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Abstract
Boronization of FTU tokamak strongly affects its gas recycling, impurity concentration and its temporal evolution.
Two main phases are distinguished. In the first one, lasting about 60 discharges, with the machine fully boronized,
the radiation losses decrease from 80% to 40% and the impurity content drops from Zeff = 6 to Zeff ≈ 1.5 at
n̄e ≈ 0.35×1020 m−3 in ohmic conditions. In the second phase, lasting >500 discharges, with the B film eroded from
the TZM toroidal limiter surface but not from the SS walls, the reduction of radiated power (≈60%) and impurities
(Zeff ≈ 2.0) though smaller, is still important with respect to pre-boronization, allowing for optimization of plasma
characteristics up to the maximum RF power so far injected (2.6 MW ≈ 1.6 MW m−3 ). The recycling properties of
the B film are fully stabilized, making the plasma operations much more reliable, while the gettering properties are
preserved and they maintain the oxygen below nO  0.5%.
PACS numbers: 52.40.Hf

(Some figures in this article are in colour only in the electronic version)

1. Introduction
Most of the present tokamaks operate at a relatively low density
and use graphite or carbon composites as first wall material.
Graphite is known for its good thermo-mechanical properties
and low atomic number. However, the control of oxygen
inventory and its release in the plasma as H2 O, CO and CO2
molecules has been a big problem for these machines. To
reduce plasma contamination, a large effort has been made to
optimize cleaning and conditioning procedures, which have
led, as a final step, to cover in situ the vacuum chamber with
boron [1–5] and silicon coatings [2, 6]. These materials are,
in fact, very suitable as their properties form tight bonds with
oxygen and carbon. As a consequence of their use, plasma
contamination and gas recycling have been strongly reduced
leading to a significant improvement in plasma performances.
The boronization technique has also been applied on FTU
(R = 0.93 m, a = 0.33 m, BT  8 T, total pulse duration
tpulse ≈ 1.5 s), which uses a molybdenum alloy (TZM) for
the internal toroidal limiter and the external poloidal limiter
and stainless steel AISI 304 for the vacuum chamber walls.
The first boronization on an all-metallic tokamak was carried
0029-5515/05/070685+09$30.00
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out on Alcator C-Mod [7], which belongs to the same class
of the high field, high density (n̄e > 1 × 1020 m−3 ) compact
devices as the FTU [8] and uses molybdenum as the first wall
material. This technique has permitted the production of a
stable H-mode transition [9] by reducing carbon and oxygen
fluxes coming from the Mo tiles. Light impurities, in fact,
increase the production of molybdenum by physical sputtering,
which, in turn, prevents the maintenance of H-mode.
On our machine it is possible to assess better the effects
of boron coating on a true Mo first wall, because carbon
concentration inside the plasma is negligible and that of oxygen
is small for well-cleaned walls.
The peculiar feature of FTU of operating in a wide
density range n̄e = 0.3–3.2×1020 m−3 allows the study of
very different plasma regimes both in the ohmic and in heated
plasmas with lower hybrid (LH) and/or electron cyclotron (EC)
waves (up to 2.6 MW of total RF power injected) without
major problems arising from the use of high Z materials.
This is due to the high power density and the high-density
regimes that are possible on the FTU. The high power density
enables the plasma to support a relatively large amount of
metallic impurities before the local radiation losses exceed

