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Abstract. The density peaking was studied in the ICRH versus the NBI identity plasmas and results in
R/Ln=0.45 for the ICRH shot and R/Ln=0.93 for the NBI shot. The dimensionless profiles of q, ρ*, υ*, βn and
Ti/Te≈1 were matched within 5% difference except in the central part of the plasma (ρtor<0.3). The difference
in the curvature pinch (same q-profile) and thermo-pinch (Ti=Te) between the ICRH and NBI shots is virtually
zero. The ICRH and NBI heated identity plasmas yield similar plasma parameters and performance in the core
plasma (0.3<ρtor<0.8). This result is valid at 8MW of heating power level, however, it remains to be seen how
this promising result will scale to larger power levels and to larger devices. The identity experiment shows that
NBI fuelling increases the density peaking by a factor of 2. This number may be modified due to different
rotation, fast ion content or impurities which will be assessed in future.

1 Introduction

Research on particle transport plays a crucial role in the achievement of practical fusion energy. Since
fusion power scales with the square of the density (Pfus~n2), obtaining high values of the central
density in a reactor is of particular importance. Reaching very high density is only possible with
peaked density profiles, indicating that particle transport and density peaking studies indeed deserve
a lot of attention. Electron and ion particle transport, partly due to its complexity in tokamaks, has
received less attention than the heat transport channels. There is an on-going activity in the ITPA
group on understanding particle transport for ITER, with the emphasis on the three following topics:
electron and mixed-ion particle transport, isotope scaling and density peaking. This paper addresses
the particular aspect of density peaking.

Core density profile peaking and particle transport have been recently extensively studied on several
tokamaks [1,2,3]. Earlier database studies in JET, AUG, C-Mod etc showed that density peaking
scales with several plasma parameters, the most dominant ones being collisionality, Greenwald
fraction and NBI fuelling [4,5,6]. While the database studies suggested the dominant role played by



the collisionality in affecting density peaking, other particle transport analyses in JET emphasized
the importance of the particle sources [7,8,9,10]. What complicates the analysis is that on JET, Ti/Te
and NBI source are strongly correlated, and at the same time are expected to have opposite effects on
the density peaking [11]. Therefore, it is possible that this correlation between density peaking and
the source has always disturbed or biased the database type of analysis, and thus, the role of NBI
could not have been resolved accurately. To unambiguously estimate the relative roles of different
factors affecting density peaking, one has to separate the effect of transport and fueling from each
other.

In this paper, we aim to quantify the role of NBI fueling in contributing to density peaking in JET by
executing identity discharges between the ICRH and NBI heated plasmas. In an ideal situation, the
pair would be so identical that any difference in the density peaking could be directly attributed to
the influence of the NBI fueling. However, in real experiment, in addition to the obvious desired
difference in core particle source, for example the plasma rotation, fast ion content, impurities and
edge pedestal properties may not be the same between the NBI-ICRH pair. Both the ICRH and NBI
discharges are complemented with gas puff modulation so that we can extract the perturbative particle
transport coefficients for each discharge. By performing dimensionally matched identity plasmas, in
addition to learning about particle transport and NBI fueling, we can also study how the different
heating systems and their effects in the plasma affect plasma confinement, MHD, impurities,
radiation, pedestal, ELMs and the gas puff modulation properties.

2 NBI and ICRH Identity Plasma in JET H-mode Conditions

To tackle the role of NBI particle source on density peaking in JET H-mode plasmas, the NBI-ICRH
identity experiment was executed. Up to 15s long H-mode plasmas with 8MW of ICRH power were
achieved. This in fact resulted in JET record high injected ICRH energy of 108MJ. The ICRH
discharges, using the H minority heating scheme at 3% minority concentration, were stationary
without any major MHD activities or impurity accumulation. The NBI heated counter-part discharges
were executed consecutively with the target to match the dimensionless plasma profiles of q, ρ*, υ*,
βn and Ti/Te of the ICRH discharge. The target was to achieve as similar equilibrium as possible, with
the same shape.

Figure 1. Key time traces of the ICRH (red, #95097) and NBI (black, #95272) discharges.

The time traces of the key parameters for the best matched ICRH-NBI pair are shown in figure 1. The
electron temperature, density and diamagnetic energy are similar between the ICRH and NBI
discharges at 8MW power. Gas puff modulation technique has been developed and optimized to study



core particle transport and core and edge particle sources in JET [1]. Both pulses had gas puff
modulation at 3Hz throughout the discharges to extract perturbative particle transport coefficients as
illustrated in figure 1. The local electron density response to the vessel top gas injection was measured
with High Resolution Thomson Scattering (HRTS) diagnostics [12] close to the outer mid-plane.
Density modulation amplitudes below 1% (in the core) are reliably measured thus allowing minimal
plasma disturbance as seen clearly also in the interferometer signal in figure 1.

