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In FTU, the density profile in the presence of large MARFE becomes more and more peaked with in-
creasing density, forming strong density gradients close to the radial region affected by the MARFE. The
temperature at the edge drops to few eV, driving a drop of the whole profile. The estimated particle
source cannot justify the change of the density gradient, which instead is well-explained by a change of

the pinch. A thermo-diffusion term well-describes the pinch evolution and the experimental behavior of
the density at those radii where temperature measurements are reliable.
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1. Introduction

Studies on density limit in the Frascati Tokamak Upgrade (FTU),
have shown that in high q discharges the Greenwald density limit
can be exceeded, up to a factor 2, with ohmic heating and gas-
puffing only [1]. This effect is more evident in the presence of low
Z impurities, used for wall conditioning, such as B and Li and is
always obtained in the presence of the so-called MARFE thermal
instability [2], which cools down the plasma edge. After the MARFE
shows up, the density profile undergoes a strong peaking, which
allows the line average density to rise above the Greenwald limit.

FTU is a circular high magnetic field tokamak (Bt up to 8T,
Ip< 1.6 MA) of medium size (R,=0.935m, a =0.30m). A toroidal
limiter and a poloidal limiter made of Molybdenum are present.
The vacuum vessel is conditioned with Boron before each experi-
mental campaign. A Liquid Lithium Limiter is also available for ex-
periments.

The causes that lead to the MARFE formation are not analyzed
in this work, here we have only investigated the evolution of the
density profile caused by the MARFE formation, in order to find
out the changes occurred in particle transport coefficients.

The presence of a pinch term in particle transport is essen-
tial to explain the peaked density profiles observed in tokamaks
in the absence of central sources, and is one of the main issues in
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plasma transport. The pinch predicted by neoclassical theory (Ware
pinch) has the correct amplitude and can explain density profiles
in some experiments [3], but it fails to explain peaked density pro-
files in full current drive experiments [4,5,6]. In such discharges,
a pinch is still observed with negligible toroidal of electric field
and non-collisional particle pinch generated by plasma turbulence
is required.
In general, the particle flux can be modeled by

o dInT,
e V+D 0 or
where, together with the usual diffusion term proportional to the
density gradient, a term proportional to the electron temperature
gradient (known as thermo-diffusive) and one proportional to the
gradient of safety factor g (known as curvature pinch) are also
listed. V represents a pure convective term, which also includes
the neoclassical Ware pinch. While the pinch due to the magnetic
geometry is predominantly directed inward, the thermo-diffusive
term, that becomes relevant for n=d (In Te) / d(In ne) >1, can
be directed inward or outward depending on the turbulence that
dominates the transport process, and in particular it is inward if
ITG modes are dominant and outward if TEM mode are prevalent
[7]. Coefficients V, D, Dr and Dq of Eq (1) are used as free param-
eters to be tuned to reproduce the density profile evolution. It is
clear that the number of free parameters is excessive and a reason-
able reduction must be done. For the simulation presented here,
together with the diffusion term proportional to the density gradi-
ent, we have chosen to use a single pinch term and in particular,
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Fig. 1. Time evolution of density and temperature at plasma center and periphery.
Vertical line shows the time at MARFE formation. The time at which MARFE appears
on interferometer central chord is also marked.

the thermo-diffusion one. This term has already been introduced
in the past to explain the anomalous pinch observed in tokamaks
[8,9] and to fit experimental density profiles [9,10].

The comparison of the different contributions of each term and
the reason for our choice, is discussed in Section 3.

Furthermore, due to the presence of a large amount of neutral
inside the MARFE, the source term can play a role also at inner
radii, which makes the analysis more difficult, as another free pa-
rameter (the number of neutral at plasma edge) is introduced. For
the estimation of neutral profile, a neutral diffusion code in the
cylindrical geometry has been used. The contribution of the source
to the core density, which eventually has been found to be negli-
gible, is discussed in Section 5.

Density profiles have been measured using the scanning inter-
ferometer [11] whose vertical chords cover plasma columns from
—1/3 of minor radius to low field side edge. It can resolve profile
details having 32 independent chords with a 1cm of spatial res-
olution. It has been possible to follow the density evolution and
reproduce it with a simulation code only through detailed mea-
surements of density profiles at the edge.

In the next section, the experimental measurements are pre-
sented whereas the terms used in the diffusion equation are dis-
cussed in Section 3. In Section 4, we discuss the relevance of the
source term. Simulation results are shown in Section 5 and dis-
cussed in Section 6.

