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Abstract
The build-up of plasma parameters following the H-mode transition in JET has been analysed in 
view of its consequences for the alpha power evolution in the access to burning plasma conditions 
in ITER. JET experiments show that the build-up of plasma temperature both at the plasma core 
and the plasma edge occurs in timescales comparable to the energy confinement time. On the 
contrary, the evolution of the edge and core densities differs strongly depending on the level of 
plasma current in the discharge and of the associated NBI penetration. For higher plasma current 
H-mode discharges (Ip > 2.0–2.5MA, depending on plasma shape), with naturally higher plasmas 
densities for which NBI penetration is poorer, the core density evolves in much longer timescales 
than the edge density leading to the formation of rather hollow density profiles. These hollow 
density profiles persist for timescales of several energy confinement times until they are usually 
terminated by a sawtooth. Modelling of the JET experiments with JETTO shows that the density 
build-up following the H-mode transition can be described with a purely diffusive model, despite 
the low collisionalities of high current H-mode plasmas at JET. The consequences of these 
JET experimental/modelling findings for the access to burning plasma conditions in the ITER
QDT = 10 scenario are presented.

1.	 Introduction
Understanding of the physics mechanisms that determine plasma fuelling and core particle transport 
is required to predict both the plasma density profiles and fuelling requirements for burning plasmas 
in next step devices [14] as well as the access to burning plasma conditions and its possible control 
requirements. The evolution of the plasma density following the H-mode transition is particularly 
relevant for ITER because ITER high QDT plasmas are expected to operate at a relatively low 
margin above the H-mode threshold [9] and with a large contribution of the alpha heating to the 
total plasma heating power,

						      P = QDT/5 × Padd					            (1)

where P is the alpha heating, QDT is the fusion gain and Padd is the additional heating power. For 
QDT ~5 (long pulse high fusion yield ITER operation target) P = Padd, and for QDT ~10 (inductive 
ITER operation with high QDT) P = 2 Padd [9] so that P constitutes a major contributor to the 
plasma heating power and the edge power flow. The alpha heating power itself is determined by 
the plasma density and temperature profiles. Therefore changes to the plasma parameters caused by 
confinement transitions, such as the L-H or the H-L transitions, affect the alpha heating evolution 
which in turn affects the edge power flow and thus the confinement state of the plasma. The complex 
interlink between the evolution of the edge power flow and the plasma parameters and the edge 
power flow in ITER is shown in a schematic form for the phase following the H-mode transition in 
a 15MA QDT = 10 ITER plasma in Fig.1.a. Assuming that the build-up of the plasma energy from 
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L-mode in ITER takes place in ~ 3E (energy confinement times of the full developed H-mode 
plasma conditions, see section 4 for further justification of this assumption) one can evaluate how 
the edge power flow would evolve for various assumptions of the plasma average density evolution. 
Figure 1 (a) illustrates a case in which the average density build up time scale is similar to that of 
the plasma energy. In this case, the plasma temperature increases after the L-H transition together 
with the density ensuring an increasing level of alpha heating which is sufficient to maintain an edge 
power flow (Ploss) at or slightly above the power required to sustain the H-mode confinement (PL-H),

					     Ploss = Pa + Padd - Prad  – dWplasma/dt ≥ PL-H			          (2)