The success in obtaining the identity plasma between the ICRH and NBI pulses is characterised in
figure 2 where the main dimensionless and dimensional profiles are compared (data time averaged
over t=15-16s). The dimensionless profiles of q, ρ*, υ*, βn and Ti/Te≈1 were matched within 5%
difference except in the central part of the plasma (ρtor<0.3) where the ICRH discharge has higher
electron temperature than the NBI one. The ion temperature is measured with NBI blips in the ICRH
discharge and within the measurement accuracy, there is no difference between Ti and Te at least
ρtor>0.3. This simplifies our analysis as we can assume that Ti/Te=1 is valid everywhere in the core
plasma region (the region of interest is (i.e. so-called confinement region) 0.4<ρtor<0.8) and does not
contribute to any difference observed between the discharges. From the turbulence transport point of
view, it is also important that the differences in q and magnetic shear are very small if any. The q-
profiles have been calculated both with EFIT using the Faradays’ constrains and EFIT with pressure
constrains. While the different EFIT runs produce different q-profiles themselves, there is no
measurable difference in the q-profiles between NBI and ICRH discharges provided that the same
type of EFIT constrains are used. Therefore, at least from the theoretical point of view [13] we have
succeeded to minimize the difference in the curvature pinch (same q-profile) and thermo-pinch
(Ti=Te) between the ICRH and NBI shots, simplifying greatly our main task to quantify the magnitude
of NBI fueling.

Figure 2. Comparison of the main dimensionless and
dimensional plasma profiles between the ICRH heated
(#95097) and NBI heated (#95272) discharges.

Figure 3. Radially zoomed density profiles (time-averaged
implying ELM averaging and fitted) between the ICRH heated
(#95097) and NBI heated (#95272) discharges.

The most significant difference is the density profile which is a factor of 2 more peaked for the NBI
discharge than for the ICRH peaked discharge as is shown in figure 3. R/Ln averaged over ρtor=0.4-
0.8 gives for the NBI shot R/Ln=0.93 and the ICRH shot R/Ln=0.45. The key question in this paper
will be to clarify whether the influence of NBI fueling on density peaking (factor of 2) is exactly or
closely the difference shown in figure 3 or whether the density peaking is also influenced by changes
in particle transport. These changes could be for example due to different rotation or fast ion content,
thereby they could either enhance or reduce the pure NBI fueling effect.



3 Experimental Comparison between the NBI and ICRH Identity Discharges

The main engineering and global
dimensionless parameters are compared in
table 1. Out of the 8MW of heating power
roughly 4MW goes to ions and 4MW to
electrons in both the NBI and ICRH discharges
and this enabled us to achieve Te=Ti and
TICRH=TNBI at ρtor>0.4.  Larger steady-state gas
puff is needed in the NBI pulse to get the same
density pedestal height. The confinement is
slightly higher (~10%) in the ICRH case
mainly due to higher temperature at ρtor<0.4.
The main differences in table 1 between the
discharges are the toroidal rotation (10km/s
counter-Ip in ICRH pulse and 110km/s co-Ip for
the NBI pulse), confinement, power deposition
profiles, fast ion content and profiles (shown
also in βn), ELM characteristics, radiation and
heavy impurity concentration.

Table 1. The main engineering and plasma parameters
between the ICRH and NBI pulses. Bt and vtor are local
values at magnetic axis, the others are global values.

Pulse 95097
(ICRH)

95272
(NBI)

PNBI (MW) 0 8.0
PICRH (MW) 7.9 0
Bt (T) 2.15 2.15
Ip (MA) 1.8 1.8
τE (s) 0.23 0.21
H98y 0.8 0.7
Prad (MW) 4 2
Zeff 1.25 1.3
ρ* (10-3) 2.8 2.8
υ* 0.36 0.36
βn 1.3 1.1
βth 1.1 1.05
Wfast/Wth 0.11 0.08
fELM (Hz) 75 40
fsavteeth (Hz) 6 3
vtor (km/s) -10 110

The power deposition profiles and the fast ion density and energy profiles are compared in figure 4.
The NBI power deposition profiles are calculated with NUBEAM code in TRANSP [14,15]. The
ICRH power deposition profiles are calculated both with PION [16] and cross-checked with TORIC
in TRANSP [17]. As expected, the ICRH power deposition profiles and fast ion energy and density
profiles are more peaked in the centre at ρtor<0.4 than the NBI ones, which, on the other hand, are
actually quite flat. This gives rise to higher central electron and ion temperatures at ρtor<0.3 for the
ICRH pulse as shown in figure 2. For the ICRH pulse, the total integrated power to electrons is
3.8MW and ions 4.1MW and the corresponding numbers for the NBI shot are 4.0MW and 3.9MW,
respectively. This also explains why Ti/Te ratio is very close to 1 for each of the discharge at ρtor>0.3.

