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Abstract The impact of tungsten on stability and confinement of plasma discharges is studied in JET

featuring the ITER-like wall. AW-diagnostic combining the soft X-ray cameras and a VUV spectrometer

was used to analyze the balance between heating and radiative cooling in the core plasma. In a typical ex-

ample discharge featuring impurity accumulation, the core W radiation is quantified. It is strong enough

to affect the Te-profiles. The flattening of the Te-profile is thought to cause a further reduction of tur-

bulent transport including a turbulent outward pinch. In this situation the neoclassical inward pinch is

provided with more weight, which leads to further accumulation of W. Smaller deuterium gas puff levels

which lead to low ELM frequencies allow for a more efficient penetration of eroded W into the main

plasma. For low gas puff conditions, also W-erosion and electron density peaking foster impurity accu-

mulation which ought to be mitigated by a medium sized gas puff in the range of 1-2×1022 electrons/s.

1. Introduction

In a fusion reactor, a central tungsten (W) concentration of only 3×10−5 increases the mini-

mum triple product for ignition nTτE by 20% and at 1.9×10
−4 the ignition condition can not

be reached [1]. Tungsten is used as a plasma facing component in today’s experiments, e.g.

ASDEX Upgrade [2] and JET [3], and one objective is to quantify the mechanisms that de-

termine the W-concentration in the plasma, when using W as a first wall material. While a

stepwise transition at ASDEX Upgrade allowed to document the relative importance of various

components for a full W device JET’s ITER-like wall was implemented during one shut down

allowing an easier comparison with the previous carbon plasma facing components (PFCs).

The PFCs resemble the wall mix of ITER featuring W in the divertor and Beryllium (Be) in the

main chamber. Now the most abundant impurity originating from the walls in JET is beryllium

and the carbon concentrations have been reduced by factors of 10-20 which results in levels of

0.05% [4]. In JET, the Be dominates the low-Z impurity mix and thus the W erosion [5,6]. In

ASDEX Upgrade, W has been observed to be well screened by the divertor plasma, see for ex-

ample [7,8], and is thus thought to play also a minor role in the main plasma of JET and ITER.

The W-screening in the divertor of JET is investigated and quantified in the present work.

Unexpectedly, W eventually affects the main plasma for the ITER-like wall experiments at JET.

The properties of these effects are investigated and characterized. To this end details of a spe-

cific discharge featuring impurity accumulation are analyzed. This allows for understanding the

∗See the Appendix of F. Romanelli et al., Proceedings of the 24th IAEA Fusion Energy Conference 2012, San

Diego, US



2 EX/P3-15

processes that lead to and govern impurity accumulation, which is the biggest concern when

dealing with W. At the same time a comprehensive database of pulses has been built which

enables the testing of these findings. Due to space limitations the latter will be presented else-

where.

2. Quantitative Diagnosis of the W-density

Two approaches are chosen to provide a quantitative measure for the

W-content in the core plasma. In Fig.1 the lines of sight of two
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FIG. 1: Diagnostic setup for deter-

mining the W-concentration and its

poloidal asymmetry. The sight lines of

soft X-ray cameras (blue and orange)

and of a spectrometer (black) are fea-

tured together with the magnetic equi-

librium of#81913 at 11.0 s.

soft X-ray (SXR) cameras and a VUV spectrometer are

depicted. The first approach makes use of the spectrom-

eter which is set to 5nm where a strong spectral feature

of the W-ions W27+ to W35+ is emitted (cf. [9]). This

spectral feature, also called ’quasicontinuum’, is emit-

ted at electron temperatures between about 0.8-1.8 keV.

Its intensity is interpreted by taking the geometry, and

electron density and temperature profiles into account

and combining those with the atomic data of W as pre-

sented in [9]. In order to provide robust absolute num-

bers for the W-concentration a recalibration of the proce-

dure is performed for radiation events that are known to

be caused by W only. Such radiation events can be in-

tentional laser ablations, but also natural events for which

other radiators could be excluded by survey spectroscopy.

For these events the total radiated power is connected

to an absolute W-concentration via the cooling factor of

W (cf. [1]), which is a robust number independently

of the evaluation method used. The spectrometer pro-

vides W-concentrations that are valid only in a limited

radial range, where the ambient Te allows the emission.

Poloidal asymmetries, especially in-out asymmetries, might lead to an underestimation of

the W-concentration. However, spectroscopy provides a direct method to determine the W-

concentration independently of other radiators in the plasma.

