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Abstract
Deuterium (D) and beryllium (Be) fluxes are obtained in JET Low-confinement mode (L-mode)
plasmas at the outer limiters of the first wall using calibrated visible cameras. They are inferred
from the measured radiances using the spectroscopic S/XB method. From the fluxes, the
effective gross erosion yield Yeff of the limiter surface is estimated. After discussing the
uncertainties in the proposed methodology, we show the dependence of the deduced particle
fluxes and Yeff of recent JET L-mode plasmas on: separatrix–limiter clearance, magnetic field
and plasma current, neutral beam injection and ion cyclotron resonance heating power, average
plasma density and majority ion mass, hydrogen (H), deuterium (D) and tritium (T). The results
are in general accord with prior edge plasma L-mode understanding. Finally, the obtained Yeff

yields are discussed in view of updated SDTrim surface–particle interaction code calculations.
The possible contribution of parasitic light due to reflections from the divertor is examined.
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1. Introduction

In actual optimised tokamaks and stellarators, the main
particle and heat fluxes diffusing outwards from the plasma
are directed by the confining magnetic field towards the diver-
tor. There the major plasma–surface interaction is controlled
and decoupled to a large extent from the confined region (see
e.g. [1, 2]). At the divertor, material erosion is reduced due
to local cooling of the dense scrape off layer (SOL) plasma
and radiation increased, allowing for smaller heat fluxes to the
surfaces. Also, impurities can be effectively screened from the
hot confined core plasma by the magnetic field, minimising its
transport across the separatrix and the recycling fuel neutrals
compressed so as to maximise their exhaust via pumping. This
is the so-called semi or totally detached divertor operational
scenario, which is envisaged for future burning reactors such
as ITER or DEMO.

However, a considerable fraction of the particle (and heat)
fluxes diffuse and convect across the magnetic field lines to
the vessel first wall and limiters. Part of these fluxes is com-
posed of Charge-Exchange (CX) neutrals, the other part, of
ions and electrons escaping perpendicularly from the confin-
ing field. This last perpendicular transport, that competes with
the parallel one towards the divertor, has a strongly turbulent
nature (anomalous) and is especially strong at the plasma edge
and SOL in L-mode plasmas (see e.g. [3–5]). The basic under-
standing of this is actually relatively limited, so that experi-
mental quantification of particle and power fluxes are crucial
to set-up empirical parametric scaling-laws of plasma mag-
nitudes such as the particle and heat diffusion coefficients,
which serve as input for plasma fluid and neutral transport
codes. These are finally necessary for plasma–wall interaction
and impurity transport codes such as ERO2.0 [6] orWallDYN-
3D [7] to model plasma–surface interaction in next step fusion
reactors, predict the surface erosion and re-deposition distribu-
tion and estimate T retention in co-deposits.

During the last years of JET operation, including hydro-
gen (H), tritium (T), helium (He) and deuterium–tritium (D–T)
campaigns, a unique opportunity occurred to study and re-visit
many key aspects for future devices such as ITER: reactor-
relevant radiative scenarios with high confinement mode (H-
mode) at high power (up to 35 MW), isotope effect on trans-
port and plasma operation, L–H mode transitions, fusion-born
α-particles, plasma–wall interaction, etc. (see an overview in
[8]). Dedicated summaries of the main plasma–wall interac-
tion results during the last campaigns can be found in [9, 10].
The data collected during the diverse operational scenarios that
were run, now allowed us to extend and revise prior investiga-
tions. This is the case of the present work dedicated to first wall
particle fluxes and Be surface erosion, a topic studied in the
pastmainly for ohmicD plasmaswith contact point at the inner
limiters viewed by a spectroscopy system [11–14]. A review
on Be erosion can be found in [15]. A few years ago, visible
cameras were used for the first time to reproduce the results

to the same type of ohmic limiter plasmas, extend the stud-
ies to plasmas leaning at the outer limiters not accessible with
other JET spectroscopic systems and explore the possibility
to analyse plasmas with divertor configuration [16]. Also, tak-
ing advantage of the recent H, D and T campaigns, the isotope
effect on the Be gross erosion was measured recently, con-
firming in JET the critical role of the hydrogenic ion mass on
the Be sputtering yield [17], as predicted by particle–surface
interaction codes and beam laboratory experiments.

The use of visible cameras applying spectroscopic analysis
techniques such as the S/XB method, explained in the next
section in more detail, is becoming a powerful tool in the
last years. Their capacity to retrieve 2-dimensional informa-
tion from large vessel areas is especially appropriate to mon-
itor particle fluxes, which generally show significant toroidal
and poloidal asymmetries. Here, the same cameras and meth-
odology used in the past to study the D6 and beryllium (Be)
particle fluxes F and the gross erosion yield Yeff in limiter
plasmas, are applied to L-mode plasmas with divertor con-
figuration. In the next section we describe briefly the cam-
era system and the analysed plasmas. We explain then, how
the particle fluxes are inferred from the measured emission
intensities using the spectroscopic S/XB method. The approx-
imations taken due to the scarce information on the SOL and
edge plasma electron density ne and temperature Te are ana-
lysed and it is shown that the uncertainties are held within reas-
onable limits. Along the central part of the work, we explore
the dependence of the fluxes F and Yeff on different opera-
tional parameters: separatrix–limiter clearance, magnetic field
BT and plasma current IP, neutral beam injection (NBI) and
ion cyclotron resonance (ICR) heating power PNBI and PICR,
average plasma density <ne> and plasma ion mass (hydro-
gen H, deuterium D and tritium T). Rather than making a
detailed analysis on any specific point, the goal here is to
obtain quantitative measurements of F and Yeff and investigate
their dependence on the different plasma parameters. Finally,
we discuss the first wall erosion yield as obtained here in diver-
tor configuration with previous equivalent studies in ohmic
limiter plasmas and with the Be sputtering yields obtained
from SDTrim surface–particle interaction code calculations
[18]. The possible contribution of parasitic light reflections
from the divertor is examined in a separate appendix.

2. Camera system and plasma description

In the present work, we use two of the five wide-angle visible
cameras pertaining to a broadband wavelength viewing sys-
tem operating in a range from the visible to the mid-infrared
[19]. As part of a EUROfusion-JET diagnostic enhancement

6 When saying deuterium or D in a general context, we refer also to H and T,
but in the context of erosion, where the hydrogenic mass plays a significant
role, the specific isotope denomination is used.
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program for the recent D–T campaigns, the system has been
successfully upgraded and later exploited at high neutron and
Gamma radiation levels. For shielding purposes, the cameras
were installed outside the JET biological protection wall. They
receive the image from an endoscope installed at an equatorial
port after being transported via a mirror based optical relay
system along a path of about 40m. The in-vessel optics images
the JET vacuum chamber with two separate lines, a lower and
an upper branch, each viewing one half of the machine. Both
are then combined to form a full intermediate image after the
port window. The cameras view is shown in figure 1, where (a)
is a picture taken with internal vessel illumination and (b) is
an image of an L-mode plasma image with the Be II filter with
false colour scale. The frontier between the upper and lower
image branches can be distinguished near the torus mid-plane.
The region at the mid-plane of the outer limiter we study in
the present work is marked with a rectangle. We have selected
this region because there the whole plasma–limiter interaction
region is visible and because the pixel resolution is sufficient
to resolve the intensity distribution. It should be noted, that in
the present workwewill always consider themaximum intens-
ities recorded by the cameras in this region, i.e. the estimated
fluxes correspond to the utmost values.