Printed in the UK

685

M.L. Apicella et al

the input power density. The high density, instead, reduces
the temperature at the plasma edge, thus reducing the physical
sputtering yields of metals.
Following an opening to the air in the vacuum vessel,
baking of 3–4 days up to 393–413 K is sufficient to achieve
a good wall conditioning. Water vapour is the main gas
desorbed from the metallic surfaces, whereas CO and CO2
are negligible in comparison. After baking, the machine is
cooled to the operating temperature of Tw ≈ 77 K. Such a
conventional technique leads to an oxygen concentration of
1.0–1.5% after about 100 plasma discharges. In this case
values less than 1% are very difficult to obtain. Heavy impurity
contamination at high density (n̄e  1.0 × 1020 m−3 ) and
current (1.0 MA) is negligible because the metal influx by
O-sputtering is sufficiently low. Effective ion charge values
(Zeff ) less than 2 and total radiated power ≈70% of the input
power are usually achieved. However, at lower plasma density,
i.e. at n̄e = 0.3 × 1020 m−3 , we never obtain Zeff less than 6
even with well-cleaned walls. This behaviour is typical of a
metallic first wall machine, as described in [10].
Before the installation of the toroidal limiter, wall
siliconization was studied to assess the specific role of
oxygen in high-density regimes with fully metallic first walls.
Experiments were also carried out where the material of the full
poloidal limiter was changed from low Z (silicon coated Mo)
to medium Z (Ni) and high Z (Mo and W). The highest density
limit was obtained after siliconization, when silicon was eroded
by the Mo limiter, but it was still present on the vessel walls:
(n̄e = 3.2 × 1020 m−3 ) at Ip = 0.7 MA, BT = 6 T, which
is a factor 1.3 higher than that predicted by the Greenwald
limit. Very low oxygen concentration in the plasma was found
in that case (nO  0.5%). In the case of a silicon coated
limiter, in the phase immediately after siliconization, a lower
density limit was obtained and no reduction of Zeff value at low
density was achieved owing to the large silicon influx into the
plasma core. All these results are well documented in [10, 11]
in terms of the radiation losses characteristics, the nature of
the limiter material and the mechanism of impurity production.
These experiments have pointed out the importance of limiting
the light impurity concentration (mainly oxygen) in order to
achieve operations at the maximum performance in FTU.
As a first step towards optimizing plasma operations after
the installation of the toroidal limiter, a ‘titanization’ technique
was tested on FTU [12]. A thin Ti layer was deposited onto
the vessel walls by evaporating a small amount of titanium
between discharges (≈5 monolayers). This conditioning
technique promptly allows the maintenance of a very low
oxygen concentration at high densities (with Zeff ≈ 1.0
for n̄e  1.0 × 1020 m−3 ) and at low density (Zeff ≈ 4.4
at n̄e = 0.3 × 1020 m−3 ). It is a very efficient tool for
minimizing oxygen contamination in case of small vacuum
leaks, but Zeff cannot be reduced below 4 at low density
owing to the high Ti atomic number (ZTi = 22). The second
step in optimizing FTU operations has been to exploit the
‘boronization’ technique [13].
In this paper, a brief description of the experimental
apparatus and of the boronization procedure is given in
section 2 followed by the analysis of the effects of boronization
on the plasma characteristics in section 3. This includes
all the physical aspects related to the main plasma as well
686

as an investigation of the Scrape-Off-Layer (SOL) using a
two-dimensional model of the energy and particle transport.
Section 4 describes how boronization can affect the recycling
properties and the density control. Finally, conclusions are
drawn in section 5.

2. Experimental apparatus and boronization
procedure
Since October 2001, a large number of boronizations have
been carried out using a dc-glow discharge in a throughflow of
90% of helium and 10% of diborane B2 H6 (since September
2002, B2 D6 was used to avoid plasma dilution by hydrogen).
During boron deposition, the wall temperature is maintained
at 298–373 K to assure a good adherence of the film to the
substrate. Major modifications with respect to the standard
dc-glow discharge have been made in the gas inlet system
and in the evacuation lines to assure the safe handling of a
hazardous gas as diborane [14]. The geometrical configuration
of the gas inlet system and of the gas evacuation lines has been
optimized to obtain a boron deposition, which is as uniform as
possible. The gas mixture is introduced through four vertical
ports located 90˚ toroidally apart from each other, at a pressure
of about 7 × 10−3 mbar with 1.7 mbar l s−1 of average gas flow
rate. The gas is pumped away using two evacuation lines
of the main vacuum system placed at two opposite sides of
the torus. Each line is connected to a standard 2000 l s−1
turbomolecular pump, followed by a thermal decomposer. The
annexed 60 m3 h−1 rotary pump is modified to assure a very
good vacuum tightness and to dilute the exhaust gas with
nitrogen before it comes in contact with air. Two electrodes,
180˚ toroidally apart, are inserted from two vertical ports up
to the centre of the vacuum chamber. The glow discharge
conditions for each electrode are a voltage drop of +360 V
towards the wall at ground potential and a driven current of
0.75 A, corresponding to 11 µA cm−2 of total current density
onto the vessel walls. Unlike other tokamaks, where the
film thickness can be easily evaluated by visual inspection
or by inserting samples in different positions of the vacuum
chamber [1, 15], FTU is a compact machine with few narrow
accesses, which do not permit an accurate investigation of the
film uniformity. To evaluate the best operating parameters
for boron deposition, preliminary laboratory tests have been
performed using one spare sector of the FTU machine [16]. In
this case, the film thickness was estimated to be about 100 nm
for 3 h of boronization as a result of the differences in the postand pre-deposition weight of different samples of SS 304, with
the same mechanical surface treatment as the FTU walls.
In figure 1 the spectrum of quadrupole mass analyser
(QMA) during the boronization process is shown. The QMA
does not detect diborane (B2 D6 ) at mass 34 because this
molecule is broken in many radicals on the QMA filament.
The most important fragments are found at masses 32 (B11
2 D5 )
and 31 (B10 B11 D5 ), which are used as markers of the diborane
partial pressure.
During the FTU operations the only signals that are
detectable on the QMA are D2 , N2 and O2 (see figure 2(a)).
The presence of N2 at cryogenic temperature is due to a low
leakage from the cryostat, which has no effect on FTU plasma
discharges. In this phase the mass analyser cannot be used for
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Figure 1. Mass spectrum of QMA during the boronization process.
(a)

