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Abstract:

Heat flux profiles at the target of inboard limited L-mode plasmas are found to be charac-
terized by two scale lengths, with steeper gradients near the separatrix. Recent experiments
in TCV are revealing that the near SOL gradients disappear at large normalized resistivity
(v ~ 1072), which seems to correspond to the transition from the Sheath-Limited regime
to the Conduction-Limited regime in the near SOL. It is seen that the power carried by the
near SOL component is strongly correlated with the amplitude of non-ambipolar currents
flowing to the limiters. Nonlinear global simulations of plasma dynamics for the TCV SOL
are able to reproduce the near SOL steep gradients, though its strength appears weaker
than in the experiments.

Introduction

During their start-up phase, tokamak plasmas are often limited on the inner wall, before
the divertor is formed. The inner wall plasma-facing components are designed in order
to sustain the deposited heat flux during this phase. The design is usually based on
the assumption that the parallel heat flux ¢, entering into the scrape-off layer (SOL)
essentially at the outboard midplane, is described by an exponentially decaying profile
with a characteristic decay length Ag: q)u(rw) = qoexp(—r4/A;) where r, = R — Ricrs
is the radial coordinate at the outboard midplane SOL. Then, assuming transport along
the magnetic field lines solely, the heat flux onto the first wall can be estimated and by
shaping the tiles, one can sufficiently increase the wetted area and optimize the power
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handling. Nevertheless, dedicated experiments in several tokamaks [I] (and references
therein), including TCV [2], have demonstrated that an enhancement of the heat depo-
sition, measured with an infrared (IR) camera, is observed in the vicinity of the contact
point for inboard limited plasmas. Indeed, for all the discharges, the parallel heat flux
profile, once remapped to the outboard midplane, exhibits two decay lengths with a short
decay length for the near SOL A,, of ~ few mm and a longer decay length for the far
SOL A, s about ten times longer:

lu(Tu) = Gn XP(—Tu/Agn) + qr exXP(—Tu/Ag 1) (1)

The extrapolation to ITER suggests this enhanced heat load could lead to a melting of
the beryllium first wall panels and so the first wall panel shape has been modified to safely
exhaust the heat load [I]. In TCV, the amount of power deposited onto the inner wall
due to the narrow feature,

APnear = 47TRLCFS)\q,nQn%> (2)

p,u

has been estimated, where By, and B, are the poloidal and toroidal magnetic field at
the outboard midplance, respectively. A nonlinear regression provides an empirical scaling
showing that AP,.. increases mainly with the electron temperature, and decreases with
plasma density, current and elongation [2]. Finally, when available, direct measurements
with reciprocating Langmuir probes do not systematically show evidence of steeper gra-
dients in the near SOL at the outboard midplane [1, 3]. An explanation for the existence
of the near SOL steep gradients in inboard-limited L-mode plasmas has been attempted
based on the heuristic drift SOL model [4], a successful model to explain the scaling of
the power width in H-mode plasmas [5].

Those results have motivated additional experiments in TCV. In particular, one would
like to address the following open questions: firstly, on a pragmatic level, can experimental
conditions for which the near SOL feature is not observed be found? Secondly, can
experimental data and numerical simulations give some insights on the underlying physical
mechanism at the origin of the steep gradients in the near SOL?

Experimental setup

The TCV tokamak (R = 0.88 m, By < 1.5 T, I, <1 MA) is a full carbon device and was
principally designed to investigate the physics of strongly shaped plasmas (1 < k < 1.6,
—04 < § < 0.4). Its inner wall is continuous consisting of 32 x 7 graphite tiles in
the toroidal and vertical directions, respectively. The main diagnostic to measure tar-
get heat loads is a recently installed infrared (IR) camera, mounted on a lateral port
and monitoring the temperature of the graphite tiles of a portion of the central column.
The detector (320 pixels x 256 pixels) is sensitive, with a spectral filter, to radiation
in the wavelength range from 4 to 5 pm. The acquisition rate and the spatial reso-
lution are 200 Hz and 1.6 mm/pixel in full frame using a 12.5 mm focal-length lens
[7]. The FOV covers approximately 3 tiles in both directions and determines the por-
tion of the SOL which can be investigated, in particular it defines the maximum value
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for r,. In addition to the IR camera, the central column is equipped with an array
of flush-mounted Langmuir probes (LPs) (Fig{l). For the experiments reported here,
every two probes are configured to measure the floating potential Vy; while the others
are negatively biased and measure the ion saturation current Iy, at 200 kHz. Edge
electron density and temperature are provided by Thomson scattering measurements.
In addition, SOL parameters at the outboard midplane are measured by a recently in-
stalled 10 tip reciprocating probe [§]. It allows measurements of the ion saturation cur-
rent, floating potential, Mach number and electron temperature and their fluctuations.
Infrared images are converted into a 2D temperature pro-
TCV#51407t =15 file Ty (Ry, Z). The THEODOR code [9], which solves the
l heat diffusion equation, is used to compute the heat flux de-
posited onto the tiles qqe, (R, Z). Since the inner wall tiles
are shaped [6], the angle a(Rp, Z) between the magnetic
field and the tile surface varies in the toroidal and vertical
directions. Using the reconstructed magnetic equilibrium,
each point of the tile surface is converted from the real space
coordinates (Ry, Z) to the upstream coordinates r,. The
target heat flux qge,(7y, @) is decomposed as follows:

Qdep(rua a) - C]||,t(7”u) sin o + QL,t(Tu) cos @ + 4BG, (3)

where g, is the target heat flux parallel to the magnetic
field, ¢, is the target cross-field heat flux and g¢pq is a
background heat flux. The last two quantities are estimated
with an exponential fit of the deposited heat flux at grazing
angle, qaep(Tu, @ = 0) = q14(ru) +qBa = qr0exp(—ru/AL)+
gpc- Finally, the parallel heat flux at the target g .(ry) is

tot,u

projected upstream: g, (r,) = gtott q|,+(r) which is fitted
FIG. 1: (left) Angle between with Eq[T}

the tile surface and the mag-
netic field. Wall shadowed Experimental evidences for near SOL sup-

regions are shown in dark pression

red. Black dots indicate the
LP location; (right) Mea- The scaling, proposed in [2], for the strength of the narrow

sured temperature on three SOL suggests that AP, is inversely proportional to the
tiles of the TCV inner wall. normalized Spitzer resistivity
ene,oRon)|
—
m;Cs,0

APy x v ' with v = Ne OT;(?/Q, (4)

where n. g is the plasma density at the LCFS, R is the major radius of the plasma, m; is
the ion mass, ¢, is the ion sound speed at the LCF'S and 7 is the Spitzer resistivity. For
a given shape (k = 1.4 and 0 = 0), two scans are performed for inboard limited L-mode
plasmas in deuterium: the plasma current I, is varied from 85 kA to 210 kA at a fixed
density (neq, = 2.3 % 10 m=3) and, in the second scan, the averaged plasma density Ne.qv
is changed from 1 x 10" m™3 to 3.3 x 10 m™ at fixed plasma current I,=140 kA.
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FIG. 2: Target parallel heat flux profiles mapped to the outboard muidplane for inboard
limited plasmas (left) for I,=210 kA (gray) and I, = 85 kA (black) at negp10 ~ 1.7m™3;
(right) for Neaw10 = 1m™> (gray) and for neuz19 = 3.3m™3 (black) at 1,=140 kA.
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FIG. 3: Power in the near SOL AP, ... as a function
of normalized Spitzer collisionality v and the normal-
ized SOL collisionality v, sor, for the I,, scan () and
the density scan (O)).

The parallel heat flux profiles
mapped to the outboard midplane
are shown in Fig. [2] for the ex-
treme values in both scans. While
at large I, or low n.4,, the near
SOL steep gradient is clearly visi-
ble and g, profiles are well fitted
by Eq[l} the near SOL component
disappears at low plasma current
or high density. To our knowl-
edge, this is the first time that
experimental evidence is reported
for the absence of strong gradients
in the near SOL. Results from
both scans are summarized in
Fig[3| where the power in the near
SOL AP, is plotted as a func-
tion of the normalized Spitzer re-
sistivity v ~ 107v, sor. APuear
monotically decreases with v and
for v > 1072, steep gradients in
the near SOL are not observed. In

fact, the near SOL steep gradients disappear when the SOL makes the transition from the
Sheath-Limited regime to the Conduction-Limited regime, characterized by high recycling
and large temperature gradients along the magnetic field lines. This regime is attained
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when v, sor 2 15 with v, sor ~ 107'Lyn., T} where L; is the connection length from
outboard midplane to the target [10]. This might have some implications for the start-up
phase of a tokamak plasma, namely that the plasma has to be resistive enough during the
limited phase before the formation of the divertor to be safe with the power exhaust on
the inner wall. Estimates for ITER [3] give 1073 < vrrpr < 1072 suggesting that steep
gradients in the near SOL will be present.

Correlation between non-ambipolar currents and near SOL

On COMPASS, the potential role of non-ambipolar currents, i.e currents involving more
charges of one sign than of the opposite sign, at the origin of near SOL steep gradients
has been investigated [11]. Although non-ambipolar currents at the limiter are clearly
measured in limited plasmas, their associated heat flux cannot explain the strength of
the near SOL. In TCV, non-ambipolar currents are monitored with floating potential
measurements on the inner wall with Langmuir probes as illustrated in Fig[d|(left). At
low resistivity (I, = 210 kA), where the narrow SOL is present, non-ambipolar currents are
measured: in the immediate vicinity of the separatrix, the floating potential is negative,
meaning that a net electron current is flowing to the limiter. Further out, a net ion
current flows to the limiter and the far scrape-off layer is ambipolar with Vy; ~ 0. At
large resistivity, for which the near SOL steep gradients are not seen with the IR camera,
non-ambipolar currents vanish: Vy(r,) =~ 0 across the entire SOL. This is the evidence
that non-ambipolar currents and the appearance of the near SOL feature are indeed
correlated. In Fig[4|right), the floating potential drop AVy = max(Vy(Z)) —min(Vy(Z))
is shown as a function of the normalized Spitzer resistivity. The potential drop decreases
with v and gets close to zero for v > 1072
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FIG. 4: (left) Floating potential profile measured at the inner wall for 1,=85 kA and
I,=210 kA; (right) Floating potential drop AVy as a function of the normalized Spitzer
collisionality.
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FIG. 5: (left) Heat flux onto the limiter from GBS simulation (squares) and from IR
thermography (circles) together with the fit with a sum of a short exponential (solid gray)
and a long one (dashed black); (right) Radial profile of the poloidal component of the
E x B welocity for both simulations: normal resistivity (black), large resistivity (gray) at
the limiter (solid) and at the outboard midplane (dashed).