The second approach is using the SXR cameras to determine the W-concentrations. The large

number of lines of sight allows determining a 2D radiation profile and poloidal asymmetries can

easily be handled. However, it is not unambiguous what species in the plasma are responsible

for the radiation in the soft X-ray range. Additionally, the atomic data that is necessary for the

interpretation yield systematic uncertainties. As a result we needed to apply correction factors

to come to a consistent picture with total radiated power and spectrometer measurements.

While the spectrometer data is not explained in the present work (for that cf. [9,10]), the

SXR data interpretation is described in this paragraph. In a first approach, several discharges

with a low content of W and other soft X-ray radiators have been analyzed. In these dis-

charges the electron density and temperature measurements from high resolution Thomson

scattering (HRTS) and LIDAR have been used to predict the local SXR emissivities due to

Bremsstrahlung. The lines-of-sight integrals are then performed using their geometry and a

magnetic equilibrium from EFIT. In order to simulate the resulting signal of the vertical and

horizontal camera the corresponding beryllium filter thicknesses of 250 and 350 microns are

taken into account, while for the response of the diodes the model of [11] has been implemented.

Unfortunately, a simple assumption of Zeff = 1 already predicts higher signals than measured.
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FIG. 2: Comparison of the W-concentration

measurements derived from the spectrometer

measurements (blue) and the soft X-ray cameras

(grey, black). The evaluation of the grey data

uses the original atomic data, while the black

data makes use of the presented adjustments.

Thus, it is assumed that the absolute calibra-

tion of the SXR signals requires a correction fac-

tor of unknown origin. When using a realis-

tic Zeff -value (typically between 1 and 1.5, flat

profile assumed), as derived from line-of-sight-

integrated Bremsstrahlung measurements in the

visible range, correction factors of 2.8 and 2.5 are

derived for the vertical and horizontal camera, re-

spectively.

As a second step the discharge #80891 has
been analyzed which features W-concentrations

between 5×10−5 to 2×10−4 and flat W-

concentration profiles, as measured by spec-

troscopy and bolometry. In #80891 only ICRH
heating is used leading to low plasma rotation

and the soft X-ray radiation is observed to be

poloidally symmetric. In order to derive absolute

W-concentrations from the SXR camera signals the Bremsstrahlung contribution due to low-Z

ions is subtracted and the excess radiation is attributed to W.

This excess radiation is then interpreted using the atomic data as derived in [9,1] while the

Be filters and diode responses are taken into account. On top of line radiation and radia-

tive recombination a rough model for dielectronic recombination is included. The model at-

tributes to each dielectronic recombination process a photon with an average energy of half

the ionization potential. When taking this dataset into account a discrepancy is found be-

tween the W-concentrations derived from the spectrometer (blue) and SXR cameras (grey)

(cf. Fig.2). The discrepancy is larger for the phases with lower plasma temperature.
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FIG. 3: The soft X-ray emissivity coefficients for

W derived for the vertical and horizontal SXR-

cameras. The data entering the analysis (solid lines)

contain adjustments to the original data (dashed

lines).

The presented error bars are obtained by

propagating a 10%-uncertainty of the mea-

sured electron densities and temperatures.

This 10%-level is thought to capture the typ-

ical differences between different electron

density and temperature diagnostics. The dis-

crepancy fits to the fact, that the description

of the atomic data at the low energy cut-

off of the Be-filter is most probably not cor-

rect. When considering the modeled spectra

in [9], an energy cut off at about 0.5 nm leaves

only very small spectral lines of W-ions with

charges larger than 38+ within the sensitivity
window of the SXR cameras. Thus, uncon-

sidered emissions from higher-n transitions

or radiation from dielectronic recombination

may change the emissions noticeably. An en-

ergy dependent correction factor has been used to adjust the atomic data. The original and ad-

justed data are presented in Fig.3. When using the adjusted dataset the derivedW-concentrations

(black) in Fig.2 agree well with the spectrometer values and the W-concentration profiles are

flatter, while with the original dataset they have been hollow. It should be noted that there are un-
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certainties for the case that the Zeff -value exhibits strong radial variations as for the subtraction

of the Bremsstrahlung background a radially constant Zeff is used. For the chosen discharge

#80891 the measured signals in the core are much larger than the predicted Bremsstrahlung,
such that the uncertainties attributed to Zeff are negligible. Thus, the correction factor deter-

mined here is used through-out the interpretation of the SXR camera signals.