(b)

Figure 2. Mass spectra at cryogenic temperature (a) before and (b) during the experimental session. Oxygen disappears after a few plasma
discharges.

water vapour because it is trapped by the cold walls (some sort
of extended cryogenic pumping), and the H2 O signal shown in
figure 2(a) is only due to the quadrupole background. For
this reason neither the outgassing rate nor the equilibrium
pressure give useful information on monitoring the state of
cleanliness of the chamber walls during the experimental
campaign.
Typically, after boronization, oxygen disappears from the
mass spectrum (see figure 2(b)) after 1–2 plasma discharges.
This phenomenology is probably because of the bonding
of the recycled oxygen in a more stable oxide, boron oxide,
in the boron-coated walls. Only after two or three days from
the end of the experimental session does the oxygen level revert

to its previous value owing to the slow outgassing rate from
the surfaces not exposed to the plasma.
It is found that, after boronization, the boron layer does
not pump molecular oxygen if it is not activated before by a few
plasma discharges, as observed in the past on ASDEX [15].

3. Plasma characteristics
After a fresh boronization, the restart of operations is
immediate (1–2 discharges) and the recovery from plasma
disruptions is prompt as in the case of a pure metallic machine
without any contamination of light impurities (O and C). The
production of plasma discharges is easier than for standard
687
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Figure 3. Fraction of the radiated power PRAD to the ohmic power
POHM (in per cent) as a function of the shot number for ohmic
discharges with Ip = 0.5 MA and n̄e = 0.3–0.8 × 1020 m−3 .

There are two main effects of boronization on the bulk plasma
characteristics. In an ohmic plasma (n̄e = 1.0 × 1020 m−3 ) the
total radiated power typically falls from 70–90% to 35–40%,
and for Ip = 0.5 MA and n̄e = 0.35×1020 m−3 , Zeff decreases
from 6.0 to 1.6. This is due to the strong reduction of heavy
metal concentrations, which in the case of molybdenum drops
from 6 to 1.2 × 1016 m−3 at n̄e = 0.35 × 1020 m−3 , and to
the better action of boron on the light impurities. This latter
reduces the oxygen concentration in the plasma from 2.5%
to 0.5% and the carbon flux from the walls from 1.0 × 1018
to 1.1 × 1017 particles s−1 m−2 . The radiation losses from
the outer plasma (r/a = 0.8–1.0) decrease by more than a
factor 2 at low density consistently with a strong reduction
of the light impurities, whose contribution dominates at the
plasma periphery. The experimental values of the radiative
losses, Zeff and impurity concentration are well reproduced
by a one-dimensional impurity transport code by assuming an
anomalous diffusion coefficient and an inward velocity equal
to the usual FTU ohmic values [17]. As a consequence of the
Zeff reduction, the resistivity and hence the loop voltage are
lower for the same plasma current. The smaller input power
reduces, in turn, the electron temperatures up to 1.3 times.
All these effects last approximately 60 discharges
corresponding to the duration of the boron coating on the
limiter, as inferred by the reappearing of the molybdenum
lines on the UV spectra.
To better understand the
evolution of plasma behaviour, we have compared ohmic
discharges with Ip = 0.5 MA and n̄e = 0.3–0.8 × 1020 m−3
during three temporal phases characterized by different
wall conditions: phase I, corresponding to the standard
operations (TZM limiters and SS wall) at the beginning of the
experimental campaign after baking; phase II, immediately
after boronization (boronized limiter and walls) and phase III
at long time distance from boronization (TZM limiters and
boronized walls). The transition between the different phases
is easily recognized by the evolution of the radiated/ohmic
power ratio (figure 3). This ratio decreases from about

