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2D poloidal maps of the intrinsic W density
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The experimental method developed at ASDEX Upgrade for the determination of the intrinsic tungsten
(W) density profile coupling data from the soft X-ray (SXR) diagnostic and vacuum-ultra-violet (VUV)
spectroscopy1 has been upgraded for application to JET plasmas. The strong poloidal asymmetries in the
SXR emission are modelled assuming a ln(ǫ(ρ,R)/ǫ(ρ,R0)) = λ(ρ)(R2 − R2

0) distribution, where ρ is a flux
coordinate and R the major radius, λ a fit parameter. The W density is calculated from the resulting 2D
SXR emissivity maps accounting for contributions from a low-Z impurity and main ion with the assumption
that their contributions are poloidally symmetric and that only one other impurity (typically beryllium)
is contaminating the plasma apart from W. Comparing the result with the independent W concentration
measurement of VUV spectroscopy, a recalibration factor for the SXR emissivity is calculated making the
method robust against the decrease in sensitivity of the SXR diodes which has been observed across multiple
campaigns. The final 2D W density map is checked for consistency versus the time-evolution of the W
concentration measurement from VUV spectroscopy, toroidal rotation measurements from charge exchange
recombination spectroscopy and tomographic reconstructions of bolometry data. The method has been found
to be robust for W concentrations above a few 10−5 and in cases where the contributions from other medium-Z
impurities such as Ni are negligible.

PACS numbers: 52.25.Fi, 52.25.Vy, 52.25.Xz, 52.50.Sw, 52.55.Fa, 52.65.Tt, 52.70.Gw, 52.70.La
Keywords: tokamaks, impurities, ICRH, transport, diagnostics

I. INTRODUCTION

The large mass tungsten (W) and its highly ionised states present in fusion-grade plasmas make it susceptible
to centrifugal and electrostatic forces which lead to poloidal variations of its density within a flux-surface2–9. The
theoretical framework describing these effects has been known for some time10–16, but only in recent years has this
non-uniform poloidal distribution and its effects on the neoclassical transport of impurities been calculated self-
consistently and included in modern-day codes such as NEO17–19, GKW20,21. The theory has been found to be very
robust against experimental results6–8, but the inclusion of the effects of ion-cyclotron-resonance heating has proven
to be more challenging due to the difficulty in calculating the temperature anisotropy of the minority heated ions
when the resonance layer is located on the low-field-side (LFS)22,23. Since ion-cyclotron-resonance-heating (ICRH)
is planned to account for almost a third of ITER’s heating power, a more thorough understanding on how it can
be optimized for the control of central impurity accumulation can free electron-cyclotron-resonance-heating (ECRH)
systems to be used for other purposes such as neoclassical tearing mode (NTM) control and current profile tailoring.
The diagnosing of these poloidal asymmetries and the decoupling of centrifugal effects from those induced by ICRH

fast ions is very challenging, requiring highly optimized tomographic reconstructions of pinhole cameras with many
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lines-of-sight (LoS) and views of the plasma from different angles2–4,9, non-standard diagnostics such as tangential
pinhole cameras5 or forward models of the impurity distribution8,24. For the calculation of the intrinsic W density at
JET, a previously developed analysis methodology8,24 uses a combination of the available soft X-ray (SXR) cameras
taking advantage of the different spectral sensitivities to self-consistently calculate the contributions of W and low-
Z impurities such as beryllium (Be). This method therefore requires the knowledge of the absolute and relative
calibration of all the diode chips, and is thus subject to unknown systematic errors when the diodes’ sensitivity
decreases after consecutive campaigns.
The present paper describes an upgrade to the experimental method originally developed at ASDEX Upgrade

(AUG) for the determination of the intrinsic tungsten density profile coupling data from the SXR diagnostic and
vacuum-ultra-violet (VUV) spectroscopy1 to account for poloidal asymmetries and enable its application to JET
plasmas. This method does not rely on the absolute calibration of the SXR diodes and consistency checks of the
results with other independent diagnostics are intrinsically part of the analysis, giving a series of confidence indicators
to decide whether the results should be trusted or not. The analysis methodology is described in-depth in section II
and applied to a few examples pulses in section III. Conclusions and an outlook are given in section IV.