3. Effects of W on Discharge Evolution

In the 2011/2012 campaigns effects of W on the main plasma have been observed

that influence the stability of a plasma discharge especially for beam heated dis-

charges. In Fig.4 time traces of selected parameters in such a discharge are presented.
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FIG. 4: Time traces of selected parameters for #81913. Further

information is in the text.

The discharge with Ip = 2.0MA
has been performed at a magnetic

field of 2.1 T yielding a q95 =
3.3. The ELM-frequency of the
type-I ELMy H-mode was about

10-15Hz. From 9.0 s on the

deuterium gas puff is lowered to

5×10−21m−3. Up to 11.5s the

diamagnetic energy (Wdia) does

not considerably change, while

the radiated power in the main

chamber (Prad) constantly in-

creases. A steep increase of Prad

is observed after 11.5 s affecting

(Wdia) of the plasma. From 9.0 s

to 11.5 s, the core electron temper-

ature (Te) as measured by electron cyclotron emission (ECE) keeps falling while the edge val-

ues stay constant (cf. Fig. 4(b)). During the same period the electron density (ne) (cf. Fig.

4(c)), as measured by HRTS, keeps rising in the plasma core and the edge values stay constant,

which implies that the density starts peaking. Only after 11.5 s the core Te collapses drasti-

cally. These observations are also reflected in the evolution of the confinement H98-factor (cf.

Fig. 4(d)), which is 0.85 during the flattop and drops at the end of the flattop. As the line-

averaged Zeff ≈ 1.2 and does not change much during the radiation rise a medium to high-Z
element must be the responsible for it. However, the W-concentration (cW ) as measured by the

spectrometer stays constant through out. In order to estimate the radiated power due to W, the

W-concentration, which is locally measured at a certain radial range, is assumed to apply for

the full plasma volume - this estimate is depicted in Fig. 4(a) and labeled ’est. W-rad’. The

W-radiation seems to be negligible during all phases of the discharge and thus seems to indi-

cate that W may not be responsible for the rise of the main chamber radiation. However, the

spectrometer line of sight is vertical (cf. Fig. 1) and may be missing parts of the W emissions

because of poloidal asymmetries that arise from centrifugal forces. A further complication is

that the W emissions seen by VUV spectrometer yield information from a limited radial region

only. Indeed, the vertical SXR camera shows clear signs of poloidal asymmetries when looking

at the line-of-sight-integrated raw signals. Thus, as described in section 2 a 2D deconvolution

of the radiation attributed to W was performed, allowing for poloidal asymmetries which are

consistent with the Wesson-formula [12]. The W-density on a flux surface is thus described by

nW (rnorm, R) = nW,0(rnorm)e
λ(rnorm)(R2

−R2

0
(rnorm)),
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where R is the large radius and nW,0(rnorm) is the W-density on the flux surface labeled rnorm
at the large radius R0(rnorm). λ(rnorm) contains the dependence on the rotational frequency of
the plasma. For the case that all plasma species have the same temperature it is given by:

λ(rnorm) = (1− 0.5ZW

mD

mW

)
mWω2

2TW
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FIG. 5: (a)+(b): 2D deconvolutions of the SXR

signals before (a) and after (b) a sawtooth (ST).

Bremsstrahlung contributions of low-Z elements have

been subtracted. The white lines indicate the region

of the W-concentration measurement based on the VUV

spectrometer; (c)+(d): calculated total radiated power

densities using the W-densities derived from (a) and (b).

When the SXR analysis is applied to

#81913 the strong asymmetries in mea-
surements of the vertical SXR camera

are translated into local poloidal asym-

metries. The measured data is well de-

scribed by the deconvolutions presented

in Fig.5(a) and (b). The asymmetries

show up most clearly just outside of the

sawtooth inversion radius. If the radia-

tion is purely caused by W, a rotation ve-

locity of about 80km/s is required to ex-

plain the poloidal asymmetry. The mea-

surements of charge-exchange recombi-

nation spectroscopy are consistent with

that. As Ni is a candidate impurity for

causing SXR radiation, the Ni levels have

been checked by additional spectroscopic

measurements (cf. [13]) and a major con-

tribution of Ni can be excluded. Addition-

ally, if we assume the SXR radiator was

Ni, the required rotation velocity needed

to be about a factor of 2 higher. Thus, we

assume that all of the SXR signal origi-

nates from W, which allows for the cal-

culation of the local W-concentrations us-

ing an ionization equilibrium neglecting

transport. The latter assumption has been

proven to be reasonable for W (e.g. [14]).