Figure 4. Comparison of the power deposition profiles of ions (top left), electrons (top right) and and the fast ion density (bottom left)
and energy (bottom right) between the ICRH heated (red) and NBI heated (black) discharges.



A very detailed analysis of impurity composition, Zeff and radiation was performed based on the
following diagnostics data: soft X-ray radiation, total radiation from bolometry, Tungsten
concentration from VUV spectroscopy and Zeff visible Bremstrahlung, together with the kinetic
profiles of temperature, density and rotation of the main plasma. The analysis methodology is
described in detail in refs. [18,19]. The comparison of the ICRH versus NBI discharge with respect
to those profiles is illustrated in figure 5. The Beryllium density is 20% higher for the NBI discharge
in the core region at 0.4<ρtor<0.8, but they are similar in the plasma centre. On the other hand, there
is a large difference in W density between the pulses, the ICRH pulse having a factor of 6 higher nW.
The Nickel density, representing the intermediate charge of plasma impurities, is a factor of 1.5 higher
for the NBI pulses than for the ICRH one. These impurity density profiles, while being quite different
between the discharges, however, yield similar Zeff profile in the confinement region at 0.4<ρtor<0.8
while the ICRH pulse has somewhat higher Zeff in the plasma central region. Concerning the radiation
profiles, there is an overall factor of about 2 difference between the ICRH and NBI discharges,
yielding the total radiation of approximately 4MW for the ICRH shot and 2MW for the NBI shot.
However, the radiation in the ICRH discharges originates almost completely from W while for the
NBI shot, the radiation contribution from Ni and W are equal, reflecting well the corresponding
impurity densities. Higher main chamber radiation in the ICRH discharge is measured by bolometry,
but it is lower in the divertor region in comparison with the NBI pulse. One can also conclude from
this analysis that while the absolute values of impurity densities and radiation are quite different
between the pulses, the profile shape of the impurities and radiation are similar. To quantify the
possible influence of these different profiles on density peaking, detailed modelling activities will be
performed in future.

Figure 5. Comparison of the Beryllium, Nickel and Tungsten impurity profiles, Zeff and total radiation profiles between the ICRH
heated (red) and NBI heated (black) discharges.

We can observe some differences in the MHD activity between the ICRH and NBI discharges. In
both pulses the sawtooth activity is present, with different period. This period determines also the
period of other activities, like fish-bones. The sawtooth frequency is 2.9Hz in the ICRH pulse while
it doubles to around 6Hz for the NBI shot. In addition to the sawtooth activity, the ICRH discharge
around t=15s is characterized by fishbone activity with a given frequency span. On the contrary, the
NBI pulse is characterized, in addition to sawtooth, by a continuous 1/1 mode (affecting SXR signals),
without a strong fishbone activity. This is due to the less peaked electron temperature profile. In this
pulse one can clearly see a transition from fishbone activity to continuous 1/1 mode when the NBI



power is injected around t=11s, and it is due to the flattening of the electron temperature profile. For
the ICRH discharge, weak n=1 Neo-classical Tearing Modes (NTMs) are triggered with the wide
frequency span which is an indication of a large hot particle pressure gradient. The NBI discharge on
the other hand has weak n=1, n=2 and n=3 NTMs. The effect of all these MHD activities on plasma
kinetic profiles is limited to the central region (ρtor<0.3), and does not affect the core (0.3<ρtor<0.8)
transport analysis. In the central region (ρtor<0.3), in particular the W concentration and W peaking
are affected by the sawtooth crashes.

The TRANSP and interpretive JINTRAC analyses of the ICRH versus NBI discharges show that the
confinement is a good 10% higher for the ICRH pulse, i.e. H98=0.8 and H98=0.7, respectively. This
is due to significantly higher electron and ion temperatures at ρtor<0.3 in the ICRH pulse which
originates from the more central and peaked power deposition profiles, as shown in figure 4. The
volume averaged density is 3% higher for the NBI case even if the density pedestal is 5% higher for
the ICRH, but this is compensated by the higher density peaking in the NBI discharge. There is around
10% higher thermal energy content in the ICRH case, whereas the total energy content is about 15%
higher as the fast ion fraction to total energy is also higher for the ICRH discharge. This is visible in
the βn profile in figure 2 and explains the 20% higher βn for the ICRH discharge. According to the
neo-classical transport code NCLASS [20], the ware pinch has its maximum value around 0.03m/s
(inward) and therefore, its impact on density peaking is negligible.

