Light impurity transport in JET ILW L-mode plasmas
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Abstract

A series of experimental observations of light impurity profiles was carried out in JET (Joint European
Torus) ITER-like wall (ILW) L-mode plasmas in order to investigate their transport mechanisms. These
discharges feature the presence of *He, Be, C, N, Ne, whose profiles measured by active Charge Exchange
diagnostics are compared with quasi-linear and non-linear gyro-kinetic simulations. The peaking of ®He
density follows the electron density peaking, Be and Ne are also peaked, while the density profiles of C' and
N are flat in the mid plasma region. Gyro-kinetic simulations predict peaked density profiles for all the light
impurities studied and at all the radial positions considered, and fail predicting the flat or hollow profiles

observed for C and N at mid radius in our cases.

1 Introduction

Puffing light impurities at the plasma edge is one of the ways to reduce the heat loss deposition on the divertor
of ITER (International Thermonuclear Experimental Reactor) and perhaps of a future reactor [1, 2]. 4He will
be produced in the plasma central core region by the D — T fusion reactions. Furthermore, ITER will have a
first wall made of beryllium. While decreasing the power at the edge by increasing the radiative power could
help to reduce the damages on the machine walls and on the divertor, an accumulation of impurities in the core
could lead to a dilution of the main ion species that will participate to the reactions. Understanding how these
light impurities are transported in the plasma is then fundamental in order to predict the best scenarios for
future machines and achieve optimal conditions for fusion.

In the last years, both experimental and theoretical investigations on light impurity transport have been
made in various machines [3-10]. In many conditions, turbulent transport dominates the transport of light
impurities in a tokamak plasma core. The main mechanisms that drive the turbulent particle transport have
been identified [11-16] and their relative importance for different impurities and plasma conditions has been
investigated. Despite all the efforts, some differences are still present between the predicted peaking of light
impurities and the experimental values. In JET [3, 5, 8] and ASDEX Upgrade [3] H-mode plasmas, differences
between the experimental density peaking of He,C, B and Ni and the predicted peaking by gyro-kinetic
and neoclassical theory have been found, while in DIII-D [17] H-mode plasmas, differences between density
peaking of I’ and quasi-linear and neoclassical predictions have been observed, indicating that something may

be missing for a complete understanding of the particle transport of light impurities. With respect to previous



JET studies made in C-wall H-modes, this study was performed in JET ILW L-modes, increasing the number of
light impurities studied, by measuring in the same discharges the profiles of 3He, Be, C, N and Ne with different
heating schemes. Whilst C' and Be as intrinsic impurities and 2 He as ICRH minority species were present in all
discharges, N and Ne were puffed in some of them. Furthermore, mainly plasmas with low rotation have been
studied, in order to minimize the impurity transport terms linked to rotation and test the model performance
in this limit. The experimental results are shown and studied through neoclassical and gyro-kinetic simulations,
which indicate that, in the studied plasmas, turbulent transport is the dominant transport mechanism, while
neoclassical transport plays a minor role.

The paper is organized as follows. In sections 2 and 3 the experimental and numerical set-up and methods
are reviewed. Section 4 discusses the study of the light impurity density profiles. A discussion on the results

and the conclusions are presented in section 5.

2 Experimental set-up

The discharges studied in this paper were made in two different experimental sessions (n. 86739-86759 from
one session and n. 90666-90672 from the other) in the JET tokamak (major radius Ry = 2.96 m, minor radius
a = 1m) with ILW. The two sessions have very similar experimental settings and plasma parameters. All
plasmas are D plasmas with vacuum toroidal magnetic field By ~ 3.3T, plasma current I, =~ 2 M A and safety
factor at the flux surface that encloses the 95% of the poloidal flux g5 ~ 5. The heating power consists of 2.5-7
MW of ICRH (Ton Cyclotron Resonance Heating) using a 3 He minority concentration ns . /n. ~ 6 — 9%, which
ensures a dominant ion heating [18], and of 1.7-3 MW of NBI (Neutral Beam Injection) , mainly to provide
charge exchange measurements of 7;, plasma rotation ; and impurity density profiles. In all the studied
discharges the RF power was deposited on-axis (R ~ 3.0 m). The discharges analyzed were all L-modes, apart
from two discharges (n. 86758 and n. 86759) where the NBI heating was increased to 13 MW, in order to study
the effect of the presence of higher rotation and plasma beta , changing the plasma condition from L-mode to
H-mode.