where Prad core is the core plasma radiation and Wplasma is the plasma energy. Figure 1 (b) illustrates 
a case in which the average plasma density is assumed to increase in a much shorter time scale 
(~tE) than that of the plasma energy (~3tE). In this case the plasma temperature remains unchanged 
by the H-mode transition and can even slightly decrease. Because of the large increase in PL-H and 
in Prad core associated with the density rise, the edge power flow during the whole period after 
the H-mode transition to the burning plasma conditions remains under that required to sustain the 
H-mode (PL-H) by a significant factor (more than ~2 times lower during the initial H-mode phase). 
Although it is commonly seen that H-modes can be sustained in their initial phase with an edge 
power flow lower than that required to access the H-mode regime in stationary phases, extended 
periods in time in such conditions usually lead to the loss of the high quality H-mode confinement 
[15]. Therefore it is likely that, in practice, the burning plasma conditions would not be accessible 
for the case illustrated in Fig.1(b) and a return to L-mode conditions would be experienced by the 
plasma. In addition even if H-mode confinement is sustained, if the temperature decrease after the 
H-mode transition is significant, this could decrease the alpha heating power production during this 
phase. This is due to the stronger dependence (stronger than ~ T2) of the DT reaction rate (<sv>DT) 
for lower temperatures so that this decreases cannot be compensated by the density increase in 
this phase (Pa ~ n2 <sv>DT). This effect, which is not taken into account to derive the schematic 
diagrams in Figs.1.a and 1.b could further exacerbate the problem of the low edge power flow to 
sustain the H-mode during the initial phase in the case illustrated in Fig.1(b).
	 Obviously, no quantitative conclusions regarding the behaviour of real ITER plasmas can be 
derived from these schematic diagrams, which are derived under very simplistic approximations 
(i.e. fixed density and temperature shape, etc.). They are nevertheless useful to identify the specific 
issues that are of concern regarding the access to burning plasma conditions in ITER. As identified 
in Figs.1(a) and 1(b) a key issue to understand the access to burning plasma conditions in ITER 
is the behaviour of the plasma density and temperature as they (in particular their evolution in 
the central part of the plasma) influence the evolution of the alpha heating power as well as (for 
the density) the power required to sustain the H-mode confinement. Of particular importance for 
ITER is thus to understand the physics processes that determine the core temperature and density 

core
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evolution following the H-mode transition in conditions of low core particle source and low plasma 
collisionality:

a)	 A low core fuelling is expected in ITER as the only heating method in ITER that causes a 
source in the core plasma is the Negative Neutral Beam Injection (NNBI) and pellet injection 
in ITER only leads to peripheral fuelling due to the high (multi-keV) edge temperatures 
[Garzotti 2012]. Because of the high energy of the beams required to deposit power in the 
ITER central plasma region (~1MeV) [17], the particle source associated with NBI heating 
in ITER is much smaller than in present experiments. Typically the core fuelling of ITER 
plasmas by NNBI is one order of magnitude smaller than in present experiments while the 
plasma particle content is one to orders of magnitude larger.

b)	 Plasma collisionality is found to be a good ordering parameter in H-mode experiments to 
quantify the degree to which stationary density profiles will be peaked [1, 5] and thus for the 
relative magnitude of the relation between turbulent inwards and outwards particle fluxes 
associated with the expected level of TEM and ITG turbulence in ITER [3].

To understand the physics processes dominating the density and temperature following the L-H 
transition in ITER, high current H-mode experiments (Ip ≥ 3.0MA) are particularly interesting. 
Because of the high Ip and the empirical relation between the plasma current and plasma density 
in H-modes, the plasma density of these plasmas in JET is high and comparable to that of ITER 
plasmas (~ 1.0×1020 m–3) while the plasma temperature remains high (Te,i(0) ~ 5keV) [13] and 
the core plasma collisionality relatively low. In these conditions, the JET NBI particle deposition 
profiles are very hollow so that the effective core fuelling of these plasmas resembles qualitatively 
that expected in ITER, i.e. a large peripheral fuelling in the edge of the main plasma (neutral gas 
fuelling and NBI in JET versus pellet fuelling in ITER) [7] with very low core fuelling.
	 This paper reports on the analysis of the density and temperature evolution following the L-H 
transition in a set of H-mode experiments at JET, which span a range of plasma currents up to
Ip = 4.3MA [13], and draws conclusions regarding the expected plasma behaviour in ITER. Section 
2 provides an overview of the experimental results, describes the analysis techniques used and the 
key results obtained for the plasma and temperature evolution following the L-H transition. Section 
3 describes the modelling of the JET experimental results. Section 4 describes the application of the 
same models, with the modelling assumptions found to be suitable to describe the JET experiments, 
to ITER. Finally, section 5 summarises the results and draws conclusions. In this paper we will not 
deal with the important issue of the plasma behaviour during and following the H-L transition. This is 
presently subject of experimental and modelling studies and will be the subject of a follow-up paper.