Figure 6. Comparison of the ELM characteristics between  the ICRH heated (left frame) and NBI heated (right frame) discharges.Shown
are the total gas puffing rate, central Te, Dα, plasma energy and line averaged density of the edge channel.

The ELM characteristics between the ICRH and NBI discharges are compared in figure 6. Even if
the total absorbed power of 8MW is the same, the ELMs are quite different. The NBI discharge has



more regular ELMs of similar size even if some of the ELMs can be counted as type I ELMs. This
also results in the NBI pulse having a smaller variation of the line integrated edge density (bottom
frame). The ICRH pulse short has ELM free periods ending with a type I ELM, followed by some
irregular ELMs. The irregular behavior can be seen in Dα, WMHD and line integrated density traces
(three bottom frames). The averaged ELM frequencies are 75Hz and 40Hz for the ICRH and NBI
pulses, respectively, characterized with mixed ELMs and affected by the gas puff modulation. The
central temperature trace shows the sawtooth behavior, around 6Hz for the NBI shot and 3Hz for the
ICRH shot. The time averaged pedestal height and widths are similar within 5% accuracy, but there
is larger time variation in the density pedestal height in the ICRH shot caused by the ELM free
periods. For the core transport analysis at (0.3<ρtor<0.8) we believe that the difference in the ELM or
MHD characteristics does not play a significant role as the influence of MHD and ELMs are locally
either in the centre or at the edge. We do not observe the sawtooth or ELM oscillations in the
confinement region.

Gas puff modulation technique has been developed with high quality time-dependent density profile
measurements to determine the perturbed particle transport coefficients on JET [1]. The experimental
density modulation amplitude and phase together with the determined perturbative ෩ andܦ ෨ܸ  profiles
are shown in figure 7. The phase profile (top right) is flatter in the case of ICRH, giving rise to higher
perturbative diffusion, which is clearly seen in figure 7 (bottom left). Although these profiles
represent the perturbative transport coefficients, this suggests that the steady-state particle transport
could also be different between the two pulses and thereby give an additional contribution to the
difference in ne peaking. In order to verify whether the power balance particle transport coefficients
are the same or not and how much different they may be, modelling is needed to obtain the relation
between the experimentally determined perturbative transport coefficients and the power balance
ones. This is left for future work.

Figure 7. The amplitude and phase profiles (upper row) and the corresponding perturbative particle diffusion ෩ and pinchܦ ෨ܸ  profiles
(lower row) for the ICRH (red) and NBI (black) discharges.

This result of NBI fuelling increasing density peaking by a factor of 2 is valid at 8MW of heating
power level. These are low power H-modes and some of the physics processes influencing particle
transport, like rotation, turbulence, fast ion content scale with power, and therefore, can be different
in full power (30MW) conditions. Furthermore, an additional experiment is planned to make an
identity plasma in full Tritium plasma to see the isotope scaling of this result.



4 Conclusions and Future Work

The ICRH versus NBI identity plasmas in JET show that the NBI fuelled discharge has a factor of 2
higher density peaking (R/Ln=0.93 for the NBI shot and R/Ln=0.45 for the ICRH shot). The
dimensionless profiles of q, ρ*, υ*, βn and Ti/Te≈1 were matched within 5% difference except in the
central part of the plasma (ρtor<0.3), yielding similar plasma parameters and performance in the
confinement region (0.3<ρtor<0.8). We had succeeded to minimize the difference in the curvature
pinch (same q-profile) and thermo-pinch (Ti=Te) between the ICRH and NBI shots, simplifying
greatly our main task to quantify the magnitude of the NBI fueling. The key question in this paper
will be to clarify whether the influence of NBI fueling on density peaking (factor of 2) is exactly or
closely the observed factor of 2.

The three main differences between the ICRH and NBI plasmas are the toroidal rotation, plasma fast
ion density and energy and heavy impurity densities of Tungsten and Nickel. These can have an
influence on particle transport, thereby either enhancing or reducing the pure NBI fueling effect, i.e.
making the factor of 2 in density peaking due to NBI fuelling either larger or smaller. In order to
clarify that, gyro-kinetic GENE simulations will need be performed. Moreover, JINTRAC/TGLF
transport simulations will be performed to complement the GENE runs. To gain additional
information on possible difference in the transport properties between the NBI and ICRH discharges,
stand-alone TGLF runs will be performed to compare them with the measured perturbative particle
transport coefficients.

This result of NBI fuelling increasing density peaking by a factor of 2 is valid at 8MW of heating
power level. These are low power H-modes and some of the physics processes influencing particle
transport, like rotation, turbulence, fast ion content scale with power, and therefore, can be different
in full power (30MW) conditions. Furthermore, an additional experiment is planned to make an
identity plasma in full Tritium plasma to see the isotope scaling of this result.
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