2. Experimental density and temperature evolution

In discharges close to the density limits in FTU, a MARFE is usu-
ally observed. MARFE appears on the visible camera as a toroidally
symmetric band of intense annular emission located at high field
side, close to the toroidal limiter of FTU. It is also observed on
several diagnostics as D, emission, bremsstrahlung and bolometry,
when the MARFE crosses their line of sight.

An example of the time evolution of the density line integral
on low field side chords and temperature is shown in Fig. 1, while
radial profiles are shown in Fig. 2. After the MARFE appears on the
Dy signal (vertical dashed line in Fig. 1), the temperature drops
down starting from the plasma edge while the central density in-
creases. When its amplitude becomes large enough, it is also ob-
served on the scanning interferometer firstly on high field side
chords and then progressively on low field side ones, as density
oscillations, due the fast poloidal movement around the toroidal
limiter (visible from 0.9s in Fig. 1). In the region corresponding
to the radial extension of MARFE, the temperature drops below
the sensitivity of ECE diagnostics (50eV) forming a cold blanket

Temperature (keV)

Fig. 2. The evolution of density and temperature profiles during the MARFE forma-
tion.

all around the plasma core. At the same time, a continuous peak-
ing of density profile is observed, while density in the outer region
remains almost unchanged (Fig. 1 and 2). The core density profile
reconstruction is not obvious due to the presence of the MARFE
contribution, poloidally asymmetric, that must be subtracted. The
core density is determined by Abel inversion after excluding the
inner cords, which are strongly affected by MARFE, and using the
bottom values of oscillations on other chords. More details of the
interferometer data treatment can be found in ref [12] where the
agreement with Thomson Scattering measurements is also shown.

3. Diffusion equation

The density profile evolution has been investigated using the
particle conservation equation for electrons in cylindrical coordi-
nates,
an 10
— =——51T+S 2
at rar " @)
where I' is the particle flux and S is the source term of electrons.
The particle flux is given in general by Eq. (1), but here the simpli-
fied form

an
I'=-D — +Un 3
or + (3)
is used, where a diffusion term is explicitly considered, due to den-
sity gradient while all the other terms are included in U, which
represent the non diffusive transport.

This model has been used to determine coefficients D and U
in the density perturbation experiments [13,14] where small den-
sity variations are induced by modulated gas puffing. By neglecting
sources, the flux is determined by the time variation volume inte-
grated density
r 1 an
—=— [r4-dr.

n nr / ot

Comparing it with the density gradient, coefficients D and U can
be retrieved from the linear fit of experimental data, using
r
r__ Da(ln n)
n ar

This technique has been applied to discharges with density
peaking in presence of MARFE for two narrow time intervals: at
the beginning and at the end of the density rise, in which den-
sity variation remains small. Results for r/a=0.65 (red circles) and
r/a=0.73 (blue squares) in two intervals (0.8-0.9s and 0.95-1.15s)
are shown in Fig. 3. For each radius, the guiding lines, have the

+U.
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Fig. 3. Normalized particle flux versus normalized density gradients for shot 28808,
at radii r/a =0.65 (red circles) and 0.73 (blue squares) for two different time inter-
vals: 0.8-0.9s and 0.95-1.1s. Data are compatible with same D coefficient (slope)
and different U (offset). The lines are drawn only for slope reference. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. Different contribution to the particle pinch for shot #28808 before and af-
ter the appearance of the MARFE. Experimental pinch required (black solid line) is
plotted with the Ware pinch (green short dashed line), the curvature pinch (blue
dashed line) and the thermo-diffusion pinch (red long dashed line). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

same slope (i.e. same Cenge D coefficients) and different offset
(i.e. different U coefficients) indicating that the data are compat-
ible with D constant in time. Even though the phenomenon is not
a perturbation, this result can be taken as an indication to reduce
the number of parameters in simulations. The profile of D could
not be obtained with this data, so it has been assumed almost
flat at the center and rapidly increasing at the edge (D= Do+ (De-
D, )(r/a)* with D, =0.1 m2/s, D=1 m2/s and o =10, high enough
to keep central D flat), for all the simulation time.

Given D, U can be obtained from the density profile in steady
state both phase before and after the MARFE formation. Neglecting
the source term, and assuming steady state we can find U setting
I' =0 in Eq. (3), which gives U=D/n dn/or.