The measurement of the electron temperature T, is provided by the ECE (Electron Cyclotron Emission)
diagnostic with an error on the measurements of about 5%, while the ion temperature T; and plasma rotation wy
are measured by the CX (Charge-Exchange) diagnostic with an error of about 5-10%, depending on the radial
position, for the ion temperature and of about 10% for the plasma rotation. The error on T, /T; is about 9-12%.
The electron density n. is measured by high-resolution Thomson scattering (HRTS) with an uncertainty of about
15%. Local values of R/Ly; = —RoVT;/T;,R/Lt. = —RoVT./T. and R/L, = —RoVn./n. were obtained by
local linear fits of In(T;),In(T.) and In(n.) radial profiles averaged over a time interval At ~ 1 s. The fits are
done using r = (R— R;;,)/2, R and R;,, being the outer and inner boundaries of the flux surface on the magnetic
axis plane, and averaging other multiple fits using a variable number of data points around the chosen radius
(3-9 points). We drop the suffix 0 when indicating these quantities for convenience. The uncertainties on these
parameters are then estimated by repeating the same procedure with different space intervals and evaluating the
deviation in the set of values so obtained. Errors are typically 10-15% for R/Lz.; and 15-20% for R/L,,. The
radial profile of the safety factor ¢ as well as the equilibrium plasma geometry are reconstructed by the EFIT
equilibrium code with the MSE (Motional Stark Effect) or the Faraday rotation constraints. Typical errors on
the safety factor are about 20%. Radial profiles of T¢,T;, n.,q and €; of discharges n. 86740 (L-mode with 3
MW of ICRH + 3 MW of NBI, nsg./ne ~ 6%, nge/ne ~ 1%, nc/ne ~ 0.1%), n. 86749 (L-mode with 4 MW of
ICRH + 3 MW of NBIL, nsg./ne ~ 6%, nge/ne ~ 1%, nc/ne ~ 0.1%, nn /ne ~ 1.2%), n. 86758 (H-mode with
2.5 MW of ICRH + 13 MW of NBI, nag./ne ~ 8%, npe/ne ~ 1%, nc/ne ~ 0.1%,nn/ne ~ 1%) and n. 90670
(L-mode with 6 MW of ICRH + 1.7 MW of NBI, nsg./ne ~ 9%, npe/ne ~ 1%, nc/ne ~ 0.1%, nye/ne ~ 0.1%)
are shown in figure 1. The parameters of these shots have been used as input in the simulations for the study
of the impurity transport. The ICRH power deposition of discharge n. 90670, obtained with the SELFO code
[19, 20|, is shown figure 1.



The data analysis is carried out at pior = 0.33,0.5,0.7p10r = \/(é/WBT)/(@/ﬂBT)mM, where ® is the

toroidal magnetic flux.

2.1 Charge exchange impurity measurements

All the density profiles of the light impurities studied in this work have been measured using the charge-exchange
diagnostic. C' (n¢/ne ~ 0.1%) and Be (npe/n. ~ 1%) were present in all the discharges as intrinsic impurities
and *He (nge/n. ~ 6 —10%) was puffed into all discharges as ICRH minority species. N (nx/n. ~ 1%) was
puffed in discharges n. 86749-86759 to study its effect on thermal transport while Ne (ny./n. ~ 0.1%) was
puffed in shots n. 90666 - 90672 to optimize the charge-exchange measurements.