The visible cameras used are the unfiltered visible ‘high-
speed or fast camera’ and the ‘spectroscopy camera’ with
filtering capacity. For the plasmas here analysed a narrow
bandpass filter centred at the Be II line at 527.2 nm with
1 nm at full width at half maximum is employed. The cam-
era has a 512 × 512, 16 µm pitch pixels electron multiplying
CCD sensor with signal amplification capacity. The maximum
recording speed is 80 frames per second (fps), but the exposure
time can be reduced below the millisecond scale. The visible
‘fast camera’, with a CMOS sensor of 1024 × 1024, 17 µm
pitch pixels, is able to record 3 × 103 fps at full frame and
up to 2.5 × 105 fps at reduced active sensor size. The max-
imum recording time is limited to 2GB so that the video length
depends on both, the region of interest (ROI) size and the frame
rate. The unfiltered visible measured light is strongly domin-
ated by Dα-line emission as demonstrated in [20]. In fact, if
a Dα-filter is put on the spectroscopy camera, the recorded
images are equivalent to those of the unfiltered. Some applic-
ations of the two existing fast cameras in JET can be found in
[21].

Both cameras were cross-calibrated against the absolute
radiance measurements of the visible spectroscopy system
monitoring the Dα and Be II lines looking to the divertor and
to one inner Be limiter. The procedure is explained in detail in
[16]. The final outcome of the calibration shows a very good
agreement when comparing the absolute radiances of both
lines when measured with the cameras and the spectroscopy
system for different plasma conditions at the divertor and the
inner limiter. The videos are visualized and analysed with the
software framework JUVIL [22], which was specifically cre-
ated to handle all the cameras of the JET viewing system.

The plasmas being investigated here were the L-mode
phases of a series of different campaigns to study L–H

transitions and carried out with varying plasma species con-
tent: H and D [23], T and DT [24] and HT mixtures [25]. All
had the same plasma shape shown in figure 2, and (a) variety
of BT, IP and electron density values were explored. In ICR
heated plasmas and most NBI heated ones the power ramp rate
was at most 1 MW s−1. In T and D–T NBI heated plasmas
1 MW steps were taken every 1 s.

3. Plasma emission interpretation

A usual way to infer particle fluxes F7 from limiters and the
first wall is by spectroscopic means, analysing the line radi-
ation emitted by the excited atoms entering the plasma and
using the so-called S/XB coefficients [26]. These relate dir-
ectly to the measured line integrated emission intensity of a
characteristic atomic line expressed as radiance L with the
particle flux F as:

F = 4πS/XBL . (1)

The S/XB coefficients are also called photon efficiencies
or number of ionisation events per photon. They depend
locally on Te and ne along the emission layer at the SOL
plasma where most of the here analysed line radiation comes
from. Commonly they are estimated using atomic collisional-
radiative models and can be obtained from the ADAS database
[27]. Unfortunately, there is scarce information on the Te and
ne SOL profiles for the studied plasmas and approximations
must be taken to estimate the S/XB values. However, as will
be shown, thanks to their relatively small variations within
our SOL Te–ne domain, this can be done accepting reasonable
errors.

Figure 3 shows a schematic representation of the SOL
plasma emission layer viewed by the cameras. D+ plasma ions
and D0 CX neutrals impinging on the Be limiter surface and
recycle on the surface as molecules and atoms. Since the D+

andD0 Recycling coefficientR≈ 1, themeasurement of theD2

and D neutrals re-entering the plasma is approximately equal
to the incident flux. For the plasmas here analysed, with rel-
atively short separatrix–limiter clearance (<5 cm), the main
contribution of the D fluxes we observe at the outer limiter
are D+ ions. This can be affirmed because the Dα (and Be
II) emission region there has a clearly peaked pattern near
the outer mid-plane (OMP) where the separatrix–limiter clear-
ance is smallest and where the plasma ions will preferentially
impact. Light from recycled D0 CX neutrals would in con-
trast show a rather homogenous distribution along the first
wall. However, it should be remembered that when using the
S/XB method, it is assumed that the emitting D atoms within
the observing volume come from the corresponding associ-
ated area due to recycling, something that may not be always
true, e.g. for energetic neutrals with a large ionization mean

7 By fluxes F we refer in the present work to particles per unit time per unit
area (s−1 cm−2).
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Figure 1. The cameras view inside the torus vessel: (a) is a picture taken with internal vessel illumination and (b) is an image of an L-mode
plasma with the Be II filter. The region at the mid-plane of the outer limiter we analyse in the present work is marked with a rectangle.

Figure 2. Plasma configuration of the analysed plasma and limiter
observation region.

free path compared to the observation area dimensions. On
the other side, the plasma flux onto the surface will release
via sputtering (Be) impurity atoms from the material surface
that are also measured in the present study.When entering into
the plasma, the D and Be, apart from becoming ionized, get
excited mainly via electron collisions and emit characteristic
line radiation. Here we monitor with the cameras the Dα and
Be II line at 527.2 nm lines, which converted to radiances,
allow us to retrieve the corresponding particle fluxes. It should

be outlined, that the generalised use of the Be II 527.2 nm line
emitted by Be+ ions in JET instead of a Be I line begun in
earlier Yeff studies to detect the BeD hydrides originated by
chemical assisted physical sputtering (CAPS) without miss-
ing out the Be+ fraction from dissociation reactions [12].
Choosing this line, it could be the case that a fraction of
the sputtered neutral Be when entering the plasma and being
ionized, is transported away from the observation volume or
re-deposited before emitting the corresponding photons and
therefore not counted for. We have however checked, that the
estimated Be fluxes using a Be I line (at 457.4 nm) and its cor-
responding S/XB value are very similar to those obtained with
the Be II 527.2 nm line for the same plasma. Therefore, this
fraction of non-detected Be atoms should be small.

Returning to figure 3, where we have represented the radial
profiles of ne and Te, which exponentially decay in the SOL
plasma, and of a typical S/XB coefficient, which generally
increases moderately with ne and Te for our typical SOL
plasma conditions (see later). We also show illustratively the
characteristic emission intensity profile I of the atomic line
monitored by the camera, which peaks generally a few centi-
metres (say 2–5 cm) from the limiter surface. It is later con-
verted to the radiometric unit radiance L using the respective
calibration factor along the analysis process. The shape of I
will mainly depend on the ne and Te profiles and of the speed
of the atom entering into the plasma. Note that the intensity
I measured by the camera integrates the emission along the
viewing chord. On the other side, to get the particle fluxes from
equation (1) we have to estimate discrete values for the corres-
ponding S/XB coefficients weighted by the emission profile
along the viewing chord. When doing this, assumptions must
be made on the ne and Te profiles along the emission layer
close to the surfaces. However, as will be shown later and as
is generally the case, the S/XB coefficients do not vary much

4
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Figure 3. Schematic representation of the SOL plasma emission
layer viewed by the cameras showing the radial ne- and Te-profiles
(blue) together with those of S/XB (green) and the line emission
intensity I (red).

for our SOL plasma conditions and reasonable approximations
can be done.