From the W-concentration the total, local

radiated power densities due to W are de-

rived using its cooling factor [1]. These

power densities are presented in Fig.5(c) and (d). Please note that the radiation ring at the

edge of the evaluation region might be an artefact yielded by larger uncertainties of the evalua-

tion at plasma radii where the SXR-emissions are close to the Bremsstrahlungs-level. The 2D

structure of the emissions inside of that ring are real and make apparent, why the spectrometer

measurements underestimate the W-content of the core plasma. The measurement location of

the spectrometer is indicated by white bars in Fig.5 and do not radially or poloidally coincide

with the regions exhibiting the strongest W-emissions. The strong localized peaking itself is no

big surprise, as this is very characteristic for so-called impurity accumulation. We note that the

term impurity accumulation is used ambiguously and that in the present work we always refer

to core localized impurity accumulation. In [15,16] it has been found that impurity accumula-

tion occurs when turbulent transport in the plasma core is weak, and the collisional transport
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becomes more important. The cleaning effect of large turbulent core transport is not only based

on diffusive effects, but also supported by a turbulent outward pinch for the impurities. Both

turbulent effects require steep temperature gradients [17,16,18]. When the temperature gradi-

ents are weak neoclassical transport becomes important. If a gradient in the deuterium density

exists, the neoclassical inward pinch arises for the impurities.

In #81913, the occurrence of impurity accumulation is consistent with the development of
density peaking. In order to judge on the power fluxes inside the plasma a closer look into the

radiation/heating balance of the core plasma of #81913 is necessary. Considerable radiative
cooling is able to decrease the core Te and will flatten the gradients in Te, which causes a

decrease of turbulent transport (e.g. [19]) and starts a feedback loop of transport and radiation.
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0

0.1

1
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density peaking
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1
core heating by beams 

core W-radiation (SXR) - 25ms (200ms) 
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FIG. 6: (a) time traces for density (black) and radiation (red) peak-

ing; (b) heating and radiation power within rnorm < 0.4; (c) heat-

ing and radiation power densities within rnorm < 0.15

Thus, the SXR analysis is ap-

plied to the full time sequence

using 25ms and 200ms time

intervals in which the signals

are averaged. The obtained

2D radiation profiles similar to

those in Fig.5(c) and (d) are

used to derive the total radi-

ated power due toW in the core

plasma. In Fig.6 the evolu-

tion of relevant core parameters

are depicted. While the density

peaking (cf. Fig.6 (a)) develops

gradually and becomes max-

imal already at about 10.5 s,

the radiation peaking is almost

constant up to about 10.0 s and then starts rising until the end of the heating phase. The density

peaking reaches values of 1.5 (i.e. the ratio of core (rnorm = 0) and pedestal-top densities) and
the radiation peaking (derived from comparing two bolometer lines of sight) rises to values of

4 and keeps rising after 11.5 s. It should be noted that the radiation peaking is very localized

in the core as the peaking happens within about rnorm = 0.4. The W-radiation in the core (cf.
Fig.6(b)) is at negligible levels at 9.0 s and starts rising at about 9.75 s consistently with the

diagnosed radiation peaking. When comparing the NBI heating power within rnorm < 0.4 to
the radiated power attributed to W via the SXR camera analysis, they become comparable only

after 10.0 s. The reason for the change in transport might be localized even more centrally. At

the plasma volume within rnorm < 0.15, the radiation power density is strongly modulated by
sawteeth already at 9.5 s. At the end of the sawtooth cycle the radiation density is about a third

of the heating power density - thus an impact on the Te-profiles and turbulence seems possible.

This evolution is consistent with the general observation that impurity accumulation starts in the

plasma core, where gradients approach zero close to the magnetic axis. Clearly, this observation

suggests that central impurity accumulation may be avoided by more localized core heating or a

smaller level of W-concentration [20]. Both mechanisms have been reported before at ASDEX

Upgrade [17,16,20] or JET [18]. ICRF heating at JET provides core localized heating and thus

is a good candidate for controlling the impurity accumulation. This has been demonstrated in

earlier campaigns (e.g. [18]), and the present work suggests that is also works for controlling

W-accumulation.