2.	 Edge and core plasma parameters build-up from L-mode to 
stationary ELMy H-mode in JET experiments

In order to characterise the physics processes that determine the plasma temperature and
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density build-up and their timescales after the H-mode transition, a set of JET H-mode discharges 
has been analysed. They comprise H-mode discharges with a range of plasma currents (Ip) from 
1.0MA to 4.3MA, low and high plasma triangularity (), with dominant NBI heating and fuelling 
by gas puffing with carbon plasma facing components [13]. A typical example of the evolution 
of the plasma parameters following the H-mode transition in a high current H-mode at JET is 
shown in Fig.2. As can be seen in this figure, the largest and fastest changes in plasma density and 
temperature after the L-H transition occur near the plasma edge. This is caused by the formation 
of the edge transport barrier which builds up in timescales similar to the energy conferment time 
(E) in the stationary phase of the discharge. Of particular interest, in relation to the ITER issues 
discussed in the introduction, is the fact that the core plasma density after the H-mode transition 
increases over a much longer period (4-5tE) with the core temperature increasing weakly from its 
value in L-mode in this phase. The different timescales for edge and core density build-up lead 
to the transient the formation of considerably hollow density profiles, which coexist with hollow 
NBI particle deposition profiles, as shown in Figure 3.a-e. It is important to note that the hollow 
density profiles in Figs. 3.c & 3.d are seen both for ions and electrons and are thus determined by the 
transient evolution of the main ion density profiles from L-mode to stationary H-mode conditions. 
This is unlike other plasma conditions (such as long ELM-free H-modes) in which hollow density 
profiles in the edge region of the plasma have been previously measured for the electrons and not 
the main ions resulting from the accumulation of impurities at the plasma edge due to the lack of 
ELMs (which expel impurities) in these conditions [16].
	 In most JET high current H-modes the hollowness of the density profile decreases in time as the 
H-mode progresses until it is terminated suddenly by a sawtooth that flattens the density profiles, 
as shown in Fig.3. The duration of the phase with hollow density profiles and the magnitude of 
the density de-peaking has been characterised by analysing the ratio of the edge density (r = r/a 
= 0.8) to the core density (r = r/a = 0.2) and fitting it by a Gaussian profile in time as shown in 
Fig.4. The choice of these two particular radii is determined by diagnostic issues (the innermost 
measurement of the electron density and temperature profiles with the required time resolution by 
the High Resolution Thomson scattering in JET is r = 0.2 for these discharges) and ELM physics 
issues (points with r > 0.8 are strongly affected by the modulation of the ELMs at JET [11, 4]). 
The same methodology can be applied to the temperature profiles but, as already shown in Fig.3 
and more in detail in Fig.4, the temperature profiles react rather stiffly to the L-H transition and the 
core and the edge temperatures increase in the same proportion so that no large change of this ratio 
in the initial phase after the H-mode transition is seen experimentally. The results of the analysis 
of the magnitude of the density hollowness (defined as ne(r = 0.8)/ne(r = 0.2)) and the duration of 
the hollow density profiles can be found in Fig.5. As shown in Fig.5, the magnitude and duration of 
the hollow phase of the density profiles increases, to first order, with plasma current of the H-mode 
discharge. The scatter in these figures is due to the fact that, in some cases, the density evolution is 
affected by the occurrence of the first sawtooth after the H-mode transition, thus not allowing the 
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particle-transport driven natural relaxation of the density profiles to occur.
	 The formation of hollow density profiles is correlated with the formation of hollow NBI particle 
deposition profiles. Hollow NBI particle deposition profiles are found to develop at lower levels of 
plasma current for higher triangularity plasmas than for the lower triangularity ones as shown in 
Fig.6(a)As such, the triangularity is not the main parameter that controls the formation of hollow NBI 
particle deposition profiles but the higher edge densities that are accessible with higher triangularity 
configurations, as shown by the comparison between Fig.6(a) and Fig.6(b)
	 As described in the introduction, for predicting the build-up of the alpha power in ITER it is 
important to understand the timescale over which edge and core densities and temperatures increase 