II. DETAILS OF THE ANALYSIS METHOD

A. Set of included diagnostics

Since 2005 only 3 of the original 11 SXR cameras installed at JET25 have been kept in operation, drastically
reducing the number of available lines-of-sight and of viewing angles into the plasma. These three cameras (figure
1) are located in three different octants and in the years have been equipped with different beryllium (Be) filters
(table I). All of these factors have made it increasingly difficult to perform tomographic reconstructions26, especially
for analyses aiming to resolve magneto-hydro-dynamic (MHD) instabilities, and the cameras have often been used
separately and for different purposes: V and T to characterize in-out poloidal asymmetries due to their favourable
viewing geometry; H devoted more to MHD studies because of its high acquisition rate and low noise signals.
The impurity asymmetries in JET are mainly driven by centrifugal effects and the SXR emission is often an order

SXR:H

S
X
R
:V

S
X
R
:T

VUV

FIG. 1. Lines of sight of the SXR cameras V, T and H (magenta, green and blue respectively) and VUV spectrometer (dashed
black vertical line) in JET-ILW with flux-surfaces (black) from the EFIT equilibrium reconstruction of discharge 85377 at 12
seconds in the discharge.
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Camera Octant Orientation Be-filter # Max acquisition
name thickness (µm) of LoS freq. (MHz)

T 2 vertical 100 35 0.2
V 7 vertical 250 35 0.2
H 4 horizontal 350 16 1

TABLE I. Status of the SXR diagnostic from 2015-2017: toroidal position (octant number), Be-filter thickness, number of
available LoS and maximum acquisition frequency.

of magnitude higher on the LFS than on the high-field-side (HFS), peaking close to mid radius or further out. Of
the two cameras that can efficiently diagnose these asymmetries, T is positioned so to view mainly the LFS, while
V is rotated of 180◦ and the maximum impact parameter of its LoS on the LFS is approximately mid radius. This
is a large limitation for the system since, for high power discharges, the peak in the SXR emissivity on the LFS is
often further out. On the other hand, the calculation of the asymmetry requires the knowledge of the profile shape
on the HFS as well and cannot be simply extrapolated if the information is missing. Last but not least, a faulty
diode chip was installed on camera T in 2015, with a few channels showing strong leakage currents whose negative
effects propagate to the neighbouring channels. For these reasons, the method explained here is presently applied to
camera V only, assuring a good coverage of the HFS to provide reasonable start conditions for the fitting routine but
limited to normalized minor radii r/a ∼ 0.6 − 0.7 (where a is the plasma minor radius) for the complete 2D profile
reconstruction.

B. Details of the method

As first step, the local SXR emissivity profile is calculated in two dimensions (ρ,R) using the formula:

ǫSXR
exp (ρ,R; t) = ǫSXR

exp (ρ,R0; t) · e
λSXR(ρ;t)(R(ρ,ϑ;t)2−R0(ρ;t)

2) (1)

where ρ is a flux coordinate (calculated from the equilibrium reconstruction from EFIT27), ϑ the poloidal angle, R
the major radius of the flux-surface labelled ρ at poloidal angle ϑ and R0 the reference major radius on the HFS
mid-plane (at the magnetic axis z = zmag) for the specified flux surface. Equation 1 has a major radius dependence
identical to that describing the ion density asymmetries13, with the assumption that it is a good fit-function for
the emissivity as well. The flux coordinate used throughout the paper is the normalized toroidal flux coordinate
ρ = ρtor = sqrt(ψ − ψa)/(ψs − ψa) where the indices s and a refer to the separatrix and the magnetic axis respectively.
A first guess for the local emissivity at the reference major radius ǫSXR

exp (ρ,R0; t) is calculated by performing a simple
Abel-inversion of the LoSs viewing the HFS (i.e. crossing the midplane on the left of the magnetic axis) and assuming
a poloidally symmetric emissivity profile, while λSXR(ρ; t) is initially set to 0 across the whole profile. An interative
procedure then scans these two fit parameters minimizing the deviations between the re-calculated LoS-integrals and
the measured values BSXR:

χ2 =
1

N

N
∑

k=1

(

BSXR
k (t)−

∫

k
ǫSXR
exp (ρ,R; t) dlk

)2

σBSXR

k

(t)2
(2)

where the sum is performed over the N lines-of-sight and the integral along each LoS of length lk. In order to avoid
over-fitting, the two fit parameters are scanned over varying radial grid sizes δρ greater than 2 to 3 times the average
difference of impact parameters of neighbouring lines-of-sight:

δρmin
avrg =

1

N − 1

N−1
∑

k

|ρmin
k+1 − ρmin

k | (3)

Once the best fit is found, the local emissivity is remapped to the (R, z) coordinates and the W density calculated
as follows:

nSXR
W =

M · ǫSXR
exp − ne

[

nD LSXR
D + nBe L

SXR
Be

]

ne LSXR
W

(4)

where, apart from the constant multiplication factorM which will be described shortly, all other quantities are mapped
to (R, z) and time-dependant. The densities ne, nD, nBe of electrons, main ion (in this case deuterium) and a low-Z
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impurity (in this case beryllium) and SXR-filtered cooling factors LSXR
W , LSXR

D , LSXR
Be of the tungsten, the deuterium

and beryllium, are all assumed to be flux-functions constant on the flux surface and remapped to (R, z) according
to the equilibrium reconstruction. The electron density is taken from experimental measurements, the SXR cooling
factors calculated using the experimental electron temperature profiles and the atomic data from8,24. Similarly to
what performed for the AUG analysis1,28,29, the W density is calculated only for radii where Te > 1.5 (keV ), this way
accounting for the cut-off in the SXR filter-function. Moreover, in order to avoid excessive extrapolation, the radial
range of the W density calculation is limited by the camera’s LoS views and a maximum extrapolation radius is set
by the average of the maximum LoS impact parameter at the LFS and HFS.
The chosen low-Z impurity for JET is typically beryllium, but, depending on the plasma scenario, nickel (Ni)

or seeding impurities such as neon (Ne) may also be relevant and can be used in its place. The low-Z impurity
density in equation 4 is estimated using the visible Bremsstrahlung effective charge measurement Zeff

30 assum-
ing it is constant across the radius and that it is governed by the chosen low-Z impurity only, i.e. Zeff (ρ; t) =
∑

i ni(ρ; t) 〈qi(ρ; t)〉
2 /ne(ρ; t) = nBe(ρ; t) 〈qBe(ρ; t)〉

2 /ne(ρ; t). The main ion density is then calculated from the
quasi-neutrality condition nD(ρ; t) = ne(ρ; t) − nBe(ρ; t) 〈qBe(ρ; t)〉, where 〈q〉 is the average charge state of the con-
sidered ion (in units of the elementary charge) calculated self-consistently with the experimental electron temperature
using ADAS31 ionization and recombination rates. As already performed in the original method, all ionization bal-
ance calculations, including those for the calculation of the radiative cooling factors (SXR filtered or total), have been
performed assuming locali-ionization-equilibrium (LIE).
Once this first estimate of the W density has been calculated, a recalibration factor is evaluated by comparison

with the independent W concentration measurement from VUV spectroscopy32,33:

nW (R, z; t) =
〈

cW (t)/cSXR
W (t)

〉

· nSXR
W (R, z; t) (5)

where cW is the VUV spectrometer measurement and cSXR
W the simulated one integrating nSXR

W from equation 4
along the line-of-sight of the VUV spectrometer and weighing it on the fractional abundance envelope of the measured
ionization stages (for the details, see section IIA of29 and references therein). It is important to remember that the
VUV spectrometer has been itself cross-calibrated versus bolometry data during a W ablation experiment (as is also
the case for data at ASDEX Upgrade), so the quality of this calibration will affect the final results accordingly. As will
be clear in section III when comparing the results to bolometry tomography, the calibration of the VUV spectrometer
still seems to be quite reliable.
The re-normalization of the W density is the last step of the original method1 which as well does not account for

low-Z impurity contributions in equation 4. This is due to the fact that W typically dominates the detected SXR
emission at AUG due to its high concentration (cW ∼ 10−4) as well as to the thin Be-windows (∼ 75 µm) of the SXR
diagnostic. At JET, the W concentration is typically an order of magnitude lower (cW ∼ 10−5) and the Be-windows
are much thicker (see table I), so main ion and low-Z impurity contributions often account for more than 50% of the
detected SXR emission. For this reason, another step is necessary where the re-calibrated W density (equation 5) is
used to calculate the expected SXR emission, providing a final re-calibration factor for the unfolded SXR emissivity:

M =

〈

ǫSXR

ǫSXR
exp

〉

=

〈

ne

[

nD LSXR
D + nBe L

SXR
Be + nW LSXR

W

]

ǫSXR
exp

〉

(R,z;t)

(6)

where ǫSXR
exp is the result of the fit routine using equation 1 and the average is performed over the whole time-range of

interest and over the plasma radius within the range of validity of the analysis as defined above. Equation 4 is then
re-applied using the calculated multiplication factor and the whole procedure repeated two more times.