The values of U, for a specific pulse, are plotted in Fig. 4 (black
solid line) together with the contribution of some terms of Eq (1),
calculated using JETTO code. The Ware pinch contribution (green
dashed line) has the correct radial behavior up to half minor ra-
dius, but decreases in the region where density gradients increase
and a strong pinch is required. Furthermore, the Ware pinch de-
creases as the density increases, in contrast with the experimental

pinch behavior. This is due to the increase of collisionality from 0.4
to 2.0 which compensates the increase of electric field as a con-
sequence of the increase of plasma resistivity. The curvature pinch
(blue dashed line), proportional to Vq/q, is also plotted, using a co-
efficient Dg=0.05 m?/s. Also this term reproduces the pinch trend
up to half radius, but it completely misses the variation of the
pinch in the high gradient region (0.5 <r/a <0.8). The only term
that reproduces the variation in this region is the thermo-diffusive
term, shown in Fig. 4 with a coefficient Dr=Dq=0.05 (red long
dashed line). It is worth saying that the curvature pinch and the
thermo-diffusion term have the same amplitude and shape in the
inner region at both times, so that we cannot exclude that more
than one combinations of the two terms can be used for the sim-
ulation. For instance, assuming Dq =0.05 m?/s and Dy =0 m?/s for
1r/a<0.5 and Dy =0 m?/s and Dy =0.05 m?/s elsewhere, we can
also reproduce the required pinch for the simulation. The number
of combinations increases considerably taking into account also the
Ware pinch and assuming that the coefficients can change in time.

Anyway, for the sake of simplicity, we will use the thermo-
diffusion term only, also because the problem of other contri-
butions, although physically relevant, cannot be settled with the
present data only due to the ohmic constraint and to the gas puff
fueling.

Coefficient Dy has been assumed to be flat in radius and con-
stant in time and its amplitude has been chosen in order to keep
the initial density profile steady if no changes occur in temperature
profiles.

4. Evolution of the source term

The neutral diffusion code, NENNE (based on ref [15]), used
for the calculation of the neutral distribution is a 1D cylindrical
code, where plasma is assumed poloidally symmetric. Its inputs are
the experimental temperature and density profiles and the num-
ber of neutrals at last closed surface. The neutral free path length
and their probability of ionization, charge exchange or recombina-
tion are calculated, via Monte Carlo technique. Particles exiting the
plasma boundary are reintroduced inside the plasma with a recy-
cling coefficient.

In the presence of MARFE, the density and the temperature at
the edge become poloidally asymmetric, as the density changes
from 1.5x102° m~3 at the center of MARFE to 0.5x1020 m—3 at the
poloidal position diametrically opposite (low field side). To keep
plasma pressure constant inside the flux surface, the temperature
changes accordingly and reaches values as low as 2-3 eV inside the
MAREE [2,16,17].

To apply the code to the MARFE case, the plasma parameters
in periphery has been symmetrized poloidally and set equal to the
MAREFE central values, which gives an overestimation of the neutral
density and hence of the sources.

The temperature profile, below 10eV, has been modeled as
an exponential with a decay length of few centimeters, similar
to the SOL profile. The decay length is used as a free parameter
within reasonable range, so that the temperature is kept above
1 eV within the last closed surface. This approximation has been
made only for the source calculation and not for the calculation of
the thermo-diffusion pinch in simulations.

Taking into account the MARFE density and temperature
(ny=1.5x1020 m~3, T;=2-3eV), assuming corona equilibrium
and considering ionization and recombination rate, we have
estimated that the neutral particle density ranges between
108 m~3 and 102! m—3. The amount of the neutral particle at the
edge has been varied, as free parameter, within such parameter
range.

An example of evolution of source term profiles during the for-
mation of MARFE, in pulse 28,808, is shown in Fig. 5. Here both
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Fig. 5. Evolution of source term during the MARFE formation, for an edge density
of neutrals of 100 m—3.

experimental density and temperature profiles have been used for
the calculation. While the cold region at the edge expands toward
the center, the peak of the source is progressively moving inward,
however, remaining outside the region where the density increase
is observed (r/a <0.7). Penetration inside the central plasma re-
mains small. The fast decrease of sources toward the plasma center
is due to the lack of neutrals penetration in the high temperature
region, while the decrease from the peak to the plasma edge is due
to the strong recombination at low temperature. The approxima-
tions made on edge temperature affect this external region and not
the tail toward the center where real temperature measurements
are available. This gives a reasonable confidence of the goodness of
the calculation of source term at plasma core.

5. Density profile simulations

The diffusion Eq. (2) has been solved numerically using exper-
imental profile at the starting time as initial condition, while the
measured density at an external radius has been used as boundary
condition (typically r/a= 0.8, where temperature measurements are
still reliable). The diffusion coefficient has been kept constant in all
the simulations.

