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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). Reaching very high density is only
possible with peaked density profiles. This point is underlined in conceptual studies for a future power
plant [1]. 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.
While in JET ITG dominated NBI heated discharges NBI fueling was found to significant (~50%) or
even dominant in some cases in a dimensionless collisionality experiment at all υ* values [2], DIII-
D reported the inward pinch to be dominant [3]. And the NBI fueling was found to be only a minor
player in affecting density peaking on AUG [4].

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 gyrokinetic
simulations and integrated transport modelling will be employed to quantify the background transport
and thereby support the conclusion on the role of NBI fuelling in contributing to density peaking in
these identity discharges.
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Experimental Comparison between the NBI and ICRH Identity Discharges

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 time traces of the key parameters for the best matched ICRH-NBI pair are shown
in figure 1.

Figure 1. (Left frame) Key time traces of the ICRH (red, #95097) and NBI (black, #95272) discharges and (right frame)
a comparison of the main dimensionless and dimensional plasma profiles.

The time traces of the key parameters for the
best matched ICRH-NBI pair are shown in
figure 1 (left frame). The electron temperature
and density traces are similar between the
ICRH and NBI discharges at 8MW power. The
success in obtaining the identity plasma
between the ICRH and NBI pulses is
characterised in figure 1 (right frame) where
the main dimensionless and dimensional
profiles are compared. All the profiles are 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. For both the
ICRH and for the NBI pulse, 𝑇i  equals 𝑇e
everywhere in the confinement region.  This
greatly simplifies our analysis as we can
assume that 𝑇i/𝑇𝑒 = 1   is valid everywhere
and similarly 𝑇ICRH = 𝑇𝑁𝐵𝐼  in the core or

confinement region (0.4<ρtor<0.8).

Figure 2. Radially zoomed density profiles (time-
averaged, ELM averaging and fitting) of the ICRH
heated (#95097) and NBI heated (#95272) discharges.

At least from the theoretical point of view, we
have succeeded to minimize the difference in
the curvature pinch (same q-profile) and
thermo-pinch (𝑇i/𝑇𝑒 = 1   and 𝑇ICRH = 𝑇𝑁𝐵𝐼 )
between the ICRH and NBI shots.
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The most significant difference is the density profile which is a factor of 2 more peaked for the NBI
discharge than for the ICRH discharge as is shown in figure 2. The density gradient length R/Ln, has
been calculated averaging radially over ρtor=0.4‒0.8 resulting in R/Ln=0.93 for the NBI shot and
R/Ln=0.45 for the ICRH shot.
The main engineering and global
dimensionless parameters are compared in
table 1. Out of the 8MW of total heating power
roughly 4MW goes to ions and the other half
4MW to electrons for both the NBI and the
ICRH discharges, the ICRH power deposition
being more peaked. The main differences in
table 1 between the discharges are the toroidal
rotation (10km/s counter-Ip for the ICRH pulse
and 110km/s co-Ip for the NBI pulse),
confinement, fast ion content and profiles
(shown also in βn), ELM characteristics,
radiation and heavy impurity concentration.
The most important differences and their
possible impact on particle transport are
described in more detail later.
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
H98 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) 2.9 6.0
vtor (km/s) -10 110

The comparison of the ICRH versus NBI discharge with respect to impurities shows that the
Beryllium density is 20% higher in the plasma center for the NBI discharge, but it is similar in the
confinement region at 0.4<ρtor<0.8. 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 is a factor of
1.5 higher for the NBI pulses than for the ICRH one resulting in pretty much the same 𝑍eff  profile.
The effects of MHD activities on plasma kinetic profiles is limited to the central region (ρtor<0.3),
and they do not affect the core (0.4<ρtor<0.8) transport analysis. We also believe that the difference
in the ELM characteristics does not play a significant role for the core transport analysis at
0.4<ρtor<0.8 as the influence of the ELMs is localised at the edge.

Gyrokinetic and Transport Modelling of the ICRH and NBI Heated Discharges
Linear and nonlinear ion-scale gyrokinetic
simulations have been performed using the
flux-tube (radially local) version of the GENE
code [5] at fixed radius ρtor=0.6. The
conclusion from the gyrokinetic GENE
simulations is that the dependence of the
normalized turbulent electron particle flux on
the logarithmic density gradient is similar for
the ICRH and NBI discharges at ρtor=0.6,
except for a tiny effect coming from the 𝐸 × 𝐵
shearing for the NBI case. Furthermore and
more importantly, the background transport is
almost identical between the ICRH and NBI
discharges,

Figure 3. 𝑇𝑒Γ𝑒(𝑞𝑒 + 𝑞𝑖) vs 𝑅/𝐿𝑛, comparing QL (solid lines
with crosses (ICRH) and with triangles (NBI)), NL (squares),
and experimental (stars) results, for the ICRH (red) and NBI
(black) discharges.
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as the impurities, fast ions and toroidal
rotation, which are the only significant
experimental differences, do not cause any

observable changes in the background
transport. This conclusion is illustrated in
figure 3.

To further study any possible difference in the background transport between the ICRH and NBI
discharges, transport simulations with the JINTRAC transport code TGLF transport model [6] have
been performed. The conclusion from TGLF simulations is the same as from GENE, i.e. there is
virtually no difference in the background transport between the NBI and ICRH pulses.

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∗, 𝜈∗,𝛽n and 𝑇i/𝑇e  ≈ 1 were matched within 5% accuracy 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).

In addition to different density peaking, the three other main experimental differences between the
ICRH and NBI plasmas were the toroidal rotation, plasma fast ion density and energy and heavy
impurity densities of Tungsten and Nickel. The conclusion from both the gyrokinetic GENE
simulations performed with mean experimental parameters and the JINTRAC transport modelling
with TGLF were the following ones: (1) the dependence of the normalized turbulent electron particle
flux on the logarithmic density gradient is similar for the ICRH and NBI discharges at ρtor=0.6, except
for a tiny effect coming from the 𝐸 × 𝐵 shearing for the NBI case, (2) the background transport is
almost identical between the ICRH and NBI discharges, as the impurities, fast ions and toroidal
rotation do not cause any observable changes in the background transport, and (3) the ion scales are
found to be dominated by the Ion Temperature Gradient (ITG) mode.

Based on the almost identical background between the ICRH and NBI discharges, we can conclude
that the contribution of the NBI fuelling is exactly to double the density peaking of the ICRH pulse,
i.e. to reach R/Ln=0.93 from the moderately peaked the ICRH discharge without a central source at
R/Ln=0.45. This result of R/Ln increasing by 0.5 per 8MW of NBI power is valid for the ITG
dominated low power H-mode plasmas. However, some of the physics processes influencing particle
transport, like rotation, turbulence, fast ion content scale with power, and therefore, the conclusions
on the role of the NBI fueling can be different in full power (30MW) JET conditions. On the other
hand, ITG is the dominant turbulence type in either low power or high NBI power JET experiments,
supporting the significant role of NBI fueling in contributing to density peaking also at high power
experiment. This was already reported in dimensionless collisionality scan in reference [2]. When the
ITG turbulence becomes less dominant or TEM dominates, the role of NBI fuelling tends to decrease
as reported in [3,4]. An experiment will be performed in JET to study particle transport and density
peaking, but this time at 8 MW of NBI heating in full 100% tritium experiment. We are planning to
study isotope scaling of density peaking in dimensionless identity conditions in JET L-mode plasma.
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