C. Consistency-checks versus other diagnostics

Once the procedure has converged and the final W density has been calculated, a series of tests comparing the
results with data from other independent diagnostics are necessary to prove the assumptions are consistent.

i) compare the time evolution of the calculated tungsten density with the independent W concentration measure-
ment from VUV spectroscopy;

ii) evaluate the expected toroidal rotation from the observed LFS-HFS asymmetry and compare it with a rotation
measurement such as that provided by charge-exchange-recombination-spectroscopy (CXRS);

iii) calculate the total radiation using the calculated W density, Be (or the other chosen low-Z impurity) and main
ion contributions and compare with estimates from bolometry.
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These three consistency checks can validate the analysis independently from one another and, depending on their
availability, can be used separately or together to strengthen the confidence in the obtained results. The comparison
with VUV spectroscopy (i) has been widely used in previous publications1,28,29 and does not require further explana-
tions in this context. For the calculation of the toroidal rotation (ii), equation 10 of reference13 for trace impurities
in hydrogenic plasmas is used:

vφ(ρ; t) = RLFS(ρ; t) · ωφ(ρ; t) = RLFS(ρ; t) ·

√

√

√

√

2 e TW (ρ; t)

AW mP

·
λW (ρ; t)

(

1− 〈qW (ρ; t)〉 · Ai

AW
· Te(ρ;t)
Te(ρ;t)+TD(ρ;t)

) (7)

where ωφ (Hz) is the toroidal rotation frequency, Te, TD, TW (eV ) are the temperatures of electrons, main ion and
tungsten respectively, RLFS (m) the major radius on the LFS-mid-plane where the toroidal rotation measurement from
CXRS is mapped, e (C) the elementary charge, AD and AW the mass numbers of the main ion and W respectively,
mP (kg) the proton mass, 〈qW (ρ)〉 the average charge of W and the asymmetry parameter λW :

λW (ρ; t) =
ln

(

nW (ρ,R; t)
/

nW (ρ,R0; t)
)

R(ρ; t)2 −R0(ρ; t)2
(8)

In this contribution the W temperature is assumed equal to the main ion temperature. If ion temperature measure-
ments from CXRS are not available, then this is set to be equal to the electron temperature.
Finally in order to compare with tomographic reconstruction of bolometry (iii), the main ion, low-Z impurity and

W contributions are accounted for using the most up-to-date total cooling factors of the various elements ǫtot =
ne(nD Ltot

D + nBe L
tot
Be + nW Ltot

W ).

III. APPLICATION TO EXAMPLE JET PLASMA DISCHARGES

Three different example discharges will be analysed in order to give a comprehensive view of the wide range of
cases to which the method can be applied, as well as highlight weaknesses that should be checked case-by-case.
Discharges from different campaigns, performed years apart from one another have been chosen (see table II) in
order to prove the robustness of the method against the decrease in sensitivity of the SXR diode chips. The effective
charge Zeff used for the calculation and reported in table II has been estimated from the visible Bremsstrahlung
measurement KS3 :ZEFV ; the electron density profiles are taken from either LIDAR34 or HRTS35,36 (depending on
data quality); electron temperature from ECE37, LIDAR or HRTS; plasma rotation and ion temperature from CXRS.
The equilibrium reconstruction is taken from EFIT without internal constraints. As already explained in the previous
sections, for the present analysis only SXR camera V has been used. All quantities have been interpolated over a
10 ms resolution time axis and averaged accordingly.