7

9

-3

n e(x10 m )
Figure 4. Experimental Zeff against the average electron density
before (phase I), immediately after (phase II) and at long time
distance from boronization (phase III) for the same discharges of
figure 3.
phase I
phase II
phase III

3.0
c(O) (x1018 m-3)

3.1. Radiative losses and impurity behaviour

5
19

conditions owing to the more favourable emission properties of
low Z impurities, which are totally ionized in the plasma centre
and thus prevent the onset of hollow temperature profiles.
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Figure 5. Oxygen concentration in the plasma as a function of the
average electron density for the same discharges of figure 3. Very
low values are also obtained after 500 discharges after boronization.

70–90% (phase I) to 40% (phase II) and then slowly
increases again during phase III but not to the pre-boronization
values, indicating a plasma contamination lower than before
boronization. Clear evidence comes from the total impurity
content expressed as Zeff and the concentration of oxygen
nO shown in figures 4 and 5. Both these parameters drop
immediately after boronization, owing to the strong reduction
of heavy metals and oxygen concentration. In the third phase
when boron has been eroded from the limiter but is still
present on the chamber walls, i.e. after about 60 discharges,
the oxygen concentration does not increase at all and the
metal concentration is lower than before boronization, because
the physical sputtering by oxygen ions and atoms is strongly
reduced. As a consequence, the Zeff values are lower than
before boronization. During this phase, which lasts for 500
discharges at least, the metal influx can be further reduced by
cooling the plasma edge with a deuterium puff immediately
before the start-up of a plasma discharge.
In these conditions, with molybdenum as the main
impurity and very low oxygen contamination, the reduction of
Zeff has allowed the FTU to reach one of its best performances,
in terms of current drive (CD) efficiency ηCD (#21640). Full
CD with ηCD = 0.18 × 1020 A m−2 W−1 (which becomes
≈0.26 if reduced to Zeff = 1 case) [18] has been obtained
on a plasma target with: Ip = 0.36 MA, BT = 5.3 T,
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Figure 6. Ratio of deuterium to deuterium + hydrogen fluxes as a
function of shot number starting from the first discharge after
boronization (# 21411).

n̄e = 0.4 × 1020 m−3 and PLH = 1.5 MW, with only a small
increase of Zeff from 1.5 to 2.2. With the same plasma target,
the maximum additional power so far injected, i.e. PLH+EC =
2.6 MW, has raised Zeff to 3.0 (#21636), whereas a lower power
(∼1 MW) has given Zeff = 6.0 before boronization.

Neutron rate (x 1011s-1)

D/D+H (%)