following the H-mode transition. These timescales have been characterised for the JET set of 
H-mode discharges considered in this paper by applying two analysis techniques : fitting the density 
and temperature evolution at two representative radii in the profile (namely r = 0.2 and 0.8) by a 
modified hyperbolic tangent fit but in time instead of space [8] or by a linear fit. The application of 
these fits is shown in Fig.7 for the electron density and temperature and produces similar results. 
The results of the analysis by applying the hyperbolic tangent fit method for JET low triangularity 
H-modes are shown in Fig.8(a) and 8(b) for both the electron and ion temperatures and densities. 
As shown in these figures the edge and core ion and electron temperatures build up in similar 
timescales which are comparable to that of the energy confinement time in these experiments (tE 
~0.3-0.4s). On the contrary, the timescales for edge and core ion and electron density evolution 
differ strongly from those at the edge and the difference depends on the level of plasma current. 
For the largest plasma currents the electron and ion core density build up over timescales that can 
reach up to ~ 6 tE for 4.3MA. It should be noted that the weak variation of the energy confinement 
time with increasing current in these experiments is due to the fact that the additional heating 
power is increased approximately linearly with increasing Ip×Bt, which aims at keeping a similar 
ratio of the injected power to the H-mode threshold power all levels of plasma currents [13]. This 
increase in additional power level compensates the expected increase of the energy confinement 
time with plasma current and density expected from H-mode energy confinement. Similar results 
are obtained for H-modes with higher triangularity, as shown in Fig. 9 for the electron density and 
temperature. The level of current at which long timescales (~1s) for the core density evolution are 
observed seems to be somewhat lower (2.5MA instead of 3MA) for higher  discharges, which is
consistent with the higher plasmas densities achieved at high  and the appearance of hollow NBI 
particle deposition profiles as shown in Fig.6.
	 The long timescales for the evolution of the core density cannot be attributed to a decrease of 
the central NBI particle source for higher Ip H-modes at JET. In fact, the formation of hollow NBI 
particle deposition profiles, associated with the higher plasma edge density in Hmode for higher 
Ip, compensates the increase in NBI power and total NBI particle flux in these experiments [13] (~ 
Ip×Bt as discussed above) so that the core particle source from NBI is only weakly dependent on 
plasma current, as shown in Fig.10.
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3.	M odelling of the H-mode density build-up in JET H-modes
Deriving implications of the observed density behaviour in JET low core particle source H-modes 
for ITER requires the application of appropriate modelling. These models should be first validated/
compared against the JET experimental results and then applied to the specific ITER conditions (i.e. 
variable P due to varying density and temperature after the access to the H-mode). Therefore, the 
density build-up phase in these discharges has been modelled with JETTO, which includes an edge 
transport barrier model (modelled with De,i, ce,i values as given by ion neoclassical transport and no 
anomalous pinch), a model of the NBI particle source and from gas puffing. Core transport has been 
modelled with the Bohm/gyroBohm model for the particle and energy transport as described in [6].
	 In the simulation of the JET discharges the level of edge particle source by gas puffing is adjusted 
to reproduce the experimental pedestal density behaviour. This is appropriate since the main aim of 
the studies is to understand the physics processes of core particle transport which do not require a 
full integrated modelling of the core and pedestal plasma together with SOL and divertor sources. 
For the modelling considered in this paper two assumptions have been used regarding the existence 
of an anomalous inwards pinch: vpinch = 0 and vpinch = 0.5 D r/a (a positive inwards pinch velocity 
corresponds to a negative radial velocity). The value of vpinch = 0.5 D r/a is required to model the 
stationary density profiles in JET discharges over a range of parameters, particularly for L-mode 
conditions [6] and is of a magnitude which is consistent with GLF23 predictions for the expected 
density peaking in ITER [7].
	 Modelling assumptions to reproduce the core density build-up following the H-mode transition 
in JET has revealed two significant differences with respect to previous findings of stationary and 
sawtoothing H-modes:

a) Contrary to expectations from stationary density profile simulations, it is found that the slow 
rise of the core density build-up for conditions with low NBI core source, typical of high Ip 

H-mode discharges at JET, can only be accurately reproduced by assuming that there is no 
anomalous pinch during this phase (vpinch = 0).

b) In addition, the slow core density rise requires a low value of D in the sawtooth-free core 
plasma region, typically D = (0.25-0.5) DBgB, where DBgB is the value of the Bohm/gyroBohm 
diffusion coefficient used for the stationary simulations of JET plasma density profiles [6]. 
The diffusion coefficient required to model the transient density evolution in the outer half 
of the plasma is typically a factor 4–8 times larger than in the core.

The results for two simulations of high current H-modes are shown in Fig.11(a) and (b). The main 
difference between these two discharges (besides a higher plasma current for the discharge in 
Fig.11.b) is the level of gas fuelling following the L-H transition. This level is low for the Pulse 
No: 78703 (gas fuelling rate of ~7×1021 s–1) and moderate/high (gas fuelling rate of ~3.5×1022 s–1) 
for the Pulse No: 79676.
	 The values used for diffusion coefficients used in the modelling of the density evolution of a 
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range of JET H-modes with vpinch =0 and various levels of plasma current are shown in Fig.12. As 
mentioned above, these values are lower than those derived for stationary conditions and are very 
low in the plasma central region, which remains sawtooth-free during this phase. As expected from 
the Bohm/GyroBohm scaling, D decreases with increasing plasma current magnitude, which is 
consistent with the increased time scale for the evolution of the core density measured experimentally 
(see Figs.8 and 9).
	 The physics mechanisms that lead to this very low level of particle transport in the transient 
phase of high current JET H-modes with low core NBI fuelling remains to be studied in detail. 
However, it is important to note that Te ~ Ti during this phase (due to the high plasma density of 
these discharges) and, because of the high current, the values of plasma temperature are moderately 
high so that the plasma collisionality is very low. In some cases, the plasma collisionality in the 
transient phase of these JET H-mode discharges can reach values similar to that of the ITER QDT = 
10 stationary conditions, as shown in Fig.13. For these low collisionalities a significant inwards pinch 
is expected from the empirical database for stationary H-mode conditions and present understanding 
of turbulent particle transport [1, 5]. This is in contrast to what is deduced from the simulations 
of the transient density evolution discussed above which point towards a very low or zero pinch 
velocity in these JET H-mode conditions. The lack of a sizeable inwards pinch velocity in these 
low collisionality conditions at JET could be due to the negative scale length of the density profiles 
(hollow), as indicated by gyrokinetic modelling of JET H-modes that show a very low value of the 
inwards anomalous particle flux for very flat density profiles (i.e. vpinch = 0) [2]. Further turbulent 
particle transport studies are in progress to evaluate if this argument can explain qualitatively the 
observed JET behaviour and what its implications for ITER would be.

4.	M odelling of access to QDT =10 burning plasma conditions in ITER
Modelling of the access to the full performance phase of ITER in the 15MA scenario with Padditional 

= 53MW has been carried out with the same transport assumptions which have been used to model 
the JET H-modes. In the ITER case, core plasma fuelling is provided by the negative NBI particle 
source and pellet fuelling. The negative NBI source in ITER is very small (≤ 2×1020 s–1) due to 
the high energy of the injected neutrals (~1MeV) while the pellet fuelling is limited by the total 
maximum pumping/throughput foreseen for ITER operation in the QDT =

 10 scenario of ~ 1023 

s–1 for 500s [9]. As shown in Fig.14, for the two assumptions for particle transport used in these 
simulations (the same as used for modelling of the JET experiments), the evolution of the core plasma 
density is slow enough to allow the plasma temperature and fusion power to build up smoothly to 
full performance following the L-H transition. In agreement with the JET experimental findings, 
the plasma temperature both at the core and the edge build up in relatively short time scales which 
are comparable with ~tE. Most importantly, the core plasma temperature remains at all times at 
values above ~ 10keV, range in which the DT reaction rate scales as ~ T2, and thus with the square 
of the core plasma pressure, as shown in Fig.15(a). The inclusion of an inwards particle pinch in 
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this phase (vpinch = 0.5 D /a) leads to a higher core density and to lower core temperature as shown 
in Figs.15(a) and (b). This extends somewhat (by ~ tE) the duration of the period over which the 
edge power flow remains close to the power level required to sustain the H-mode (PL-H), as shown 
in Fig.14, and thus the phase during which a loss of the H-mode may occur in experiment. On the 
other hand, if the return to L-mode would not take place, the fusion performance of the plasma 
simulation including a pinch is much larger than that obtained for the plasma in which transport is 
purely diffusive. This is due to the stationary peaking of the density profiles when a pinch is included 
which, in these ITER simulations, lead to a peaking of the plasma pressure profiles.
	 It is important to note that, contrary to the high Ip JET H-modes, the access to burning plasma 
conditions in ITER will most likely be sawtooth free. Due to the stabilizing effects of fast particles 
(produced by the additional heating systems and the alpha particles themselves), the sawtooth 
period in ITER during the access to burn and the follow-up stationary QDT =10 phase is expected 
to be very long (~30-40s) [10]. This is significantly longer than the expected time for the relaxation 
of the density profiles (10-20s, depending transport assumptions) in these simulations. Therefore, 
it is not likely that density profiles will be flattened by sawtooth activity before they achieve their 
stationary shape for burning plasma conditions in ITER.