The S/XB coefficients for Dα and the Be II retrieved from
ADAS are plotted for 5 eV < Te < 200 eV in figure 4(a) for
ne = 1 × 1018 m−3 and 2 × 1019 m−3. The ones for Dα do
not consider the photons emitted by deuteriummolecular reac-
tions. In order to correct for this, a higher value by up to a
factor of two must be foreseen [28, 29]. This contribution to
the total Dα flux will depend mainly on the atomic/molecu-
lar physics near the emission layer, principally determined by
the local ne and Te profiles there. Also, on the surface material
and its temperature, which settle the molecular versus atomic
fraction in the recycling process. A possibility to determine
the molecular contribution of the S/XB is using neutral trans-
port codes such as EIRENE, that considers all reactions that
can lead to Dα line radiation as done in [30]. In this study,
it was found that the dissociative excitation of D2

+ can even
dominate over the electron collision excitation of atomic D
near the surface. In a recent study using EMC3-EIRENE [31],
global S/XB values for the Dα line between 14 (in the far SOL
plasma) and 34 (at divertor targets) are reported. On the other
side, the way to experimentally estimate the molecular contri-
bution is by measuring, besides the Dα line, also the molecu-
lar D2 Fulcher band [28, 29]. Since a dedicated analysis on
this is out of the scope here, relatively large errors must be
foreseen when estimating the D fluxes (see later). However,
when studying the flux variations as a function of plasma para-
meter, large relative deviations of the S/XB values are not to
be expected. In other words, the error is mainly contained in
the absolute value, not in its change.

In order to estimate the S/XB coefficients, we have firstly
to delimit the ne–Te domain of the SOL for our plasmas, since

most of the emission is expected to come from this region.
In JET L-mode plasmas, depending on heating power and
average density, we have from bibliography at the separat-
rix upstream plasma typically ne(a) ≈ 0.5–2 × 1019 m−3 and
Te(a) ≈ 30–150 eV [32–35]. Further, the reported ne and Te

near-SOL decay lengths λne and λTe at the OMP are typ-
ically λ ≈ 2–3 cm and increase towards the far-SOL up to
double and more. The here analysed plasmas have a clear-
ance or gap between separatrix and limiter of 45–50 mm near
the OMPwhere the strongest plasma–surface interaction takes
place. Thus, extrapolating from the separatrix with exponen-
tially decaying functions the ne and Te can decrease down
to about 1 × 1018 m−3 and 5 eV respectively at the limiter
surface. Therefore, the whole SOL plasma ne–Te domain is
covered in figure 4(a).

When choosing the S/XB value for a given line measure-
ment, we have to estimate its line-integrated value weighted by
the emission profile along the viewing chord. Unfortunately,
there are no ne nor Te profiles available for the analysed
plasmas and approximations must be taken. A reasonable
approach is to take a value where we expect is the max-
imum of the emission intensity peak. It is typically located a
few centimetres (about 2–5 cm) inside the material surface,
from depending on the ne- and Te-SOL profiles. If we fol-
low this criterion, we can limit the ne–Te range when estim-
ating the line-integrated S/XB value. In figure 4(a), the shad-
owed regions mark this delimited parameter range where we
expect is the emission maximum: 15 eV < Te < 100 eV and
5× 1018 m−3 < ne < 2× 1019 m−3. These limits are estimated
from the separatrix ne(a) and Te(a) ranges given before and the
SOL decay lengths λ. Following this approximation and look-
ing to the graphs, in the present work we will use for all plas-
mas the intermediate or effective coefficients (S/XB)BeII = 45
and (S/XB)Dα = 30 to include the molecular contribution as
explained before. They are marked with horizontal lines in the
figure. The increase by about 50% for the Dα line to correct
for the molecular contribution and spotted in figure 4(a) with
an arrow was done to bring (S/XB)Dα to 30, which is the value
recommended in [28, 29] near a limiter in ionizing plasma con-
ditions (no recombination reactions).

With all this, the errors when fixing the line-integrated
S/XB coefficients to constant values for all our analysed plas-
mas can reach up to ±25% for Be II and ±50% for Dα. To
this we have to add other error sources, the most important
being those coming from the S/XB ADAS calculations and
those of the camera calibration factors. Concerning the cal-
culated S/XB coefficients, we can say that depending on data-
base, even within ADAS, one might find some differences, the
origin of these being the specific CRM utilized and the atomic
cross-sections used. For the widely used Hα (Dα) emission
line there is, as far as we have seen in the different sources,
no appreciable differences. For the Be II line at 527.2 nm we
have found variations of about±25%depending on the source.
Concerning camera calibration factors, it must be noted that
these were deduced making a cross-calibration against two
spectroscopy systems, one looking to the divertor, the other
to the inner guard limiters. The procedure is explained in [16].

5
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Figure 4. (a) S/XB coefficients for the Dα and the Be II at 527.2 nm retrieved from ADAS for different plasma densities. (b) RS/XB as
obtained from the ratios of the Dα and the Be II S/XB coefficients.

Therefore, we have to add to the error in our cross-calibration
process, the one existing inherently in these systems and the
summation of both may give a relative uncertainty in the cal-
ibration factors of up to 50%. Summarizing, when extracting
the particle fluxes from the camera intensities or counts, we
have to accept an overall relative error of 100%. It should be
however noted, that that these large uncertainties are common
when quantifying spectroscopically plasma fluxes with the
S/XB method. On the other side, most of these error sources
are systematic meaning that when comparing relative values, a
much smaller relative error should be expected. For example,
if the fluxes are quantified and are seen to increase by a cer-
tain factor when making a parametric scan, then the expected
uncertainty of the factor should be smaller than the value itself.

On the other side, the Be effective sputtering yield Yeff
Be

(or simply Yeff) is defined as:

YeffBe ≡
Fout
Be

Fin
D

, (2)

where Fout
Be is the Be out-flux sputtered from the surface by

the bombarding plasma in-flux Fin
D
8. The Be out-flux has two

sputtering precursors from the plasma, the majority impinging
D flux and the impurity flux, mainly Be in JET, that causes the
so-called self-sputtering. On the other side, the major contri-
bution to the Be erosion is physical sputtering, the other being
CAPS, that produces the volatile molecule BeD. CAPS has
beenmeasured in JET to contribute up to 30% for D in the base
operational limiter temperature of T < 300 ◦C and decreases
as the surface temperature increases, vanishing for T> 500 ◦C
[12]. For the here analysed plasmas the limiter surface temper-
ature was below 300 ◦C (as measured by IR thermography)
so that CAPS is expected to contribute significantly. In the

8 The subscript D stays here for deuterium, but may be replaced by H (hydro-
gen) or T (tritium).

present work we do not measure the BeD contribution from
CAPS to the global erosion and we are not able to distinguish
between both sputtering mechanisms. Nevertheless, we will
later discuss its possible contribution.