The JET Core CXRS diagnostic consists of two periscopes that define toroidal views aligned on the heating
neutral beams of octant 8. A neutral beam injector consists of two sets of four positive ion neutral injectors
(PINIs) divided into the so-called tangential and normal bank. Due to the arrangement of the heating beams,
the toroidal views aligned on PINI 6 (normal) and 7 (tangential) also intersect PINI 1 (tangential). As a result,
for each viewing direction, a set of three volumes defines the average spatial position of the measured quantities

as well as the radial resolution.

Two rows of sightlines per periscope provide a profile measurement for the low field side edge to the plasma
core. The spectral analysis of the plasma light collected by the two periscopes can be performed with five
spectrometers and profiles are obtained with 12-15 spatial points with 10ms time resolution. In this paper
He/Be-CX spectra, C/Ne-CX spectra ad N-CX spectra was obtained each by one of these rows. The knowledge
of the alignment of periscope sightlines with the PINIs is important for the determination for 7;, V, and, in
particular for this paper, the impurity density nimp,. Geometrical factors enter the determination of 7.
The exact distance of the probe volumes from the axis of the PINI has a direct impact on the impurity
density determined in the line of sight and thereby on the inferred impurity density profile. Any inaccuracy
in the periscope alignment corresponds to a systematic error in the value of the impurity density but also to a
systematic error in the impurity density profile. An alignment technique has been developed consisting of three
steps: the alignment in laboratory , the in-vessel alignment and the use of the so-called He doping and PINI
switching calibration shots, described in more detail in [21], which reduce the uncertainty due to alignment to

a few %.

As for the analysis for the CX spectra, during the JET C-wall years, the CXRS analysis mostly relied on
multi-gaussian fit without the use of the beam modulation technique [22]. Since JET ILW, due to the reduction
of the intrinsic C' concentration and also to the increase in the intensity of nuisance lines, the CXRS analysis
is now relying on the use of beam modulation. This consists in subtracting passive frames, where only the
passive emission is collected, from active frames, where both charge-exchange emission and passive emission are
collected. Provided that the active and passive frames where collected in equivalent plasmas, we should obtain
a single Gaussian shape to fit the active signal of the PINI considered. The difficulty in this technique is the
identification of active and passive frames that can be considered equivalent. Experimentally, it was found that
the selection of passive frames with the lowest edge nuisance lines (Be-II line in the CVI-CX or He/Be-CX
spectra and N-IT line in N-CX spectra) and corresponding active frames with the intensity of the nuisance line
within 20% of the reference passive frame results in a nice Gaussian. This technique has been used for the data

presented in this paper.

The CX Helium measurements are known to be affected by the plume effect [23, 24]. Since a precise
quantitative treatment of the helium plume effect is not yet available for the JET charge exchange diagnostics,
this effect is not taken into account in this work and only the uncorrected values of R/L, sy, are reported.
Such correction is expected not to vary much with radius, therefore possibly affecting the absolute values of the

3He density but not much its profile peaking, which is what is addressed by our study.



3 Numerical simulation set-up

The density n of each species in the plasma satisfies the continuity equation

on

—=-V-I,+5, 3.1

y + (3.1)
where T, is the particle flux and S,, is the source of the particles. The particle flux of an arbitrary species in

the plasma can be written as

T,=n <—Dn algi") + Vn> (3.2)

where D,, is the diffusion coefficient of the diagonal diffusive term and Vj, is the convection velocity of the
off-diagonal convective term. The particle flux can be written as a sum of the neoclassical particle flux [25] and
the turbulent particle flux [26] T, = ['m€® 4 T'tur?,

A further decomposition of the turbulent particle transport is [26, 27]

turb 2

LF;: :Dn%+RVn=Dn%+DT%+Du%%+RVIm (3.3)
where the terms on the right hand side represent, in order, the diffusion term, the thermo-diffusion term, due
to the presence of a temperature gradient [11, 12], the roto-diffusion term [13, 14], due to the presence of a
toroidal angular velocity gradient, and a pure convection term [15, 16] related to the curvature of the toroidal
magnetic field. The coefficients Dr, D,, and term V,,, depend on the plasma micro-turbulence and so on the
plasma gradients, therefore the equation (3.3) in general cannot be considered a linear relationship between
the particle transport and the plasma gradients. In the case of trace impurities and in the radially local limit

though, relation (3.3) becomes linear.