JPN Bt Ip PNBI PICRH Zeff Date Comments
(T ) (MA) (MW ) (MW ) on discharge

84746 2.5 2.7 19 0 1.15 August 2013 NBI only, standard sawtooth activity
86614 2.9 2.5 23 4 1.5 June 2014 Hybrid discharge, highly dynamic
92054 3.3 2.5 25 0 2.5-3.0 (increasing in time) October 2016 AT scenario, ion ITB, Ne-seeding

TABLE II. Details of the analysed JET discharges.

All three discharges are at similar plasma current (2.5 − 2.7 MA), but quite different toroidal magnetic field
(2.5 → 3.3 T ). The neutral-beam-injection (NBI) power is > 20MW for all discharges (red trace in figure 2a, axis of
reference on the right), while 86614 has also 4 MW of ICRH used with a H-minority heating scheme at a frequency
of 42MHz (green trace in same plot). Discharge 84746 exhibits a stable flat-top with regular, standard sawtoothing
activity which is clearly visible in the cycling of the central electron temperature (red in figure 2a) and W density
(red in figure 2c). The other two discharges are instead very dynamic, with W accumulation taking place in both
86614 and 92054. In the hybrid discharge (86614) this occurs around 9.5 s, with the electron temperature dropping
sharply but recovering before the NBI ramp-down (figure 2a). Discharge 92054 shows instead a run-away condition
with strong electron density peaking (figure 2b) and a collapse of the electron temperature profile (figure 2a).
The first consistency check of the calculated W density is the comparison with the W concentration measurement

using VUV spectroscopy (figure 2d). It is clear that the time evolution of the VUV measurement (black diamonds
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(a)

(b)

(c)

(d)

JPN 84746 JPN 86614 JPN 92054

NBI
ICRH

NBI

LFS midplane

HFS midplane

VUV re-calculated
VUV measurement

,l ,l

NBI

ICRH

,q
c

FIG. 2. Time evolution of various quantities of interest for the three discharges under analysis (84746, 86614, 92309, left to
right, see plot titles): (a) electron temperature, (b) electron density and (c) W density at ρt = 0.0 (red), 0.2 (blue) and 0.4
(black). In (d) a comparison of the VUV W concentration measurement (KT7/3, black points and solid line) and the view
along its LoS of the post-calibrated SXR-evaluated W density (dashed black line with red error bars). The W density values
in (c) are given on the LFS midplane (continuous lines) and on the HFS midplane at the same ρ (dashed lines). In (a) and (b)
the heating levels of NBI (red) and ICRH (green) are also given (reference scale on the right).

and continuous black line) is reproduced very well by the simulated value using the SXR-evaluated W density (red
band, black dashed line) for all three cases and throughout the whole time range of interest. Note that for discharges
94746 and 86614 the re-normalization of the W density as well as the comparison of the time evolution has been
performed using the VUV measurement based on the fit of W spectral lines cW,l (measuring around Te ∼ 3.5 keV ),
while for 92054 the fit on the quasi-continuum spectral feature cW,qc has been used (measuring around Te ∼ 1.5 keV ).
The reason for this is that for discharge 92054 the spectral-lines signal is too low for a trustworthy calculation of the
concentration measurement, so the more edge value had to be used (refer to1 and references therein for details on
these measurements).

Figure 2c gives also an idea of the W density profile asymmetry, with the LFS midplane values at ρ = 0.2 and 0.4
(continuous line with error bars, blue and black respectively) being up to an order of magnitude larger than those
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JPN 84746 @ 10.87 s JPN 86614 @ 8.12 s JPN 92054 @ 6.43 s

cW,qc cW,l
ICRH 

resonance

SXR 

edge 

LoS

(a)

(b)

FIG. 3. 2D poloidal maps of the inverted SXR emission (a) and the final W density (b) for one time-point for each of the three
discharges under analysis (see plot titles). In (a) the edge LoS if the SXR camera V are shown. In (b) the integration region
for the two VUV spectrometer measurements cW,l and cW,qc (red and blue vertical lines). For 86614, the position of the ICRH
resonance is also shown (dashed vertical line).