From equations (1) and (2) we can retrieve Yeff
Be from the

quotient of the Be II to Dα radiances as:

YeffBe =
(S/XB)BeIILBeII
(S/XB)DαLDα

≈ RS/XB
LBeII
LDα

, (3)

whereRS/XB is defined as the S/XB ratio of the respective lines.
Figure 4(b) shows RS/XB plotted in the range of 5–200 eV and
three densities such as the whole ne–Te range expected in the
SOL is covered. When calculating RS/XB, the ADAS S/XB of
the Dα lines has been multiplied by 1.5 to include the molecu-
lar contribution. From the figure it can be seen that, since the
S/XB coefficients of both lines have similar behaviours with
ne and Te, their ratio RS/XB, has only small variations in this
large ne–Te domain. Taking advantage of this, if a constant
value of RS/XB = 1.5 is taken, the maximum error in the whole
plasma parameter range of the figure is about±25%. The error
is reduced to ±15% if we use the restricted range where we
expect to be the line-integrated S/XB coefficients as explained
before (blue shaded area in the figure).

4. Results

In the following section, the dependence of the particle fluxes
F and the effective gross erosion yield Yeff on different plasma
parameters are studied: separatrix–limiter clearance, magnetic
field BT and plasma current IP, NBI and ICR heating power
PNBI and PICR, average plasma density <ne> and plasma
isotope mass (H, D and T). For all the selected discharges,
the majority isotope has a minimum concentration of 90%,
although generally it is above 95%. For each of the paramet-
ric scans, plasmas have been selected with similar values of
the other parameters. For example, if we make a power scan,

6
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Figure 5. The separatrix at two time instants, t = 14.5 s (blue) and
t = 16 s (red), of an L-mode plasma (BT = 2.4 T, IP = 2 MA) where
the magnetic configuration was changed. The right frame is a zoom
of the green rectangle and the arrows represents the clearance d.

we compare only plasmas with same or comparable BT–IP,
<ne> and plasma isotope. Therefore, in some cases, the num-
ber of selected plasmas from the database is scarce. It should
be mentioned, that an additional difficulty in the present work
was to program in advance for each experiment the correct
camera settings, as recording time, exposure time, amplifica-
tion, field of view, etc. This was in the present work gener-
ally achieved thanks to the good coordination of the scientific
team and the camera operators in the control room during each
experimental session. Finally, we would like to note that in this
broad study, rather than to make a detailed analysis on a spe-
cific parameter variation, the objective is to explore general
trends and dependencies and let for the future more detailed
analysis of individual specific topics.

4.1. Dependence on separatrix–limiter clearance

Figure 5 shows the separatrix at two time instants, t = 14.5 s
(blue) and t = 16 s (red), of an L-mode plasma (BT = 2.4 T,
IP = 2 MA) where the magnetic configuration was slightly
changed. The clearance or gap d between the separatrix and
the outer limiter marked with a red and blue arrow was
reduced continuously during this time period from approxim-
ately 50 mm (blue) to 15 mm (red) at a height about 50 cm
above the OMP. The time traces of the NBI injected power
PNBI, the total radiated power PRad, the average electron dens-
ity <ne> and the clearance d are displayed in figure 6. The
power PNBI increases in 1 MW steps at the times marked with
red arrows and <ne> raises slowly from 4.6 × 1019 m−3 to
5× 1019 m−3 during the 1.5 s time interval when the clearance
was reduced. Neither the rather small plasma density increase,
nor that of PNBI, should have a drastic influence on the fluxes
compared to the effect of the clearance variation (see later).
Figure 7 shows an image of an embedded video-clip from

Figure 6. Time traces of the NBI injected power PNBI, the total
radiated power PRad, average electron density <ne> and clearance
d.

the Be II camera displaying the clearance reduction phase. As
expected, there is a strong emission intensity increase when
the separatrix approaches the outer limiter surface. The time
evolution of the estimated maxima at the observation region of
the T and Be particle fluxes within the green ROI are plotted
in figure 8. The video recording time visible in the upper part
of the clip corresponds to the time of figure 8 plus 40 s. The
Be flux increases monotonically reaching a factor of 5 times
larger compared to the initial state. The T flux, as estimated
from the fast camera radiance, raises somewhat more mod-
erately, ending with a value a factor of 3 higher than at the
beginning. Using equation (3) the beryllium effective erosion
yields are estimated to be: Yeff = 0.045 for d = 50 mm and
Yeff = 0.075 for d= 15mm. The observation that Yeff increases
when reducing d can be explained with the increase of the ion
impact energy Ei at the limiter surface, something to be expec-
ted when reducing the gap to the separatrix. The strong plasma
T ion flux F > 1018 s−1 cm−2 onto the limiters for d = 15 mm
is similar to the values we observed in the past for ohmic lim-
iter plasmas with BT = 2.3 T and IP = 1.9 MA at the highest
densities of 3.5 × 1019 m−3 [17].

In order to check quantitatively the T flux increase of
figure 8, let us express F as a radially exponential decaying
function along the SOL:

F(d) = F(0)e−d / λF
, (4)

where d is the radial coordinate from the separatrix towards
the limiter surface and λF the characteristic flux decay length,
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Figure 7. Video-clip of the Be II camera displaying the clearance
reduction phase (the video is available in the online article).

Figure 8. Time evolution of the estimated maxima of the T and Be
particle fluxes.

which is related to the ne and Te SOL decay lengths as:

λF
−1=λne

−1 + (2 λTe)
−1

. (5)

From equation (4), introducing the measured fluxes at
d1 = 50 mm and d2 = 15 mm we get a rough estimate of the
flux decay length λF = (d1 − d2)/ln [F(d2)/F(d1)] ≈ 30 mm.
This value is in good agreement with past JET L-mode SOL
flux decay lengths deduced from the ion saturation current of a
reciprocating probe [33] and is in general accordancewith near
SOL decay lengths λne ≈ λTe ≈ 20–30 mm which increase at
larger radii [35]. It must be noted, that this is a rather rough
estimation of the flux decay length, since parameters as ne
and P vary during the measurement time period. The obtained

value of λF however shows quantitative consistency with the
expected one from prior work.