The experimental density peaking of the light impurities are compared to numerical simulations that calculate
the neoclassical and the turbulent particle fluxes. For the calculation of the neoclassical contribution to the
particle transport the code NEO [28, 29, 30| was used. For the turbulent fluxes, quasi-linear and non-linear
gyro-kinetic simulations with the code GENE (Gyrokinetic Electromagnetic Numerical Experiment) [31, 32]
have been done. GENE solves the gyro-kinetic Vlasov equations coupled with the Maxwell equations within a
df approximation [33] and using field aligned coordinates {x, y, z}, where z is the coordinate along the magnetic
field line, x is the radial coordinate and y is the binormal coordinate. For a part of the quasi-linear study, also
the code GKW (GyroKinetics at Warwick) [34, 35] in the local limit has been used. In particular, the GKW
code was used in order to study the contribution of the roto-diffusion term as it allows to use different values

of 0 /0r for the different kinetic species considered in the simulation.

In stationary conditions, with no sources in the plasma core, equation (3.1) requires that I';, = 0. The

density peaking is then calculated, using equation (3.2), as

(T, =0) = -2 (3.4)

In the gyro-kinetic simulations, in order to evaluate the different terms in equation (3.3), N kinetic species

of the light impurity under study (with charge Z, density nz, density gradient R/L, 7z, temperature gradient



R/Ly . and rotation € z) are used, that satisfy the conditions

N
nerp = Zj:l (nz)j
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Simulations with N kinetic species of the same impurity that satisfy the conditions (3.5) are equivalent to

simulations with one kinetic species of that impurity with the total density and gradients due to the linearity
of the Vlasov equations with respect to the species. Linear simulations confirmed that, in our case, the light
impurities cannot be considered as traces, as they have a non-negligible influence on the micro-instability growth
rate, and that the conditions (3.5) must be satisfied. In order to study the role of the different terms in (3.3),
4 species of the same impurity have been considered in some quasi-linear simulations. By imposing to be non-
zero only one of the three gradients in (3.3) (R/Ln,z, R/Lt 7,00, 7/0r) in each of the three species equations
and using all zero gradients for the fourth species equation (to calculate the convective part), it is possible to
calculate the contribution to the impurity particle flux from each of the terms in equation (3.3). This calculation

has been carried out for Nitrogen.

In the quasi-linear simulations, a mixing length rule was employed [36, 37]. The mixing length rule used is
based on the assumption that the turbulent diffusivity scales as
(Ax)? v

PR T

(3.6)

where 7 is the linear growth rate of the main micro-instability and (k2 ) can be written, taking into account the

extended structure of the electrostatic potential ¢ along the field line, as

12y [ 16|?k? dxd=
(ki) = [ |¢]2dzdz

ki is defined as k% = kigyy + 2kyky g™ + k2g®®, where g% is the (i,7) component of the metric tensor g. The

quasi-linear particle flux is then calculated as

QL _ (. norm Tky_

el =¢q %rky ) (3.7)
where the linear particle transport for each value of k, is normalized as 'y = T,/ (|9|?) and where G
is a normalization factor. (G, needed to reproduced the saturated non-linear fluxes, is left equal one in this
case as it disappears in the calculation of R/L,, z (equation 3.8). In all the quasi-linear simulations the range
0.1 < kyps < 0.9 is used, as higher k, modes do not contribute to particle transport. In order to have reliable
results, the condition ¢@F /quL ~ 5P /q"P was required (g9 is calculated in a similar way as I'?L). The
expected density peaking of the impurity under study is then calculated, using (3.7) with two species of the
same impurity to calculate RV,%’ (imposing R/ L,z = 0 for one of the two species) and D@F and neglecting
the neoclassical contribution (found negligible compared to the turbulent one), as

R RV@L

- . (3.8)
LnA,Z Df?L

Tests were made in the quasi-linear simulations, changing s,q, R/ L, R/Lr;,§; within the experimental error