7 EX/P3-15

4. Screening of W

The erosion of W is localized in the divertor, where the ion flux is largest and during ELMs

a considerable fraction of the W-erosion occurs [5,6]. For the inter-ELM phase the elec-

tron temperature has been found to be a controlling factor of the erosion process in the

divertor, while impurities are always the sputtering species [5,6]. The erosion is quanti-

fied by spectroscopic measurements on lines of sight observing the W-surfaces. The W-

flux is deduced from the photon fluxes using the S/XB-method [21]. The ratio of the to-

tal W-content and total W-flux gives the effective W-confinement time τW . It is a figure

of merit, which allows to quantify the efficiency of an eroded atom to enter the plasma

bulk. Thus, τW integrates the prompt deposition, the screening mechanisms in diver-

tor and scrape-off layer, pedestal transport and partly core transport in a single number.
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τ
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FIG. 7: (a) W-confinement time (τW ) versus ELM-frequency (fELM ) (b)

τW versus deuterium gas rate (c) τW versus energy confinement time τE ,

factors of 3.5 in τW and 1.35 in τE are indicated; note the suppressed zero.

In [22,23] the edge

transport and erosion

has been modeled,

and edge-localized

modes (ELMs) have

been identified to

play a major role for

control of impurities.

More frequent ELMs

have been observed to

provide cleaner main

plasmas, as impurities

are flushed by the ELMs, while in between the ELMs they experience an inward pinch at the

pedestal. In the present work deuterium gas puffing is used to increase the ELM frequency of

discharges with low and high triangularity (low δ and high δ) shapes. In Fig.7(a) τW versus the

ELM-frequency is depicted for 2.0MA plasmas performed at 2.2 T . The data points exhibit a
considerable scatter, but the expected trend of higher τW at lower ELM-frequency is visible.

No clear separation between the low and high triangularity is observed, which could be related

to the scatter. In Fig.7(b) τW versus the deuterium gas rate is presented. For lower gas puff τW
is systematically higher. In Fig.7(c) a clear relation between τW and the energy confinement

time τE becomes apparent. Note that the zero on the τE-axis is suppressed. The W-screening is

strongly enhanced for a moderate confinement degradation. Looking in more detail, the lower

confinement either correlates to higher ELM-frequencies or higher deuterium gas puff levels.

It should be noted that τW only provides information about the screening of W, however, the

W-concentration is determined also by the source of W. The latter is a complicated function of

power transported to the divertor, particle fluxes and impurity densities. For our limited data

set the W-source is small for high gas puff rates and high ELM frequencies.

These findings support the strategy to operate at a non-zero gas puff level and an elevated ELM-

frequency (e.g. ELM-pacemaking), while the slightly reduced confinement of the plasma [24]

may be enhanced by additional means. This might be nitrogen seeding [25] or the exploitation

of an enhanced confinement due to a favorable β-dependence [26]. The latter is observed for

discharges at finite gas puffing levels when the highest beam heating powers are applied.

5. Summary

The impact of tungsten eroded in the divertor on stability and confinement of plasma dis-

charges is studied in JET featuring the ITER-like wall. A localized quantification of W

has been developed by a combination of measurements from soft X-ray cameras and a
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VUV spectrometer. The soft X-ray cameras allow for a detailed accounting of core ra-

diation and poloidal asymmetries. The latter are explained by parallel transport in the

presence of centrifugal forces using rotation velocities consistent with charge-exchange re-

combination spectroscopy. Beam heated discharges are observed to develop central im-

purity accumulation for cases in which the central power balance is considerably influ-

enced by W-radiation. In pulse #81913, which is representative for most of the impu-
rity accumulation cases, it could be shown that the impurity accumulation starts by ra-

diation peaking in the very core, locally flattening the Te-profiles which in turn provides
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less turbulent transport

and giving more weight

to the neoclassical in-

ward pinch. The im-

portance of the radia-

tion/heating balance di-

rectly implies that the

stability against impurity

accumulation can be im-

proved by more core lo-

calized heating or by a

lower W-impurity level.

A study of theW confine-

ment time (τW ) is pre-

sented in order to identify

the parameters that allow

to operate at low W lev-

els. τW is found to be

a factor 100-500 smaller

than the energy confine-

ment time indicating the

efficient screening by the

divertor. At low lev-

els of deuterium gas puff,

which coincides with low

ELM frequencies, τW are

systematically higher. At

the same time strong density peaking is observed at low gas puff levels consistently with the

collisionallity scaling of density peaking [26]. All the described effects sum up and provide an

unfavorable situation at zero gas puff. Thus, a recommendation of the present work is to oper-

ate with minimum gas puff levels of about 1-2×1022 electrons/s and use additional core heating

means like ion cyclotron heating in order to maintain a stable core balance between heating and

radiation.
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