4.2. Dependence on magnetic field and plasma current

Figure 9 shows the images of the Be II and fast (Dα)
cameras of three L-mode T plasmas (2 MW NBI,
<ne> ≈ 4 × 1019 m−3), with very similar magnetic configur-
ation, but with different magnetic toroidal field BT and plasma
current IP: (a) BT = 1.8 T and IP = 1.8MA, (b) BT = 2.4 T and
IP = 2MA and (c)BT = 3 T and IP = 2.5MA. For the fast cam-
era images, only the limiter observation region is shown since
to the intensity is strongly saturated at the divertor. As BT and
IP increase, the Be II and the Dα (fast) emission decrease at
the outer limiters (note that the scale is increased for frame a).
Contrarily, at the divertor, the Be II intensity increases. The
deduced particle fluxes at the limiter and divertor (only for
Be) are plotted for the three plasmas in figure 10(a). We have
assumed for the Be II line at the divertor the same S/XB values
as at the limiter, although a smaller value is to be expected due
to lower Te there. The behaviour of the fluxes when increas-
ing BT and IP can be explained with the expected reduction
of the perpendicular transport with respect to the parallel one.
In fact, when increasing these parameters, a shortening of the
SOL density decay length λne and a decrease of the density
shoulder has been observed in JET L-mode plasmas [35]. The
fit of the points in the figure was done with a power law F α BT
a, with a≈−1.5 for the T fluxes and a≈−3 for the Be fluxes.
Note that this tentative fitting is just to show the tendency and
much more points would be necessary to evaluate a trustful
scaling law in a proper way. Moreover, an equivalent graph
and fit can be made plotting F as a function of IP. The quest
whether which parameter influences on the fluxes cannot be
answered, since for the analysed plasmas, BT and IP change
together and it is not possible to separate their contributions.
Finally, it should be also remembered that, as discussed in
section 3, there is a large uncertainty of up to a factor of two
when retrieving the fluxes, although the respective relative
error between the points should be much smaller. This rule
should be also generally true for the rest of the parametric
studies here investigated.

In figure 10(b) are plotted the deduced Be effective erosion
yields Yeff, which shows a decrease by nearly a factor of 2 with
increasing BT and IP. It points to a reduction of the ion impact
energy Ei at the limiter surface, which would induce a sput-
tering yield decrement. This is consistent with observations in
JET and ASDEX Upgrade L-mode plasmas, where the power
decay length λq, proportional to λTe, was shown to decrease
with increasing BT as: λq α λTe α BT

−0.8 [36]. Again, the here
shown trend of Yeff should be confirmed with more dedicated
analysis in future.

4.3. Dependence on heating power

Another clear observation of the present study is that the type
of plasma heating, ICRH compared to NBI, has a different
impact on the particle fluxes and erosion yield. As a first
example, we show in figure 11 for a D plasma (BT = 1.8 T,
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Figure 9. Images of the Be II and Fast (Dα) cameras of three T plasmas with very similar magnetic configuration, but with different
magnetic toroidal field BT and plasma current IP (y-axis represents counts).

Figure 10. (a) Particle fluxes at the limiter and divertor (only for Be) for the three plasmas of figures 9 and (b) corresponding erosion yield
Yeff.

IP = 1.8 MA) the time traces of injected power, PNBI and PICR,

the total radiated power PRad, the average density <ne> and
the divertor Dα intensity. The plasma, firstly heated with NBI
and transiting from L- to H-mode during the power increase, is
later brought again from L- to H-mode during an ICRH power
ramp. Before and after the first H-mode phase (blue shadowed
fringe), the plasma has same <ne = 3×1019 m−3 and 1 MW

heating power, but at the beginning with NBI and later with
ICRH. In figure 12 are plotted during the same time-interval
the estimated particle fluxes of D and the Be as measured with
the cameras at the outer limiter. The D fluxes are about 20%
higher in the ICRH phase compared to the NBI phase. Those
of Be increase by more than a factor of 2. The correspond-
ing erosion yields are Yeff ≈ 0.025 during NBI heating and
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Figure 11. Time traces of injected power, PNBI and PICR, the total radiated power PRad, the average density <ne> and the divertor Dα

intensity.

Figure 12. Particle fluxes of D and the Be at the outer limiter for the plasma of figure 11.
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Figure 13. T and Be flux time traces for a T plasma where PICR was
ramped from 0.5 MW to 4 MW (green line).

Figure 14. T and Be fluxes as a function of PICR for different T
plasmas with similar <ne>.

Yeff ≈ 0.06 during ICRH. The total radiation is about 30%
larger during the RF heating phase indicating higher impur-
ity content. This clearly much higher erosion yield in ICRH
compared to NBI heated plasmas for similar power levels is
systematically measured for all the plasmas analysed here. It
is in accordance with generalised observations of enhanced
metallic impurity production in ICRH heated plasmas, which
is attributed to an increase of the ion energy onto the surfaces
due to RF enhanced sheath potential, including in regions with
unconnected field lines to the antennas (see review about influ-
ence of ICRH on SOL changes in [37]).

Moreover, there is a clear effect of the ICRH power level on
the fluxes. Figure 13 shows the T and Be flux time traces for a
T plasma (BT = 1.8 T, IP = 1.8 MA, <ne⩾ = 3 × 1019 m−3)
where PICR was ramped from 0.5 MW to 4 MW (green line)
while the density stayed constant. The T fluxes increase during
the power raise by a factor of 1.7 and those of Be by a factor of

Figure 15. D and Be fluxes at the limiter as a function of <ne>
during a plasma density ramp.

about 2.5. For 0.5 MW we get an erosion yield Yeff ≈ 0.055,
which increases to Yeff ≈ 0.085 for 4 MW.

To confirm this trend, we have plotted the T and Be
fluxes in figure 14 for a set of similar T plasmas but with
different ICRH power levels (BT = 1.8 T, IP = 1.8 MA,
<ne⩾ = 3 × 1019 m−3). A similar increment of the fluxes
with PICR is observed. Also, the estimated erosion yields Yeff

show a similar increase with ICRH power. Contrarily, for NBI
heated plasmas we do not observe any clear increase of the
fluxes with the power, at least within the relatively small range
we have investigated. As an example of this, we just refer to
the NBI power scan shown in figures 6 and 8. It can be seen
that at the moments at which two power steps of 1 MW are
done (see arrows) any sensible increase in the fluxes occur.

4.4. Dependence on average plasma density <ne>

The D and Be particle fluxes at the limiter near the OMP are
plotted in figure 15 as a function of <ne> during a plasma
density ramp (BT = 3 T, IP = 2.5 MA, PNBI = 3.5 MW). Both
fluxes steadily increase by about 60% during the <ne> ramp-
up of about +30%. The effective erosion yield Yeff ≈ 0.03
stays constant within this density range. Fitting the fluxes to
a power law (dashed black lines) we get for both, D and
Be: F α <ne> 1.7. A stronger <ne> dependence was found
for a set of T ICR heated plasmas with same power level
PICR = 2 MW (BT = 1.8 T, IP = 1.8 MA) as can be seen in
figure 16. The fit of the data to power laws give: FD α <ne>3

and FBe α<ne>2.5. The deduced yield is Yeff ≈ 0.075, a factor
of 3 higher than the former NBI case.

Generally speaking, we can say that for the L-mode plas-
mas analysed here, the increase of the particle fluxes with
<ne> is clearly larger than for limiter plasmas studied in the
past, which showed a nearly proportional dependence with
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Figure 16. Same as figure 15 for a set of T ICR heated plasmas
(PICR = 2 MW).

average plasma density [16]. This observation of enhanced
fluxes is accordance with the characteristic enhanced perpen-
dicular (turbulent) transport across the SOL in L-mode plas-
mas and with the development of the density shoulder when
increasing <ne> (see e.g. [3–5 and 35]).