L # lpwor || 8| g |R/Lne [ R/Lre | R/Lri | Be [ vess | T/Te |

033 1] 04 | 1.2 2.8 7.9 4.5 0.2% | 0.08 1.1
86740 | 0.5 || 0.8 | 1.9 2.8 7.8 5 01% | 0.16 | 1.13
0.7 || 14| 26 3.5 13 8.5 0.06% | 0.46 1.6
033 1] 04 | 1.2 2.8 8 4.7 0.25% | 0.1 1.2
86749 | 0.5 || 1.1 | 1.6 2.9 7.9 6 0.14% | 0.2 0.9
0.7 || 1.5 | 25 3.9 16.5 10 0.06% | 0.74 1.6
033 1] 04 | 1.2 2.2 6 8.5 0.5% 0.1 1.4
86758 | 0.5 1 |15 2 7 5 0.3% 0.2 1.3
0.7 || 1.6 | 2.5 3.8 10 7 0.1% | 0.46 1.7
0331 04 | 1.6 3.3 8 5 0.33% | 0.08 | 0.74
90670 | 0.5 || 0.8 | 1.9 24 8.2 4.5 0.17% | 0.16 0.9
0.7 || 1.3 | 28 3.3 13 9 0.08% | 0.48 1.2

Table 1: Main plasma parameters of the studied discharges at the studied radii. verr = 0.1-Zcpsne /Te2 and
Be = 4.03:107%.n,T, /B2 (n. in 10 units and T, in keV).

range. The obtained variation of R/L, 7 is indicated by the error bars of the simulated values in table 2 and
figure 3.

In the quasilinear gyro-kinetic simulations Miller geometry [39] was used as well as collisions, external flow
shear and finite-5 effects and the range 0.1 < kyps < 1.2 was used in the simulations. In the non-linear
simulations the same settings were used and typical grid parameters were as follows: perpendicular box sizes
[Le, Ly] =~ [190,125]p,, phase-space grid discretization [ng,ny,n., |, nu] = [128 — 256,24 — 64, 32,32 — 64,12 —
16], with 0.25 — 0.5 < kyps < 1.6, depending on the plasma radius, parameters and on the number of kinetic
species considered. In all the simulations main ions and electrons are retained as kinetic species as well as the
light impurity species under study. All the quasi-linear and non-linear gyro-kinetic simulations results shown
in this work are from simulations carried out with the GENE code, except for the study of the role played by
the roto-diffusion term in equation (3.3), that has been studied using the GKW code for the reasons explained
above. Using the same input parameters, GENE and GKW quasi-linear simulations gave similar predictions for

the light impurity density peaking in the studied cases. In this study we always consider fully ionized impurities.

4 Light impurity transport

The radial density profiles, measured with charge exchange, of the light impurities studied in this work are
shown in figure 2. 3He, Be and Ne profiles are peaked in the whole plasma core region while the profiles of
N and C present a flat region inside 0.3 < pior < 0.7. No substantial differences in the peaking of profiles of
3He, Be and N have been observed between L-modes and in H-modes, indicating that the higher rotation, the
higher fast D content or the higher plasma S in the H-modes are not modifying substantially the light impurity
particle transport in the considered range of parameters (see table 1). Furthermore, similar >He, Be and Ne
density profiles have been observed in discharges n. 90666, 90668, 90671 and 90672. In these shots 1.7 MW of
NBI has been used, but the (on-axis, in ® He minority scheme) ICRH power has been changed from 2.5 to 7
MW between the shots. This indicates that the amount of the on-axis ICRH ion heating is not affecting the
light impurity transport in these discharges.

The input parameters in the numerical simulations (see table 1) have been taken from discharges:
e n. 86740, averaging on 9.5 s < t < 10.5 s, for the study of C' transport;

e n. 86749, averaging on 8 s < t < 10 s, for the study of 2He and N transport;

e n. 86758, averaging on 7.5 s < t < 8.5 s, for the study of 2He and N transport in H-modes;

e n. 90670, averaging on 5.8 s < t < 6.4 s, for the study of 2He, Be and Ne.