Global nonlinear simulations of the TCV SOL

To investigate the mechanisms leading to the heat deposition on the first wall, dedicated
numerical nonlinear simulations of the SOL turbulence using the code GBS [13] have been
performed for the first time with realistic TCV parameters [12]. By evolving the drift-
reduced Braginskii equations, GBS allows for the self-consistent description of equilibrium
and fluctuating quantities in a 3D geometry. Finite aspect ratio effects, ion temperature
and magnetic shear are included in the simulations. These simulations feature open field
lines only and the LCFS is set by the radial position of the plasma density and temperature
source that mimics the injection of plasma from the core. Neutrals are not included in
the simulations[14].

In a first simulation, the SOL of a TCV discharge (#49170) is modeled. It is a
circular (k = 0, 6 = 0) inboard-limited ohmic deuterium L-mode plasma with [, = 145
kA and B, = 1.45 T. The plasma density at the LCFS (n.o = 5 x 10" m™?) and the
electron temperature (7. = 25 eV) are deduced from LP measurements at the limiter.
The ion temperature at the LCFS is assumed to be T}y = T.y. These parameters set
the normalized Spitzer resistivity to ¥ = 5.6 x 1072 and the dimensionless size of the
system through the ion sound Larmor radius ps; = (;—0 = 5.9 x 107* m. The edge safety
factor g, = 3.2, the magnetic shear s = 1.5 and the inverse aspect ratio e = 0.24 are
obtained from the magnetic reconstruction of the discharge. In a second simulation, the
normalized resistivity has been increased by a factor 40. This choice is motivated by
the fact that the heat flux carried out by the near SOL AP, .. o Tfi éQn;é x v ! as
reported in [2] and confirmed with the results discussed in this paper (Fi. Changing v
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at fixed p, means that only the density n. is changed but not the electron temperature
T.o. Figure (left) shows the resulting heat flux profile on one side the limiter and
it is compared with the experimental profile. The simulated parallel heat flux radial
profile has steep gradients in the near SOL and is well fit by a sum of two exponentials.
The fitted values, )\GBS = 2.5 mm and AG}BS = 35 mm are in quantitative agreement
with the experlmental values: A/ = 3.2 mm, A\[} = 37 mm (dashed black and solid
gray lines in Flgl 5((left)). Steep gradlents in the near SOL are also visible at the LFS
outboard midplane in the simulation. Nevertheless, the simulation is not able to reproduce
the relative importance of the near SOL which is found to be much smaller than in
the experiment: APS™ ~ 1kW < AP ~ 35kW. In contrast to experiment, the
simulation at higher resistivity shows steeper gradients in the near SOL at the limiters,
resulting in AP ~ 17 kW. Nevertheless, steep gradients at the outboard midplan tend
to vanish in the simulation. In a recent study, the £ x B velocity shear is proposed as the
driving mechanism for steepening the gradients, a signature of the near SOL [I5]. This is
consistent with our results: at low resistivity, the near SOL features steep gradients and
the vgp, g profile is strongly sheared in the near SOL and at the limiter and the outboard
midplane. At high resistivity, the vgxp g shear is much weaker in the near SOL at the

outboard midplane and gradients have flattened (Fig. [p|(right))

Conclusion and outlook

The near SOL of limited L-mode plasmas is characterized by steeper gradients than in
the far SOL. It implies that the deposited heat flux density on the tiles is larger than
expected and it might be a concern during the start-up phase of the plasma in ITER or in
a reactor. For the first time, TCV results show that the strong gradients in the near SOL
can be suppressed at high resistivity (v = 1072) which corresponds to the transition of the
SOL regime from Sheath-Limited to Conduction-Limited. Non-ambipolar currents at the
limiter are measured in presence of the near SOL. Their amplitude is clearly correlated
with the power in the near SOL. Global numerical simulations of the TCV SOL of limited
plasmas have been carried out for the first time. Heat flux profiles at the limiters are
also characterized by a near SOL component. Increasing the resistivity in the simulations
tends to suppress the near SOL gradients at the LFS outbard midplane but not at the
targets in contrast to experiment. It is conjectured that steep gradients are attributed
to a strong radial shear of the E' x B drift velocity. To confirm those results, additional
simulations featuring open and closed magnetic field lines, neutral dynamics and different
boundary conditions, will be run in the future. In addition, our results will be compared
with the scaling of the main SOL parallel heat flux width.
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