4.5. Dependence on plasma isotope mass

Figure 17 shows two images from the Be II filtered camera of
(a) a hydrogen (98% H) and (b) a tritium dominated (90% T,
10% H) plasma. Both discharges belong to the same experi-
mental session and had same plasma parameters (BT = 1.8 T,
IP = 1.7 MA, <ne⩾ = 3 × 1019 m−3 and PICR = 4 MW).
The camera settings were the same in both. At the outer limiter
observation region, the Hα (Tα) emission at this moment were
similar in both, indicating similar H (T) fluxes. However, the
Be II emission intensity is about three times stronger for the
T discharge as can be deduced from the images. This indic-
ates a much higher erosion yield for T. The total radiated
power was a factor of 2 higher in the T plasma, indicating a
higher impurity content. A systematic comparison of similar
H and T ICRH heated plasmas (BT = 1.8 T, IP = 1.7 MA,
<ne> ≈ 3 × 1019 m−3) of the isotope effect on the erosion
yield is shown figure 18, where Yeff is plotted as a function of
PICR. As in the section 4.3, we see a clear increase of Yeff with
the applied power for T, but not for H, something that is not
understood for themoment. Important is the clear isotopemass
effect: T has an erosion yield a factor of about 2 higher than
H. A similar result was recently observed in JET ohmic limiter
plasmas [17]. As will be discussed later, this isotope effect is
in good agreement with ion beam laboratory experiments and
surface–particle interaction code calculations [38, 39].

5. Discussion

Let us compare the here obtained Be effective erosion yields
Yeff in diverted L-mode plasmas with those obtained recently

for H, D and T ohmic limiter plasmas analysed with the
same methodology [17] and also with the physical sputtering
yields YPhys calculated with the surface–particle interaction
code SDTrim. In order to compare both yields, we have to sub-
tract from our Yeff measurements the contribution of CAPS,
which is not considered in the YPhys SDTrim calculations.

Figure 19 shows Yeff as a function of<ne> for the past ana-
lysed ohmic limiter plasmas for H, D and T. As in the present
work for L-mode plasmas, the measured Yeff showed a clear
increase with the isotope mass, the increments being in good
agreement with ion beam laboratory experiments and surface–
particle interaction code calculations [38, 39]. Additionally,
the general trend is that, as already observed in the past [11–
14], the erosion yield decreases with increasing plasma density
due to the diminution of Te and thereby Ei at the limiter sur-
faces decreases. The inflexion region at medium densities is
an artefact, since as in the present work, a constant value was
fixed for the RS/XB ratio rather than a slowly varying ne and Te

function. For these ohmic limiter plasmas, the contribution of
CAPS on Yeff was extracted thanks to the use of a visible spec-
trometer that monitored the production of molecular beryllium
hydride (BeH). The estimated fraction of CAPS was around
30% for D [12], 25% for T and 50% for H [17, 40]. The relative
importance of CAPS on the total yield increases with decreas-
ing ion mass, because CAPS is observed to stay constant inde-
pendently of the hydrogenic mass, whereas the global Yeff, the
sum of physical sputtering and CAPS, decreases. This means
that the observed isotope effect on Yeff is only linked to the
well-known ion mass effect on the physical sputtering yield.

Table 1 summarises the measured Yeff ranges for H, D
and T without CAPS for ohmic limiter plasmas from the past
and for the here analysed L-mode plasmas with d = 4.5 cm,
BT = 1.8 T and IP = 1.7 MA. For the L-mode plasmas a
similar CAPS contribution as in limiter plasmas was subtrac-
ted. This assumption may underestimate this fraction, since
prior experimental studies in PISCES and molecular dynam-
ics (MD) modelling indicate that the relative contribution of
CAPS increases when decreasing the impact energy [41, 42].

In figure 20 are plotted the Be physical sputtering yields
YPhys as a function of ion energy Ei from updated SDTrim cal-
culations for the three isotopes H, D and T assuming 45◦ incid-
ence angle [43]. The graphs are plotted only for Ei < 100 eV
to better show the energy range to be discussed. The general
trend of the yields is following: YPhys = 0 below a certain
threshold energy, then increases with Ei up to a maximum near
100 eV, stays quite flat in the range 100 eV < Ei < 500 eV
(not shown) and finally decreases moderately for higher ener-
gies. On the graph, we have overlaid the Yeff ranges of table 1
without CAPS, i.e. only including physical sputtering (col-
oured ellipses)

For ohmic limiter plasmas there is good agreement with
the calculated curves for the three isotopes near the calcu-
lated YPhys maximum values. The lower ion energy limit, to
match onto the curves the Yeff measured ranges corresponds
to Ei ≈ 75 eV. Assuming Te ≈ T i and Ei ≈ 5 Te [12], this
would mean that we have at the limiter surface for the higher
densities (lower Yeff) Te ≈ 15 eV. This is in good agreement
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Figure 17. Be II filtered images of (a) a hydrogen (H) and (b) a tritium dominated (90% T, 10% H) plasma.

Figure 18. Yeff as a function of PICR for different T and H plasmas.

Figure 19. Yeff as a function of <ne> for H, D and T in ohmic limiter plasmas.

Table 1. Effective erosion yields Yeff without CAPS for ohmic limiter and L-mode plasmas.

H D T

Yeff limiter 4–5 × 10−2 1–1.5 × 10−1 1.5–2 × 10−1

Yeff L-mode 2–2.5 × 10−2 (ICR) 2 × 10−2 (NBI) 4–7 × 10−2 (ICR)
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Figure 20. Physical sputtering yields YPhys as a function of ion
energy from updated SDTrim calculations for the three isotopes H,
D and T assuming 45◦ incidence angle. The ellipses mark the
measured Yeff yields without CAPS for ohmic limiter and diverted
L-mode plasmas.

with probe measurements for high density ohmic limiter plas-
mas, where Te ≈ 20 eVwere measured [32, 44]. As the plasma
density decreases, Te increases up to about 100 eV, meaning
that Ei reaches up to 500 eV for lowest<ne> in ohmic limiter
plasmas.

Fort the L-mode plasmas, the Yeff ranges here obtained
when plotted on the SDTrim curves, correspond for the ICRH
plasmas to impact energies of around Ei ≈ 25–50 eV. This
would correspond to Te ≈ 5–10 eV at the limiter surface. For
NBI plasmas somewhat lower values are to be expected since
minor Yeff were measured. This is also in accordance with
probe measurements of Te ≈ 10 eV and lower in JET L-mode
plasmas at about 50 mm from the separatrix [32, 33].

It should be clarified when looking to figure 20, that unfor-
tunately we have no measurements of Ei (nor Te) at the limiter
surface. Also, that the estimated erosion yields marked on the
SDTrim curves have relatively large errors. The idea here is
just to try to show on one side, that the corresponding meas-
ured values between the different isotopes, where the relat-
ive error should be much smaller, are consistent with those of
modelling. On the other side we try to display, that the energy
ranges that match the yields of the curves are also quite reas-
onable in view of the expected values for limiter and L-mode
plasmas.