Summary and Conclusions
In the present study we have analysed the build-up of plasma parameters following the H-mode 
transition in JET in view of its consequences for the alpha power evolution in the access to burning 
plasma conditions in ITER. The JET experiments show that the build-up of plasma temperature both 
at the plasma core and the plasma edge occurs in relatively short timescales, which are comparable 
to tE (energy confinement time of the stationary H-mode phases that follow the transient phases). 
On the contrary, the evolution of the edge and of the core density differ strongly depending on the 
level of plasma current in the discharge and the associated NBI penetration. For low plasma current 
H-modes (typically ≤ 2.5MA for low d discharges and ≤ 2.0MA for high d discharges) the edge and 
core density evolve in similar timescales to those of the edge and core plasma temperatures. For 
higher plasma current H-modes, the core density evolves in much longer timescales than the edge 
density leading to the formation of rather hollow density profiles, which persist for timescales of 
several tE until they are terminated by a sawtooth. The appearance of the hollow density profiles 
coincides with that of hollow NBI particle deposition profiles, which is associated with the density 
in the edge region of JET H-mode plasmas reaching a value of ~ 6.5×1019 m–3. The long timescales 
for core density evolution in these conditions depend on the discharge plasma current and not on 
the value of the magnitude of the NBI particle deposition in the central region of the plasma.
	 Modelling of the density and temperature build-up after the H-mode transition in JET H-modes 
can reproduce the observed plasma behaviour if a purely-diffusive plasma behaviour is assumed for 
this transient phase (i.e. no inwards pinch) even for plasma conditions with a very low collisionality 
(i.e. similar to that of the burning plasma in 15MA QDT =

 10 conditions in ITER). The value of the 
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diffusion coefficient required to reproduce the experiment has a value proportional (typically ~ 1/4–
1/2) to that of the usual values from the Bohm/GyroBohm model used for the modelling of density 
profiles for stationary discharges at JET [6]. This is unlike the assumptions required to model the 
stationary density profiles at JET which require a sizeable inwards pinch velocity, in agreement 
with expectations from turbulent particle transport [1]. This difference indicates that the shape of 
the plasma density profile itself (i.e. the positive gradients in the radial direction for hollow profiles) 
may influence the ratio of the turbulent outwards versus inwards transport.
	 The same models and modelling assumptions as those applied to JET have been used to model 
the access to burning plasma conditions in ITER. The results obtained indicate that there is not a 
problem of edge power flow in the access to QDT =10 in ITER if core particle transport behaves 
diffusively during this phase. That is, the edge power does not undershoot by a significant amount 
and length of time the H-mode power threshold in the access to burning plasma conditions after 
the H-mode transition. This is due to the slow rise of the core plasma density which leads to the 
formation of hollow density profiles and allows the core temperature and the alpha heating power to 
increase monotonically in time after the H-mode transition. If a particle pinch is assumed, with values 
similar to those which overestimate but are not grossly in contradiction with the JET experimental 
results, hollow density profiles are not formed after the H-mode transition. This leads to a lower 
increase of the core plasma temperature after the H-mode transition than for the purely-diffusive 
case. Even in this case the alpha power is sufficient to maintain the edge power flow above the 
H-mode threshold power during this case. However, in this case the phase during which the edge 
power flow remains close to the H-mode threshold power is longer than for the purely diffusive 
case, which increases the likelihood of a H-L back transition during that phase.
	 While the results and extrapolation of the JET plasma behaviour to ITER are very encouraging, 
there remain uncertainties to be resolved associated with the different heating methods used in JET 
and ITER and its possible influence on turbulent particle transport. In the JET plasmas considered 
in this study, the power is mainly deposited in the ions and then transferred to the electrons by 
equipartition. The ITER plasmas will be dominantly electron heated with the ions being heated 
predominantly by equipartition from the electrons. In addition, the power deposition profiles in 
ITER will be peaked near the plasma centre while the (NBI) power deposition profiles in JET are 
hollow for the ITER-relevant conditions analysed in this paper. This, in addition to the hollow 
density profiles themselves, can affect the temperature gradients in the plasma during the transient 
phases after the H-mode transition. The particle transport characteristics could thus be different 
between JET and ITER even when the plasma collisionality is the same. Progressing further in this 
area requires additional ITER/JET modelling and JET experiments. Modelling of turbulent particle 
transport for the phase after the H-mode transition at JET and for the access phase to burning plasma 
conditions in ITER with hollow density profiles should be carried out, ideally in an iterative way 
with transport codes, so that a complete physics-based modelling of this phase is developed. In 
addition, further experiments at high plasma current, in which sufficient central electron heating is 
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provided to the JET plasmas while maintaining a low core particle source from NBI heating, should 
be carried out. This would allow determining experimentally if the low level of core heating (and,
particularly, electron heating) plays an important role in the slow time scales for core density 
evolution in the transient phase after H-mode access of JET high current discharges.
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Figure 1: (a) Schematic representation of the evolution 
of the plasma energy, average plasma density and 
temperature, heating power and edge power flow in ITER 
15MA QDT = 10 plasmas following the L-H transition. 
In this figure the average plasma density is assumed to 
increase from its Lmode to its stationary H-mode value in 
12 s (~ (3-4) tE). For comparison, the evolution of the edge 
power flow required to sustain the H-mode confinement 
(PL-H from the ITER scaling law [12]) is shown.