Eq. (3) for the particle flux has been used to study the contri-
bution of the source term with constant transport coefficients. The
pinch term U was calculated to keep the initial profile in steady
state, including particle sources at initial time. During the simu-
lation, the density profile evolves due to the change induced in
the source term by the drop of temperature. For shot #28808 the
computed profile is shown in Fig. 6, together with experimental
profiles (dots), with high neutral density at the edge (1022 m—3).
Even with such high neutral density, beyond the estimated range,
the simulation fails to reproduce the evolution of the experimental
profiles.

The effects of the source term remain limited to the edge. Even
with a strong increase of the source, the pinch term is not large
enough to carry particles inside the plasma core, so that the effects
remain at periphery.

In order to reproduce the peaking of the density profile, trans-
port coefficients U must change with time. As said, this can be
made introducing an explicit dependence of pinch on temperature
gradient U=Dr /T, 0T¢/0r, where Dr is a flat and constant coeffi-
cient.

The radial region of the simulation has been limited to r/a < 0.8,
where experimental temperature remains valid at all times of the
simulation. The approximation made on temperature profiles in-
side the MARFE does not affect the pinch term. As before, the den-

r/a

Fig. 6. Simulations of density profile, with constant D and U and high neutral par-
ticle density at edge. Dots are the experimental data.
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Fig. 7. Evolution of density profiles simulated using the thermo-diffusion term, and
a small source contribution.

sity at r/a=0.8 has been taken as boundary condition, and profile
at t=0.6s as initial condition.

The simulation of density profile, shown in Fig. 7 and Fig. 8,
has been obtained with Dy=0.053 + 0.01 m?/s. Error has been esti-
mated changing Dr, keeping fixed all other parameters, until the
peak density has a change of 20%. The source term with an edge
neutral density of 101° m~3 has been used to reproduce the density
evolution at periphery. The agreement obtained between experi-
mental data and simulations is quite good. The source term affects
only the external layer and can be neglected if the simulation is
carried out in a more internal region (r/a < 0.7).

Some attempts to extend the simulation to the whole ra-
dius have been done but results depend deeply on the model
of temperature used inside the MARFE, that is completely ar-
bitrary. Although the exponential function, used to extend the
temperature in the outer corona, is a reasonable approximation
for estimating the source term, this is not acceptable to evaluate
the thermo-diffusion pinch, which can have a strong impact on
particle transport.

6. Discussion

The simulations carried out have shown that the change of in-
ward transport of particles during profile peaking in FTU high-
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density discharges can be described in terms of the change of char-
acteristic length of the temperature profile, introducing a pinch
term proportional to d(In T)/dr (thermo-diffusion pinch). It is worth
noting that the thermo-diffusion coefficient, that better reproduces
the density evolution discussed in previous section, is about the
half of the central value of diffusion coefficient (Do/Dr = 1.9), which
is close to the value found on ref [6] in full LH current-driven dis-
charges. The same ratio is also obtained between the density and
the temperature characteristic lengths, shown in Fig. 9, as expected
for zero total flux (steady state and negligible sources).

Table 1
List of values of Dy that reproduce the density profile evolution, when D, is
varied in the range 0.1-0.6 m?/s with a step of 0.1 m?/s.

D, (m?/s) 0.1 02 03 04 05 06
Dy(m?/s) 0.053 0.095 0.14 0.18 023 027
Do/Dr 19 21 21 22 22 22

The values of Dy found depend on the value used for D,. In
fact, changing both D, and Dr, it is possible to reproduce the den-
sity evolution as well, provided that their ratio remains constant.
In Table 1, are listed pairs of D, and D7 that well simulate the ex-
perimental data, having fixed D, and varied D7 until the experi-
mental density was reproduced. Their ratio remains close to 2 in
all cases analyzed. It must be said that for larger D,, simulations,
in particular the time evolution, become less accurate, so that the
value of D, cannot be increased indefinitely.

Anyway, this ambiguity does not affect our conclusion on the
relevance of thermo-diffusion term in these experiments, as it is
the only term that can fit the strong gradient of density, indepen-
dently of the numerical value of the coefficient.

So far the model has been applied only to a special kind of dis-
charges in which MARFE instability determines the change of the
edge parameters. This technique can be applied also to discharges
where the density peaking is driven by a drop of the edge temper-
ature made by Neon injection, but the calculation of source term
is more complex due to the presence of the impurity. Even though
it has been shown that the contribution of impurity to the central
increase of density is negligible [18] the effect on source term at
external radii can be relevant. The simulation of such discharges is
left for future work.
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