1.6

1.2
0.8

0.4
0.0
0.0

0.4

0.8

1.2

1.6

time(s)
Figure 7. Comparison of neutron generation rate for three plasma
discharges: the first one obtained before boronization (#20286), the
second one after boronization with B2 H6 (#20401) and the third one
after boronization with B2 D6 (#22862). In all the cases
n̄e = 0.5 × 1020 m−3 , Ip = 0.5 MA, BT = 6 T.
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3.2. Plasma dilution and energy confinement time
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A consequence of boronizations carried out with B2 H6 as
the feeding gas is a large dilution of the D-plasma with the
hydrogen particles released from the B film. The ratio of
deuterium to deuterium + hydrogen fluxes qD /(qD + qH ), as
measured by the neutral particle analyser, can be as low as 40%
after a fresh boronization, despite the pure D2 puffing, which
then increases slowly to 85% after about 200 discharges, as
shown in figure 6, starting from the first shot after boronization
(#21411). The D dilution, in turn, reduces the plasma
performances in terms of the neutron yield. The target plasma
suitable for pellet injection (n̄e = 1.7 × 1020 m−3 ) shows a
decrease of the neutron rate up to a factor 5 in spite of the much
lower radiated power than before boronization (PRAD /POHM ≈
35% against 65%, together with Zeff ≈ 1 against Zeff ≈ 1.4).
To overcome the problem of D dilution, boronizations
with deuterate diborane B2 D6 have been successfully tested.
Nevertheless, experimental results show that the suppression
of plasma dilution does not lead to the total recovery of
the neutron rate to the pre-boronization values, as evidenced
in figure 7 for two ohmic discharges with Ip = 0.5 MA,
BT = 6.0 T and n̄e = 0.5 × 1020 m−3 obtained before
(#20286) and after boronization with B2 D6 (#22862). The
difference is a consequence of the Zeff reduction after
boronization, which produces an input power and consequently
an electron temperature lower than before boronization. In the
same figure, for comparison, the neutron rate obtained after
boronization with B2 H6 (#20401) is plotted to show the effect
of the plasma dilution.
The effects of boronization on the energy transport
properties have been investigated by means of the onedimensional transport code EVITA1 , which is currently used
on FTU to analyse discharges in different plasma conditions
and heating scenarios [19].
The code EVITA applied to the B2 D6 case well reproduces
the experimental neutron rate assuming a pure deuterium

0.8
0.4
0
0.1

0.15
0.2
minor radius (m)

0.25

Figure 8. Radial profile of electron heat conductivity for two
plasma discharges before (#20286) and after (#22864) boronization
with B2 D6 .

plasma and the same ion transport coefficient used for
similar discharges before boronization. The main effect of
boronization on the transport properties is the improvement
of the energy confinement time τE by a factor 1.35. This is
due to the ohmic power reduction, whereas the total thermal
energy remains nearly constant. This means that a lower
input power is sufficient to obtain the same plasma energy.
The electron transport coefficient χe is consistently lower,
as shown in figure 8 for two ohmic plasma discharges at
n̄e = 0.5 × 1020 m−3 and Ip = 0.5 MA before (#20286) and
after (#22864) boronization with B2 D6 .
If we compare the confinement time with ITER97L scaling
law [20], τE after boronization results 1.14 times higher,
according to the EVITA code analysis. This value, in addition,
is definitely higher than the average value for the standard FTU
ohmic discharges, which is τE /τITER97L = 0.92 [19].
3.3. Density limit
High-density plasmas are obtained with fresh and old
boronization with gas puffing only. The density limit at Ip =
1.1 MA, BT = 7.2 T reaches a value of n̄e = 3.2 × 1020 m−3 ,
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3.4. SOL characteristics
An investigation of the SOL characteristics has been possible
only at low electron density (n̄e = 0.45 × 1020 m−3 ) where
reproducible plasma conditions are achieved. According to
Langmuir probe measurements, ne and Te profiles in the SOL
are uniform in post-boronization discharges at the four poloidal
positions. No variation is detected, whether the limiter is still
B-coated (phase II) or the B film has already been eroded
(phase III).
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0.04
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twice that of before boronization and corresponding to 0.8
times the Greenwald limit. After boronization only oxygen
and hydrogen radiation lines are present in the UV spectrum
with Zeff close to 1.0.
The role of oxygen at high density has been assessed
by comparison between the experimental results and those
predicted by a simple model based on a zero-dimensional
description of the bulk plasma and one-dimensional modelling
of the plasma transport in the SOL [21]. Only two different
types of impurities are supposed to be present in the plasma:
the first is the sputtered impurity produced at the limiter (boron
or molybdenum), the second is introduced as a percentage of
the electron density (oxygen) and is independent of the plasma
parameters. The density limit occurs in the code when the total
radiation PRAD /POHM approaches 100%, and no steady state
solution exists in the model equations. This condition was
found to appear at progressively higher electron density as the
oxygen concentration is lowered and is independent of limiter
material. In fact, close to the density limit, the temperature on
the limiter surface is so low that the sputtering processes are
strongly reduced and the limit is defined by the radiation of the
second impurity (oxygen) and of hydrogen.
The role of the different limiter materials can be
qualitatively explained by the physics of MARFE. This thermal
instability always precedes the density limit on FTU [22] and
is strictly related to the cooling rate characteristics of low-Z
impurities at the edge plasma [23]. This quantity shows a
strong inverse dependence on the electron temperature which
can lead to a MARFE if the heat flux transported along the
magnetic field lines cannot compensate for the local radiation
losses. According to the impurity characteristics, MARFE
cannot be attributed to boron and molybdenum but to the small
presence of oxygen in the discharge. Molybdenum, in fact,
shows a peak of the cooling rate shifted inside the plasma
(at about 1 keV), so that it cannot develop an unstable region
at the edge. The cooling rate of boron, instead, is mostly
confined at very low electron temperatures in the SOL region,
peaks at 3 eV and does not affect the thermal equilibrium of
plasma. These results are not in contrast with those obtained
in the past with silicon as dominant impurity [11]. In that case,
in fact, the behaviour of the plasma was very similar to that
obtained with oxygen as a dominant impurity. For increasing
density, silicon was found to irradiate inside a large region of
the external plasma (0.8  r/a  1), thus leading to an early
onset of MARFE and then to the plasma disruption, with a
phenomenology very similar to that of oxygen. With boron and
molybdenum as first wall materials, the effect of boronization
on oxygen reduction implies the highest density limit, as was
experimentally observed.