Figure 1: (b) Schematic representation of the evolution 
of the plasma energy, average plasma density and 
temperature, heating power and edge power flow in ITER 
15MA QDT =

 10 plasmas following the L-H transition. 
In this figure the average plasma density is assumed to 
increase from its Lmode to its stationary H-mode value 
in 4 s (~ tE). For comparison, the evolution of the edge 
power flow required to sustain the H-mode confinement 
(PL-H from the ITER scaling law [12]) is shown

Figure 2: Additional heating power by NBI (PNBI), plasma energy (Wplasma), gas fuelling rate(fD), D emission from 
the divertor and evolution of the core (r = 0.2) and edge (r = 0.8) electron and ion density and temperature following 
the L-H transition in a JET high current H-mode.
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Figure 3: a) Electron and b) ion temperatures, c) electron and d) ion densities and e) NBI particle deposition profiles 
versus major radius (R) at five times in the evolution of the JET high current discharge in Fig.2. The profiles span the 
range in time from L-mode to the first sawtooth in the stationary phase of the H-mode phase and show the formation 
of hollow ion and electron density profiles and their evolution in time up to their termination by a sawtooth. During 
the hollow density profile phase, the NBI particle deposition profiles are also hollow.

5.0

a) b)

c)

e)

d)

4.0

3.0

2.0

1.0

0

6.0

5.0

4.0

3.0

2.0

1.0

0

6.0

(k
eV

)

5.0

4.0

3.0

2.0

1.0

0

6.0

(k
eV

)

3.2 3.4 3.6 3.83.0

L-mode

JET Pulse No: 79676
4.3 MA/3.4T, PNBI = 21 MV, tE = 0.4s

JET Pulse No: 79676
4.3 MA/3.4T, PNBI = 21 MV, tE = 0.4s

JET Pulse No: 79676
4.3 MA/3.4T, PNBI = 21 MV, tE = 0.4s

JET Pulse No: 79676
4.3 MA/3.4T, PNBI = 21 MV, tE = 0.4s

JET Pulse No: 79676
4.3 MA/3.4T, PNBI = 21 MV, tE = 0.4s

H-mode
H-mode + tE

Te Ti

ne ni

H-mode + 1s
H-mode + 1.15s (after sawtooth)

L-mode
H-mode
H-mode + tE

H-mode + 1s
H-mode + 1.15s (after sawtooth)

L-mode
H-mode
H-mode + tE

H-mode + 1s
H-mode + 1.15s (after sawtooth)

L-mode
H-mode
H-mode + tE

H-mode + 1s
H-mode + 1.15s (after sawtooth)