on the same flux-surface but on the HFS (dashed lines, same colour coding). This is even clearer when looking at
the 2D poloidal maps of either the inverted SXR emissivity (figure 3a) or the W density (figure 3b). Similarly to
what done in28, the W density profiles are truncated at radii where the electron temperature drops below 1.5 keV ,
below which the SXR instrument function is highly uncertain. Moreover, due to the limited view of the plasma of
SXR camera V especially on the LFS (edge LoS shown in figures 3a), in order to avoid excessive extrapolation, the
calculation of the W density is further limited to the average of the maximum impact parameter of the LoS viewing
LFS and HFS ρ < [max(ρmin,LFS),max(ρmin,HFS)]/2. Also shown in figures 3b are the integration regions of the
VUV spectrometer for the spectral-lines measurement cW,l (vertical red lines) and quasi-continuum measurement cW,qc

(vertical blue lines). From this picture, it is clear why the re-normalization and comparison of the time-evolution is
best made with the former, since the latter requires an extrapolation of the SXR-evaluated W density beyond the
region of trustworthiness of the calculation.

Confidence in the inversion technique used for the evaluation of the 2D SXR emissivity can be obtained by compar-
ing the raw SXR brightness (dashed lines and points with error bars in figure 4) with the projections of the inverted
SXR profiles (continuous lines). A 10% error is assumed on the SXR data, but, due to the large gradients in the
emissivity profile especially close to plasma centre, for the fitting routine the weight of the central channels has been
artificially increased by imposing a linearly decreasing error 2 − 25% from the centre towards the edge. The results
are in general very satisfactory, as is the case for the examples considered in this publication.

Now that the confidence in the data treatment and analysis has been confirmed, the 1D profiles at different time-
points can be analysed and discussed (figure 5). The errors on the final fits of the electron temperature and density
profiles (figures 5a and 5b respectively, error not shown on the plot) have been calculated propagating a 5% error
assumed on the raw data and the deviation of the fit to the data. If a time-averaging of the profiles has been performed
(as is the case for ECE and HRTS data on the final 10 ms time resolution), the standard deviation of the data points
in the time window used for averaging has also been included in the propagation. The uncertainty in the W density
(figure 5c) is then calculated propagating these errors alongside with the assumed 10% error on the post-inversion
SXR emissivity. This is clearly a lower limit, not including either the uncertainties in the atomic data used for the
calculation of the cooling factors or possible contamination of the SXR brightness due to other low- or medium-Z
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JPN 84746 JPN 86614

Data

Back-fit

4

(a) (b) (c)

FIG. 4. Comparison of the SXR camera V brightness (points with error bars and dashed lines) with back-fitted line-of-sight
integrals of the inverted emissivity for the three discharges and time-points under analysis (shown as vertical dashed lines in
figures 2).

impurities.
As can be seen in figure 5c, the poloidal asymmetry in the W density is often so large (e.g. for discharges 86614 and

92054) that the values on the LFS mid-plane (continuous lines) are up to an order of magnitude larger than those on
the same flux-surface on the HFS mid-plane (dashed lines). When viewing along the LoS of the VUV spectrometer
(dashed lines in figure 5d), the values match nicely not only with the more central VUV measurement (diamonds),
but also with the more edge measurement using the quasi-continuum (triangles). When comparing figures 5c and 5d,
as well as the 2D maps in figure 3, it is clear how much the poloidal asymmetry affects the VUV measurements, with
high levels of the W density often missed because too far away from its vertical LoS (figure 1).

Sawtooth cycling (84746)
For discharge 84746 the time-points have been chosen with very similar electron density and temperature profiles,
but very different W density. At the start of the discharge, the W density is still very hollow (black in figure 5c) with
almost no W in the plasma centre. The sawtooth cycles then modulate this profile with the W density increasing
of about a factor 3 inside ρ < 0.3 while remaining relatively stable close to mid radius (blue and red). Calculating
the expected toroidal rotation from the W poloidal asymmetries using equation 7, the profiles match relatively well
the values measured by CXRS (figure 5e), apart from deviations in the centre and at the edge of the radial range of
validity of the method (ρ ∼ 0.6). The mismatch in the plasma centre is most probably due to uncertainties in the
equilibrium reconstruction. Since it has been observed that the Shafranov shift can be overestimated by the standard
EFIT reconstruction, a movement of the magnetic axis towards the HFS would increase the poloidal asymmetry and
thus raise the estimated toroidal rotation close to the plasma centre. The mismatch at larger radii may instead be
also due to profile effects of the low-Z impurity used for the calculation (presently assumed constant across the radius)
or to contributions to the SXR emissivity by other impurities that are not accounted for in the method.