0.02
0
30

32

31

33

r (cm)
Figure 9. Experimental (symbols) and code (lines) radial profiles of
electron density (first frame) and electron temperature (second
frame) in the SOL plotted against the minor radius after a fresh
boronization (#22871) and after an old boronization (#23186). For
both discharges n̄e = 0.45 × 1020 m−3 and θ = 240˚ measured from
the outer equatorial plane in the counter-clockwise direction.

In figure 9 the SOL electron density and temperature
profiles, measured by the Langmuir probe closest to the limiter,
30˚ poloidally away from the limiter (θ = 240˚), are compared
(with open symbols) for two ohmic discharges: the 13th and
the 328th after boronization. In both cases the ne and Te values
at the last closed magnetic surface (LCMS) are nearly the same
as the radial decay lengths across the SOL. The density and
temperature e-folding lengths calculated with reference to the
magnetic flux surfaces of the external equatorial plane give
the following results: λn = 1.9 cm and λT = 1.9 cm for
fresh boronization and λn = 1.6 cm and λT = 2.1 cm for
old boronization. In the same figure the SOL profiles for ne
and Te calculated with the two-dimensional multifluid code
EPIT [24, 25], are also shown in good agreement with the
experiment.
The recycled fluxes, as given by Dα emission on different
horizontal and vertical chords shown in figure 10, are also
very similar in the two discharges. Only the input energy flux
into the SOL (PSOL ) is different, being higher by a factor of
1.5 for the shot with fresh boronization owing to the lower
radiating losses. This confirms that changes of PSOL in FTU
are often too small to affect the electron temperature beyond the
experimental accuracy, as previously found in [26] where the
SOL characteristics with fully metallic walls are discussed.
The constancy of ne in the SOL is instead a natural consequence
of the unchanged core plasma average density and profile and
the similar recycling characteristics.
The input quantities for the EPIT code, related to the
energy and particle transport within the SOL, have been
adjusted in order to reproduce the experimental profiles. These
values are well within the usual range of variability for FTU;
see [27] where more details on the code and the calculations
are given. The code shows that parallel heat conductivity, χe ,
of the electrons is mainly responsible for the limited variation
of Te from phase II to phase III, about 10%, i.e. Te ≈ 4 eV
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Figure 10. Dα emission along horizontal and vertical chords plotted
as a function of the impact parameter for wall conditions
immediately after boronization (#22871) and at long time distance
from boronization (#23186).
Te fresh boron.
Ti fresh boron.
Te old boron.
Ti old boron.