L-mode
H-mode
H-mode + tE

H-mode + 1s
H-mode + 1.15s (after sawtooth)

Time (s)

3.2 3.4 3.6 3.83.0
Time (s)

N
BI

 �
ar

tic
le

 s
ou

rc
e 

(×
10

19
 m

-3
)

�P
�1

3.
12

3-
3c

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1.0

(×
10

20
 m

-3
)

(×
10

20
 m

-3
)

http://figures.jet.efda.org/JG13.123-3c.eps


13

Figure 4: a) Ratio of the electron density at the edge (r = 0.8) to the core density (r = 0.2) showing the formation of 
a hollow density profile which lasts for a period of about 0.8 seconds for a JET high current H-mode. b) Ratio of the 
electron temperature at the edge (r = 0.8) versus the core temperature (r = 0.2) for the same discharge as in a), showing 
the lack of change of this ratio when the plasma enters the H-mode, unlike the density profiles.

Figure 5. a) Maximum value of the ratio of the electron density at the edge (r = 0.8) to the core density (r = 0.2) versus 
plasma current for JET H-modes. b) Duration of the phase with hollow density profiles versus plasma current for JET 
H-modes.
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Figure 6: a) Ratio of the NBI particle source at the edge (r = 0.8) and at the core (r = 0.2) versus plasma current for 
high and low d discharges. b) Ratio of the NBI particle source at the edge (r = 0.8) and at the core (r = 0.2) versus 
edge plasma density (r = 0.8) for high and low d discharges.

Figure 7: Evolution of the core (r = 0.2) and edge (r = 0.8) electron density (a) and temperature (b) following the 
H-mode transition in a 4.3MA H-mode discharge at JET and the corresponding modified hyperbolic and linear fits 
utilized for the characterisation of their evolution timescale.

Figure 8.a) Timescale for core (r = 0.2) and edge (r = 0.8) ion temperature and density evolution following the H-mode 
transition in JET low d discharges for a range of plasma currents. b) Timescale for core (r = 0.2) and edge ( = 0.8) 
electron temperature and density evolution following the H-mode transition in JET high d discharges for a range of 
plasma currents.
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Figure 9: Timescale for core (r = 0.2) and edge (r = 0.8) 
electron temperature and density evolution following the 
H-mode transition in high  JET H-modes for a range 
of plasma currents. The energy confinement time (E) 
during the stationary phases of these discharges is shown 
for comparison.

Figure 10: Average NBI particle source density in the 
central region of the plasma ( ≤ 0.2) versus plasma 
current for low and high  H-modes at JET. The high  
H-modes tend to have a lower core NBI particle source for 
a given value of the plasma current because of the higher
densities and lower beam penetration which are achieved 
in high  versus low  H-modes. For both low and high 
 H-modes there is not a marked decrease or increase of 
the magnitude of the core NBI source with plasma current.
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Figure 11: (a) Measured and modelled electron density evolution at three radial positions from the central region to 
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Figure 12: Values of the particle diffusion required to 
model the transient density behaviour after the H-mode 
transition in JET for three radial positions (r = 0.2, r =  
0.5 and r = 0.8) versus plasma current.

Figure 13: Plasma collisionality versus normalised minor 
radius for a time point in the middle of the density build 
up phase after the H-mode transition for a high current 
JET H-mode compared to that expected in the stationary 
phase of an ITER 15MA QDT =

 10 plasma.

Figure 14: Simulation of access to burning plasma conditions in ITER with the two particle transport assumptions 
used to model JET high Ip H-modes illustrating the effect of the low diffusion coefficient during this phase and the 
effect of an additional particle pinch. Top) time evolution of the edge power flow and L-H transition power with the two 
particle transport assumptions. Middle) time evolution of the plasma thermal energy with the two particle transport 
assumptions. Bottom) time evolution of the core (r = 0.2) and edge (r = 0.8) plasma density with the two particle 
transport assumptions.
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Figure 15: (a) Electron density profiles at three times in the evolution towards burning plasma conditions in ITER
QDT = 10–15MA scenario with the two particle transport assumptions. b) Electron temperature profiles at three times 
in the evolution towards burning plasma conditions in ITER QDT = 10–15MA scenario with the two particle transport 
assumptions.
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