Summarising, the comparison of sputtering yields from
measurements and calculations shows a consistent picturewith
the expected Te in ohmic limiter and L-mode plasmas and
the corresponding impact energies. The dependence with the
ion mass is also in good accordance for the three isotopes.
As a final remark, it should be remembered that the gross
erosion yields given in table 1 correspond to the L-mode plas-
mas with small clearance (d < 5 cm) and low BT = 1.8 T and
IP = 1.8 MA. These are quite unfavourable parameters from
the point of view of wall erosion, since as shown in section 4,

the yield Yeff decreases when increasing d andBT (IP). In ITER
for example, d ⩾ 8 and BT ⩾ 4 T, much lower yields and
plasma fluxes FD than those here reported are to be expected.
It should be also remembered, that the here quantified particle
fluxes (per unit area) correspond to peak values at discrete pol-
oidal limiters. One should foresee much lower values in case
of a toroidal limiter as in ITER, since the global fluxes will be
distributed over a much larger area.

6. Summary and future work

In the present work we show that visible cameras with a wide-
angle view are a useful tool to study and quantify particle
fluxes inside the vessel of a magnetic confinement fusion
device. They allow here to monitor simultaneously the diver-
tor and a large part of the vessel, including inner, outer and
upper First wall and limiters. Here we analyse the D fluxes
to the outer limiters and those of the sputtered Be during L-
mode plasmas. They are inferred from two absolutely calib-
rated cameras using the spectroscopic S/XB method. From
the fluxes, the effective gross erosion yield of Be (Yeff) is
then deduced. In a separate appendix it is shown, that for the
here analysed plasmas, with relatively small separatrix–limiter
clearance (<5 cm), the contribution of parasitic light reflec-
tions from the divertor is small. We have explored the depend-
ence of the fluxes and Yeff on different plasma parameters.
Even if we do not go in detail to any of the broad aspects here
inspected, following trends have been observed:

• As envisaged, particle fluxes strongly increase when redu-
cing the separatrix–limiter distance. A 35 mm shortening
of the clearance raise the D fluxes by a factor of about 3
and those of Be by about a factor of 6. This means that Yeff

grows when reducing this distance, an indication that the ion
energy increases at the limiter surface. The estimated near
SOL particle flux decay length λF ≈ 30 mm is in accordance
with typical near-SOL decay lengths λ measured in JET L-
mode plasmas (section 4.1).

• When increasing BT and IP, the fluxes to the limiter clearly
decrease, in consonance with a reduction of the perpen-
dicular versus the parallel particle transport. The limiters
receive nearly 3 times lower plasma fluxes with BT = 3 T
and IP = 2.5 MA compared to those with BT = 1.8 T and
IP = 1.8 MA. We also observe a Yeff decrease when incre-
menting BT and IP, indicating a reduction of the ion impact
energy Ei. This is in accordance with prior studies in JET
L-mode plasmas where the SOL power flux decay length λq

and thereby of λT and of Te at the limiter surface was seen
to decrease with increasing BT (section 4.2 and [36]).

• ICR heated plasmas induce somewhat higher D fluxes and
much higher Be fluxes compared to NBI plasmas for same
power levels. We systematically observe for plasmas with
same parameters (P, BT, IP and<ne>) much higher Yeff val-
ues by a factor of 2–3 when heating with ICR compared to
NBI. Additionally, the fluxes and the effective erosion yield
Yeff increase considerably with the ICR heating power level.
The enhanced erosion and impurity production induced by

14



Nucl. Fusion 65 (2025) 046021 E. de la Cal et al

the ICR heating in the SOL plasma has been observed in
many machines (section 4.3 and [37]).

• Both, the D and Be fluxes, increase much stronger than lin-
early with the average plasma density. Assuming a power
law F α <ne>a, we got for an NBI plasma a ≈ 1.7 and for
a set of ICRH plasmas a ≈ 2.5. This is in line with prior
observations of enhanced perpendicular turbulent transport
across the SOL in L-mode plasmas when increasing <ne>
and with the broadening of the density shoulder (section 4.4,
[4, 5, 35]).

• Yeff increases with the plasma isotope ion mass: for T we get
yields a factor of about 2 higher compared to H. This isotope
effect is in good agreement with prior ion beam laboratory
experiments, surface–particle interaction code calculations
and recent studies in ohmic limiter plasmas (section 4.5 [17,
38, 39],).

• The comparison of measured Yeff with physical sputtering
yields from SDTrimp calculations shows an overall consist-
ent picture with the expected impact energies for ohmic lim-
iter and L-mode plasmas and with the plasma isotope ion
mass. This shows the importance of these kind of experi-
mental studies to validate surface–particle interaction and
erosion simulation codes (section 5).

Concerning future work, a similar study is being carried out
for high-power ITER-baseline H-mode plasmas of last JET
campaigns including D–T mixtures. The effect of impurity
(Neon, Nitrogen) seeding and of ELM size is investigated.
Despite the much higher heating power of up to 35 MW in
these plasmas, we will show that it is difficult to retrieve the
particle fluxes for the inter-ELM period. This is because the
separatrix–limiter clearance and the operation BT–IP was set
larger compared to the plasmas here analysed. As shown in
the present study, these parameters strongly reduce the ion
particle fluxes and increase the relative contribution of CX
neutrals. Therefore, we observe less highlighted emission at
the limiters compared to other wall areas. Additionally, the
contribution of Dα parasitic divertor reflections also increases,
something that complicates the emission interpretation at the
First wall. In view of this, the analysis of these plasmas is
a challenge. The quantification of stray light would be very
desirable. The methodology would be similar as the one pro-
posed in [45–47], briefly described in the appendix below. The
idea is to firstly produce synthetic Dα camera images using
the CHERAB code with inputs from the analysed plasmas
using fluid and neutral transport codes (SOLPS and EDGE2D-
EIRENE). Then estimate the reflections with a ray-tracing
code using the surface reflection properties already charac-
terized in JET for most first wall tile components. Finally,
compare the synthetic images, including the reflections with
those from the real camera. This experiment-modelling val-
idation study would be of great interest for the development
of analysis and simulation tools for future devices such as
ITER.
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Appendix. Light reflections at the limiters from the
divertor

Due to the much stronger Dα radiation at the divertor com-
pared to that at other regions such as the limiters, surface
light reflection can lead to incorrect interpretation of the emis-
sion. Dealing with reflections or stray light in fusion devices
is a complex subject-matter and a software framework called
CHERAB was developed for modelling spectroscopic dia-
gnostics with a ray-tracing package for different European
tokamaks including JET [45, 46]. It is configured to model
the scrape-off layer line emission from plasma fluid and neut-
ral transport simulations. The bidirectional reflectance distri-
bution function, that characterizes the surface reflection prop-
erties, was obtained through a series of calibration photos of
in-vessel point lights for most JET first wall tile compon-
ents. Using high fidelity plasma fluid simulations for obtain-
ing the plasma Dα emission distribution, the technique was
able to simulate plasma images of a JET divertor camera so
as to extract the reflection effects when comparing them to
the real recorded images. More recently a new method for
estimating the erosion of Be in ITER has been proposed. It
uses ray tracing-aided tomography to reconstruct the three-
dimensional profile of Be visible-light emissivity from syn-
thetic images of filtered cameras and other diagnostics [47].
The Be emissivity inside the vessel is retrieved from the Be0

and Be+ distribution from ERO2.0 simulations. The contribu-
tion of surface light reflections on the different spectroscopic
diagnostics can then be estimated and subtracted.