Te,i (keV)
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0
30

31
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Figure 11. Predicted Ti and Te radial profiles in the SOL for
ϑ = 240˚ starting from the LCMS down to the wall position after a
fresh boronization (#22871) and after an old boronization (#23186).
For both discharges n̄e = 0.45 × 1020 m−3 , Ip = 0.5 MA and
BT = 6 T.

(see figure 9). Indeed, the rapid increase of χe with Te (χe ∝
5/2
Te ) can accommodate significant variation of the input power
into the SOL with only limited changes of Te . In addition,
the line radiation contributes non-negligibly to the stabilizing
Te,SOL when the density limit is approached, for cases of B
or Mo dominant impurity. Therefore, for the typical FTU
parameters EPIT predicts that the LCMS electron temperature
variations are maintained within a narrow range around 40 eV,
too small to be appreciated by the present measurement
methods. In contrast, much larger variations are foreseen for
the SOL ion temperature that is not measured in FTU, as in the
large majority of tokamaks, because of the complex and largely
perturbing apparatuses required [28]. Indeed, ions do not
have power loss channels as effective as either conduction or
radiation for electrons. The collisional coupling with electrons
is also negligible in all the density regimes considered here
and, consequently, the ion temperature is substantially higher
than Te . Figure 11 shows for the same discharges considered in
figure 9, how much larger the predicted SOL Ti is, with respect
to Te , and how much greater is the effect on Ti of the different
power flowing into the SOL.

No difference was found in the ne , Te values and Dα
emission in the SOL between old and fresh boronization even
at the highest additional power available in the experiment,
namely 1.65 MW of LH. This is shown in figure 12, where
the time evolution of total power, line averaged density, SOL
electron density, Dα emission and Zeff are compared for two
discharges. The density rise, both in the main plasma and
in the SOL, is very similar in both cases. The increase of
ne during the additional heating phase is due to the enhanced
particle recycling from the wall, as evidenced by the rise of
the Dα signal, and it is induced by the larger thermal load on
the wall. The only significant difference found is in the Zeff ,
value which is lower after a fresh boronization than after an
old boronization, both in the ohmic and in the LH phases. The
change induced by LH on Te,SOL has a small amplitude that is
difficult to recognize from the temporal trace (not shown here),
for the reasons given above.

4. Recycling properties and density control
During the first 60 discharges when the toroidal limiter is
covered by the boron film, the wall can either pump or release
a large amount of H and/or D, outside the operator control,
depending on the degree of saturation of the surfaces facing the
plasma as was previously observed after titanization [12]. This
wall behaviour is evidenced in figure 13 by plotting Np (the
total plasma particle content) versus Ng (the total amount of the
injected particles) for pre- and post-boronization discharges.
The ratio Np /Ng is always well below 1.0, indicating
that only a small fraction of the input gas is found in
the discharge as plasma. Nevertheless, the amount of gas
required to obtain similar density conditions may significantly
change during the boronization phase (by a factor of 10).
The lowest value of Np /Ng (0.03) is obtained initially, since
the boron film pumps strongly for the whole duration of the
plasma discharge (1.5 s), and the pre-programmed density of
0.5 × 1020 m−3 is not reached. The highest value (0.87)
is obtained after several medium–high density discharges.
In these conditions, the H or D particles released from the
boron film strongly contribute to the plasma density. As a
consequence, ne increases well above the pre-programmed
value of 0.4 × 1020 m−3 , i.e. up to 0.8 × 1020 m−3 , despite
the gas being stopped by the feedback system at 0.3 s. When
the walls are purely metallic, the variation of Np /Ng is low
(about a factor 3.2). The above effects are not observed
after boronization if the plasma operations are performed at
a low plasma density (n̄e = 0.45 × 1020 m−3 ), where almost
reproducible wall conditions are obtained (see section 3.4).
In order to understand better the role of the chamber
wall to the particle fuelling, a simple equilibrium equation
can be derived: dNp /dt = dNg /dt − dNw /dt, which relates
the variation of the plasma content to the variation of the gas
injected and the wall particles content. The last quantity can
be expressed in terms of particle confinement time τp and
the global recycling coefficient R, according to the relation:
dNw /dt = Np (1 − R)/τp [29]. This formula is valid only
for 0  R  1, where the upper limit corresponds to wall
saturation and allows the effective particle confinement time
to be defined as τeff = τp /(1 − R) = Np /(dNg /dt − dNp /dt),
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(a)

