 3.0 [m] )

➢How does confinement change when BT, IP, k and a/R are changed at fixed q95 ?

➢Do we understand dependencies of H-mode confinement in IP, BT, a/R, k and size and can we rely on the
projections from scaling laws ? 

➢Scaling laws tell us that IP matters, not BT, can we rely on this for the new DEMO point ?



H-mode Confinement: AUG specific scaling laws [Ryter NF 2021]
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H-mode Confinement: JET specific scaling laws [Maslov NF 2020]
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H-mode Confinement: multi-device scaling laws
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[ IPB NF 1999 & 

Verdoolaege NF 2021 ]ITPA20



From ITPA 
Conf DB, 

IP and BT 
dependencies 
on windows 
of constant 
q95
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From ITPA Conf DB, IP and BT dependencies at windows of q95
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3.0:     0.0707 (0.0106  / -0.0092)    1.3236 ±0.0494   -0.0330 ± 0.0441   -0.7939 ± 0.0357     0.3811 ± 0.0437    1.5895 ± 0.1152      0.1485

3.5:     0.0943 (0.0110 / -0.0098)     1.2889 ±0.0295   -0.1118 ± 0.0455   -0.8168 ± 0.0282     0.3267 ± 0.0441    1.6182 ± 0.0908  0.1591

4.0:    0.2384  (0.0360 / -0.0313)    1.4478 ±0.0435   -0.2224 ±0.0739    -0.7221 ± 0.0368     0.0408 ± 0.0474     0.8922 ± 0.1094      0.1636

4.5:     0.2088  (0.0450 / -0.0370)    1.3131 ±0.0595   -0.1957 ± 0.0993   -0.6585 ± 0.0480    0.0171 ± 0.0776    1.0566 ± 0.1454 0.2307

5.0:     0.2764  (0.0953 / -0.0709)    1.4499 ±0.0735   -0.0121 ± 0.1228   -0.7763 ± 0.0628    -0.0863 ± 0.1212    0.9457 ± 0.2397       0.1830

q95                                                      IP                      BT                     PLTH                 NEL                   RGEO                 RMSE                         

➢All data of the ITPA 20 selection, with spherical tokamaks removed

➢OLS on windows of q95 provide results which are surprisingly consistent with complete global scaling laws

➢These regressions have been only performed in order to explore dominant exponents

➢They should NOT be used for predictive purposes
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With IMEP,

Luda PPCF 2021



Comparison IMEP vs EPED on current dependence of ped top
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➢ IPED scaling (EPED KBM constraint with HELENA/MISHKA) ) [Puchmayr Master Thesis, IPP Report 2020-11 ]

➢ Introducing a core pressure peaking factor 𝑝𝑘 = 𝑝𝑡𝑜𝑡 / 𝑝𝑝𝑒𝑑 and making explicit the dependence on IP and 
other engineering parameters, one finds

𝑝𝑝𝑒𝑑  BT^2.4 IP^-0.5 𝑤𝑝𝑟𝑒^1.93   R^0.6 (a/R)^3.0  𝑝𝑘^0.5 [(1+k^2)^2.4 x k^0.75 ] (1+)^2.5

➢Differences in the main assumptions of the transport constraint [KBM (EPED) and ETG-like (IMEP)] modify 
the scaling of the pedestal width with increasing current and the resulting pedestal top pressure

➢These elements can be specifically tested against available data and new dedicated experiments, as well as 
with appropriate modelling, also computing the appropriate value of 𝑤𝑝𝑟𝑒

➢ IMEP predicts strong increase of ped top pressure with increasing IP (MISHKA + transport from R*<Te>/Te )



Density limit: is the Greenwald scaling law for density limit 
appropriate to be used to determine the reactor operational point ?
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➢ Increasing evidence that the Greenwald scaling law is incomplete, mainly because it does not include the 
dependence of density limit on the heat flux at the edge

➢Giacomin (theoretical) scaling [PRL 2022] practically implies that density limit can increase arbitrarily if 
power can also arbitrarily increase

 The maximum density is determined by the maximum power than can be exhausted

➢This is connected with the power required to keep the H-mode  Potential enormous impact on the reactor
operational point

➢ Introducing Martin scaling for 𝑃𝐿𝐻 in 𝑃𝑆𝑜𝑙  𝑛𝑙𝑖𝑚  (Ip / a) nel^0.37  (R/a)^0.5  (1+k^2)^-(1/3) A^0.17

➢Dependencies on 𝑃𝑆𝑜𝑙 and 𝐵𝑇 critical to validate the Giacomin model

Greenwald

[ Giacomin PRL 2022 ]



Impact of density limit, Greenwald vs Giacomin with IPB98(y,2)

12C. Angioni  |  For internal discussion |  02.04.2025

Line av. density = 
2 x edge limit

Greenwald

Potentially 
accessible 
domain

Greenwald line
average limit 
[10^20 ]

2 GW

Giacomin edge 
limit is 
computed 
imposing 
𝑃𝑆𝑂𝐿= 𝑃𝐿𝐻

𝑃𝐹𝑢𝑠 [GW]

For direct 

comparison, 

results are 

scaled to 

ensure 

𝑃𝐹𝑢𝑠 =500 MW 

for the ITER 

case

➢ ITER BT, q95 
and aspect 
ratio 

➢ 𝑃𝑎𝑢𝑥= 50 MW



Impact of density limit, Greenwald vs Giacomin with ITPA20-IL
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Impact of density limit, Greenwald vs Giacomin with ITPA20
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The operational space in size and density opens from 1D to 2D
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➢Greenwald:

➢Once BT, a/R, q95 and Paux are defined, for a given R there is a given Pfus at the maximum allowed density

➢This is the situation with the Greenwald limit, at which the reactor point is constrained to be located

➢The additional limiting condition is that 𝑃𝑎𝑢𝑥 + 𝑃𝑎𝑙𝑝ℎ𝑎 - 𝑃𝑟𝑎𝑑 > 𝐹𝐻 x 𝑃𝐿𝐻 , which must be compatible with 
the exhaust capabilities

➢Giacomin :

➢ If in contrast the density limit significantly increases with increasing power 𝑃𝑆𝑂𝐿, size and density 
practically become two independent variables

➢The operational space where a reactor point can be chosen moves from a curve to a 2D domain

➢The requirement that density is at the limit does not apply any longer (because there is no upper limit)

➢Then the starting condition directly becomes the maximum power which can be practically exhausted, 
which is directly connected with the L-H power threshold which has to be exceeded

➢This provides the only constraint for the domain over which the operational point can be chosen



The only constraint is the max power which can be exhausted
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➢The LH power threshold plays a critical 
role, because it determines the heat flux 
that has to be exhausted

➢At a density of 2.5 10^20 m^-3, ITER could 
produce about 2 GW of fusion power 
(IPB98(y,2), with a requirement in 𝑃𝐿𝐻 of 
157 MW (from Martin’s scaling)

➢This operational point does not exist 
according to ITPA20 (even less to ITPA20-
IL), because 𝑃𝐹𝑢𝑠 is too low to allow 
𝑃𝐻𝑒𝑎𝑡 > 𝑃𝐿𝐻

➢This density would be more than two 
times above the Greenwald limit, but at 
least three times below the Giacomin
limit (with a 𝑃𝑆𝑂𝐿 at the LH power 
threshold)



Entering and staying into H-mode
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Theoretical elements
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(Consistent with impact of rotation pointed out in Ryter NF 2014)



Additional considerations
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AUG database, D only, Bt ~ 2.4 T 
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IP dependence inside the AUG data, D only
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Outlook for DEMO
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