Recovery from accumulation (86614)
The time-points chosen for discharge 86614 describe instead a non-catastrophic event of W accumulation. As in the
previous example, at the beginning of the time-range of interest the W density is hollow, with very little W in the
plasma centre and a very strong poloidal asymmetry (black in figure 5c). The accumulation inside ρ < 0.3 is larger
than in 84746, reaching concentrations of cW ∼ 5 · 10−4, with the electron temperature falling of about 50% of its
original value. The event is nonetheless not fatal, with the discharge recovering and proceeding smoothly up to the
ramp-down of the NBI. For this case, a final consistency check is performed comparing the total radiation calculated
by bolometer tomography (points in figure 5e) with the sum of all contributions used for the calculation of the W
density (in this case W, Be and D, continuous lines in the plot). The match is incredibly good for the central values,
with the intensity of the total radiation and width of the radiating region fitting very well the experimental value.
The radiation peak on the LFS is instead underestimated quite drastically, especially for the blue case. This peak
is clearly outside of the visibility region of the SXR camera (vertical black lines), so this may play a crucial role in
this mismatch. On the other hand, errors in the tomographic reconstructions which are not estimated here could also
play a role.
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FIG. 5. Profiles of (a) the electron temperature, (b) electron density, (c) W density at midplane (LFS shown as a continuous
line, HFS as a dashed line), (d) W density measured along the LoS of the VUV spectrometer (dashed lines with error bars)
compared with the two measurements from the VUV spectrometer (diamonds and triangles), (e) the toroidal rotation measured
by CXRS (points and continuous line) compared with the rotation estimated from the W density asymmetry (dashed lines) for
discharges 84746 and 92054, the tomographic reconstruction of bolometry (points) compared with the total radiation estimated
summing all the contributions used for the W density calculation (continuous lines) for discharge 92054. The time-points
analysed are shown in figure 2 as dashed vertical lines.
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Run-away accumulation (92054)
Finally, the case of 92054 is very interesting because of the extreme accumulation taking place (central cW ∼ 10−3),
in the presence of strong electron density peaking (figure 5b) and a very large toroidal rotation (figure 5e). The
asymmetry is such that the highest W density viewed along the VUV spectrometer line-of-sight is of the same order
as the other two cases analysed, despite its maximum value is a factor 2 − 10 larger (figures 5c). The increase in
toroidal rotation observed by CXRS (points in figure 5e) is relatively well reproduced by the estimate from the W
asymmetry (dashed lines). Similarly to 84746, an underestimated Shafranov shift could account for the mismatch close
to the plasma centre (black time-point), but the underestimation of the asymmetry in the last time-point considered
(red) is most probably due to a wrong treatment of low- / mid-Z impurities taking part in the SXR emission: with
values of Zeff close to 3 at the end of the time-range of analysis and neon seeding taking place, the assumption of
flat Zeff profile may not hold.

IV. CONCLUSIONS AND OUTLOOK

A new data analysis tool is available at JET for the estimation of the 2D poloidal distribution of the intrinsic W
density. The method relies on the well established approach of combining measurements from the SXR diagnostic
with those from a single LoS VUV spectrometer measuring solely W spectra, and has been proven to work well
at JET after an upgrade necessary to account for poloidal asymmetries in the SXR emissivity. Information on the
absolute calibration of the SXR diodes is not necessary, so a degradation in time of sensitivity of the diodes does not
invalidate the final results. Consistency checks of the results with other independent diagnostics (e.g. VUV, CXRS
and bolometry) are intrinsically part of the analysis and give a series of confidence indicators to decide whether the
results should be trusted or not. The method has been tested extensively on JET-ILW data and has been found to
be robust for W concentrations above a few 10−5 so that the SXR emissivity is not dominated by Bremsstrahlung
emission, and in cases where the contributions from other medium-Z impurities such as Ni are negligible.
The calculated 2D W density will now be used for numerous physics studies in JET, e.g. to characterise of

the poloidal asymmetries induced by NBI and ICRH, to further understand the causes of impurity accumulation,
to interpret the interactions between MHD modes and changes in impurity transport, etc. With the appropriate
consistency checks, the information provided by the code can also give some important feedback for a more precise
determination of the plasma centre in equilibrium codes as well as help clarify issues with power balance.
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