(b)

(c)

(d)
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Figure 12. Temporal evolution of (a) total input power, (b) average electron density, (c) electron density in the SOL, (d) Dα emission and
(e) Zeff value after a fresh boronization (#21470; - - - -) and after an old boronization (#20739; ——). For both discharges Ip = 0.5 MA and
PLH = 1.65 MW.
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Figure 13. Plot of the total plasma particles Np versus the total
amount of injected particles Ng . The dotted lines define the range of
Np /Ng variation after boronization.

which takes into account, the influence of wall recycling on
the plasma particle losses.
At fixed plasma current, the experimental τeff ranges from
0.15 to 0.5 s before boronization, whereas it varies from 0.04
to 1.5 s after boronization. Figure 14 shows to what extent
the boronization can influence the recycling, and hence the
plasma–wall interaction for a high density pulse. The time
evolution of plasma density, gas feed and Dα signal is indicated
for a pulse performed one day after boronization. Even during
the pulse, τeff can strongly increase if the B layer reaches a
saturation, as happens at t = 1.0 s in figure 14. During this shot
the number of particles in the wall rises, as evidenced by the gas
injection required to maintain the plasma density at a constant.
The Dα signal increases up to about 1s and subsequently the
total injected gas reaches a flat top, which indicates that no gas
is fed by the valves. Therefore, the recycling coefficient at 1 s
reaches a value very close to 1.
The above effects have not been observed on machines
operating with high temperature walls, such as TEXTOR
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Figure 14. Time evolution of n̄e , Ng , Dα signal for a shot performed
one day after boronization with n̄e = 0.9 × 1020 m−3 , Ip = 0.5 MA
and BT = 6 T.

[30, 31], where the pumping and particle release mechanism
of boron film has been clearly understood and optimized.
FTU phenomenology can instead be explained by the strong
modification of the plasma–wall interaction at very low
surface temperature. Physical surface processes such as
thermal diffusion and recombination of hydrogen atoms are not
efficient at 77 K, and the most effective surface mechanisms are
physical desorption induced by particle bombardment and high

Effects of wall boron coating on FTU

pumping capability owing to the cold amorphous structure of
the B layers. The latter, however, though quite high for the first
few atomic monolayers, is counter-balanced by the extremely
slow diffusion of the molecules absorbed into the bulk material.
This, therefore, causes the surface to become quickly oversaturated under high particle flux until a strong desorption
prevails after some pulses of this type. When this condition is
reached, the subsequent plasma discharges are only fuelled by
the gas released from the wall, and 2 or 3 shots are required
before the wall partially recovers its pumping capability.

5. Conclusion
Boronization is very effective on FTU in reducing plasma
contamination by oxygen on the whole plasma density regime
0.3  n̄e  3.2 × 1020 m−3 and plasma currents 0.35  Ip 
1.1 MA and in extending plasma operation to very low electron
density as required by some FTU experiments. Good results
have also been obtained after 60 discharges after boronization,
when the boron has been eroded from the limiter but is still
present on the chamber wall. This is due to the reduction
of metal influx because the physical sputtering by oxygen ions
and atoms is strongly reduced and also because of the gettering
effect of boron on oxygen, which maintains very clean plasmas
for a long time (at least 500 plasma discharges).
Very low radiated power and Zeff value have been obtained
in both the ohmic and the LH and/or EC heated plasmas (up to
2.6 MW of total RF power injected) allowing the optimization
of the plasma conditions for CD and internal transport barrier
(ITB) experimental programmes [32]. The constraint in
maintaining the FTU vessel temperature around 77 K leads
to large differences in the recycling properties, immediately
after boronization, with respect to purely metallic walls, which
are the most suitable materials for plasma density control
(R < 1). During this phase the best conditions for plasma
reproducibility have been found only while operating at low
density. At medium–high density instead, the wall can either
pump or release a large amount of working gas depending on
the saturation degree of the surfaces facing the plasma.
In conclusion, all the results indicate that boronization
on a fully metallic and carbon-free machine at medium–high
density regimes can be very useful for steady state operation
owing to the long-lasting effect of boron on oxygen.
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