\ Shot number \ Radial position \ Experimental \ GENE QL \

GENE NL |

pror = 0.33 3.5+1.2 21+0.3 -
3He 90670 Pror = 0.5 25+1 1.0£0.2 -
pror = 0.7 4+15 1.7£0.2 -
pror = 0.33 25+1.5 1.6+0.1 -
Be 90670 Pior = 0.5 1.8+1 14+0.1 -
pror = 0.7 4+15 1.5+0.1 -
pror = 0.33 1+1 1.5+0.1 1.2+0.2
C 86740 Pror = 0.5 0+1 1.5+0.2 1£0.2
pror = 0.7 0+1 1.6+0.2 -
ptor = 0.33 1.84+1.2 1.4+0.2 2+0.4
N 86749 Ptor = 0.5 0+0.5 1.5+0.3 1+0.2
Ptor = 0.7 4+2 1.5+0.2 -
ptor = 0.33 4+2 1.7+0.1 -
Ne 90670 Pior = 0.5 1.8+0.5 1.9+0.1 -
Ptor = 0.7 3+1 1.7£0.1 -

Table 2: Experimental and predicted values (from quasi-linear and, for some cases, non-linear gyro-kinetic simulations)
of the density peaking of the different light impurities in the plasma.

Using the parameters of discharges n. 86740, 86749 and 86758 at pso, = 0.2,0.33,0.4,0.5,0.6,0.7, the con-
tribution of the neoclassical transport to the particle transport of C' and N was investigated with the NEO code.
The neoclassical transport has been found to be negligible in the studied region, being RV "¢° / RV turb pnee | pturb
10~2. To study the turbulent particle transport, gyro-kinetic quasi-linear and some non-linear simulations have
been made, as discussed in section 3, at po = 0.33,0.5,0.7. In the quasi-linear simulations the parameters
were adjusted within error bars in order to match the experimental g./g; while in the nonlinear simulations
the experimental values of ¢. and ¢; have been reproduced within error bars. In the quasi-linear simulations,
multiple light impurity species have been considered in some cases in order to study the possible impact of the
presence of other light impurities on the peaking of the impurity under study. The impact of including multiple
species has been found minimal. In the non-linear simulations, just one light impurity kinetic species per time
has been considered. The results obtained from gyro-kinetic simulations are shown in figure 3 and reported in
table 2. The gyro-kinetic simulations always predict peaked density profiles for all the light impurities studied
and no substantial differences in the peaking of the different impurities. In particular, the simulations never
predict flat or hollow density profiles for C, N, in contrast to the experimental observations. The GKW sim-
ulations, made using 4 species for N at po = 0.5 in order to study the role of the various terms in equation
(3.3), predict a weak role of the roto-diffusion term. They predict that the thermo-diffusion term is ~ 1/2 of
the geometrical convective term and the roto-diffusion term is ~ 1/20 of the geometrical convective term. They
also predict the geometrical pinch term to be directed inward while the thermo-diffusion and the roto-diffusion
terms to be directed outward. The negligible role of roto-diffusion, supported by comparisons between GENE
simulations with and without the effects of the plasma toroidal rotation, is in agreement with the experimental
observation that no differences in the light impurity radial profiles have been observed when introducing higher
toroidal rotation using high NBI power. As for the other two terms, we cannot discriminate whether it is an
overestimate of curvature pinch or an underestimate of the thermo-diffusion pinch (or possibly another mech-
anism) that leads to peaked simulated profiles instead of the flat experimental ones, because we do not have
an independent experimental determination of the two terms, nor of the total convective and diffusive terms
separately, which would require the employment of transient techniques of pulse propagation. With regard to
the peaked impurity cases, some under-prediction of the impurity density peaking of the more peaked profiles

has been observed.