In the present work it is out of the scope to apply suchmeth-
odologies to estimate the effect of parasitic light. Here we will
just show, that for the here analysed plasmas, with relatively
short separatrix–limiter clearance (<5 mm) at the OMP and
thereby relatively high plasma particle fluxes, surface reflec-
tions should contribute only weakly to the Dα emission there.
We will do this with empirical observations, e.g. analysing the
local spatial emission pattern very similar to that of the Be
II. Another argument to show the weak contribution of reflec-
tions, is the lack of temporal correlation of the Dα emission
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Figure A1. Images of a typical L-mode plasma taken at the same time with (a) the Be II filtered and (b) the unfiltered fast camera (Dα

emission).

time traces at the divertor and the measurement region at the
outer limiter.

Figure A1 shows the images of a typical L-mode plasma
taken at the same time with (a) the Be II filtered and (b) the
unfiltered fast camera dominated by Dα emission. The meas-
ured radiances (in photons s−1 sr−1 cm−2) at three ROIs,
divertor, outer limiter and inner wall, are marked on the
figures: in black as estimated with the calibrated cameras and
in yellow with the divertor and inner wall spectroscopy sys-
tem (not available at the outer limiter). The values of both
are in very good agreement. Looking to the Be II image we
see that the radiance at the outer limiter mid-plane is larger
than at the divertor. For the here studied plasmas, where the
separatrix–limiter clearance at the OMP ⩽ 5 cm, we always
have a smaller or similar Be II intensity at the divertor. We
can therefore conclude, that for the Be II emission at the outer
limiter observation region, reflections coming from other ves-
sel regions are not an issue. This is not the case for the Dα

emission, where emission from the divertor is always much
stronger than at the outer limiter as can be seen in image (b).
In fact, due to the limited dynamic range of the fast camera,
the settings used to analyse the outer limiter emission brings
the level at the divertor to saturation so that we have to use the
spectroscopy system to get the Dα radiances there. Looking to
the wall, we see that the radiance distribution is quite homo-
geneous being typically a factor of 100 lower than at the diver-
tor. This points to reflections from the divertor and/or emission
from recycled CX neutrals. Contrarily, the light coming from
the outer limiters is peaked at OMP, where the clearance is
smallest. Moreover, the spatial distribution is very similar to
that of the Be II emission as will be shown with more detail
below and the intensity is about a factor ten higher than at the
walls. It should be noted, that after ([44], see figure 9(a)), the
divertor Dα stray light reflection distribution should be similar
for all the Be vessel components of the wall and the limiters.
This is not the case here with the localized peaked emission

regions at the outer limiters clearly highlighted with respect to
the rest of the wall.

Let us analyse the spatial limiter emission distribution in
more detail. In a past publication ([16], section 5), it was
shown with a high-speed video (50 µs exposure time), how fil-
amentary coherent structures convect radially towards the lim-
iters in an L- to H-mode dithering plasma. Here, since the fast
camera exposure time was set a factor of about ten higher, time
integration hinders the recognition of the individual filaments.
However, we can observe in the consecutive frames randomly
appearing inhomogeneous emission structures in the fast and
the Be II cameras, result of the time-integration of the indi-
vidual events (see embedded videos figure A2(a)). When com-
paring two frames of both cameras corresponding to the same
recording time, a high correlation of the patterns can be recog-
nized, as shown in figure A2(b). This observation is unlikely
to be explained by reflections or parasitic light, but much more
likely by real physical emission inhomogeneities produced by
the SOL plasma turbulence.

A further argument indicating that for the here analysed
plasmas, the Dα emission at the outer limiters near the OMP
is not dominated by divertor reflections is the lack of tem-
poral correlation of the emission intensities at both regions.
Figure A3(a) shows an image taken with the fast camera at
the moment where an ICRH power ramp brings the plasma
from L- to M-mode shortly before entering in H-mode. We
have marked on the image four ROIs: Divertor, Limiter and
also Wall 1 and 2 at the outer lower and inner midplane first
wall regions respectively. In the upper frame of figure A3(b)
is plotted the Dα radiance time evolution averaged over the
inner divertor (black) as measured by a fast spectroscopy sys-
tem (fast camera is saturated). Strong Dα oscillations appear
in phase with an MHDmode with a frequency of about 50 Hz.
Also shown is the Dα radiance multiplied by 100 measured by
another spectrometer with a horizontal view at the inner wall
at the region corresponding to the ROI namedWall 1 (red). We
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Figure A2. (a) Video-clips of Dα and Be II (the videos are available in the online article) emission at the outer limiter. (b) Comparison of
two selected frames of the video-clips.

Figure A3. (a) Fast camera image with selected ROIs at the divertor, walls and limiter. (b) Upper frame: Dα radiances at divertor (black)
and inner wall (blue) as measured by two spectroscopy systems. Lower frame: intensities measured by the fast camera at the limiter (black
squares) and at the wall near the divertor (red circles).

see the same modulation as at the divertor and in phase. Due to
the similarities in the waveform, one can suspect that the emis-
sion from the inner wall near the mid-plane may have a signi-
ficant fraction of reflected light from the divertor. In the lower
frame are plotted with a lower temporal resolution the intens-
ities measured by the fast camera at the outer limiter (black
squares) and at the ROI called Wall 2 (red circles). Despite

the lower temporal resolution, we can see how the intensity
at Wall 2 also follows closely the strong oscillations at the
divertor. Although not strictly necessarily, the emission there
could have a strong contribution of stray light from the diver-
tor. Contrarily, the emission at the OMP limiter correspond-
ing to our observation region along this study, stays constant
within ±10%. It shows no time correlation with the strongly
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oscillating divertor light and therefore it can be concluded that
the contribution of reflections should be small.

Summarizing, the Dα emission at the limiters OMP obser-
vation region is not dominated by divertor reflections for the
here analysed plasmas. However, they might contribute to
some extent to the total measurement. If in the future, if the
effect of the reflected light can be quantified, the here presen-
ted results can be easily corrected by subtracting its contribu-
tion in the following simple way. Defining the total measured
Dα radiance L

∗
Dα, as the sum of the radiance coming from the

emission volume at the limiter LDα (the quantity to be meas-
ured) and the one due to reflections at its surface LRDα, we
have:

LDα = L∗
Dα

−LRef
Dα

= L∗
Dα

(1− r) , (6)

where r = LRDα/L
∗
Dα is the fraction of surface reflected

light. Correspondingly, to get the real yield Yeff as defined in
equation (3) from the apparent measured effective sputtering
Yeff ∗

that includes Dα light reflections, we get:

Yeff=Yeff *(1− r)−1
. (7)

As an example, if r= 0.2, then the effective sputtering yield
Yeff corrected for reflections would be a factor of 1.25 higher
than the one estimated with the total measured Dα radiance.
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