In the above analysis we considered source free light impurity transport; this has been verified for all the
impurities except for Ne at p;,- =~ 0.7, where a possible source has been found depending on the plasma

parameters. Taking into account the source could modify the obtained results for Ne at this radial position but



does not change the overall picture. Also, the effects of the background neoclassical distribution function on
turbulent particle transport have not been considered. These effects can affect in particular the roto-diffusion
term [40], especially in presence of high plasma rotation. Nevertheless, in our case, due to the low plasma

rotation in our discharges, they are not expected to change significantly the picture described above.

5 Discussion and conclusions

Radial density profiles of five light impurities, with 2 < Z < 10, have been measured by active charge-exchange
diagnostics in L-mode shots at JET with ITER-like wall, in conditions where turbulent transport is the dominant
transport mechanism in the region of interest. Within the same discharge or very similar discharges, the profiles
show different shapes, depending on the impurity Z. The 3He, Be and Ne density profiles are peaked over the
whole plasma core region, while C' and N show a flat/hollow profile in the region 0.3 < por < 0.7. These
observations add new experimental information to what observed in the past in JET L-mode and H-mode
C-Wall plasmas |3, 5, 8|. Considering the various results on turbulent transport of light impurities published
from JET and other devices together with the results in this paper, it seems there is a trend to observe peaked
profiles for Z = 2,4 impurities (3He, Be), peaked or flat /hollow profiles, depending on the radial position and
on the plasma parameters, for Z = 5,6,7,9 impurities (B,C, N, F), and again peaked profiles for Z = 10,18
impurities (Ne, Ar).

Neoclassical, quasi-linear and non-linear gyro-kinetic simulations have been carried out to explain the ob-
served impurity density peaking. Our simulations predict similar peaking of the density profiles for all the
light impurities studied and peaked profiles at all the studied radii. They tend to slightly underestimate the
peaking of the more peaked profiles and never predict flat /hollow profiles. Quasi-linear gyro-kinetic simulations
predict no big role of roto-diffusion, with respect to the geometrical pinch and to the thermo-diffusion, in the
off-diagonal convective terms in equation 3.3. Whilst in previous modeling of high NBI power, highly rotating,
JET H-modes [3, 5] roto-diffusion helped to reproduce the C hollow profiles, in our low NBI power cases the
effects linked to rotation are small. Although recent studies indicate that when considering the effects of the
background neoclassical distribution function, the roto-diffusion term can become more important [40], this is
not expected to help in our case due to the low plasma rotation in our discharges (see figure 1). Therefore the
origin of the mismatch between theoretical predictions and experimental results for these low rotation cases
is still not understood and hopefully the work described in this paper will trigger further ideas in order to

reproduce the experimental observations.
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Figure 1: Radial profiles of T;, T, n.,q and Q. of JET discharges n. 86740 at t = 10 s (blue pentagons), n. 86749 at t
= 9 s (black circles), n. 86758 at t = 8 s (magenta triangles) and n. 90670 at t = 6 s (red squares). The ICRH power
deposition, obtained with the SELFO code, is also shown for discharge n. 90670.
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Figure 2: Radial density profiles of *He, Be, C, N, and Ne. The profiles are taken from JET discharges n. 86740 (3
MW of ICRH + 4 MW of NBI) at t = 10s (blue diamonds), n. 86749 (4 MW of ICRH + 4 MW of NBI) at t = 9s (black
circles), n. 86758 (4 MW of ICRH + 13 MW of NBI) at t = 8 s (magenta triangles) and n. 90670 (6 MW of ICRH + 1.7
MW of NBI) at t = 6.2s (red squares). Some of the profiles are rescaled, as indicated, for a better comparison between
different discharges.
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Figure 3: Normalized density peaking at pior = 0.33,0.5,0.7 of *He, Be, C, N, and Ne for JET discharges n. 86740 (3
MW of ICRH + 4 MW of NBI) at t = 10s, n. 86749 (4 MW of ICRH + 4 MW of NBI) at t = 9s and n. 90670 (6 MW
of ICRH + 1.7 MW of NBI) at t = 6.2s. The experimental values are indicated with black circles. The best results from
the gyro-kinetic simulations (quasi-linear and non-linear) are indicated by red triangles.
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