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

featuring the ITER-like wall. A W-diagnostic combining theft X-ray cameras and a VUV spectrometer
was used to analyze the balance between heating and radiatiling in the core plasma. In a typical ex-
ample discharge featuring impurity accumulation, the s@readiation is quantified. It is strong enough
to affect theT,-profiles. The flattening of th&,-profile is thought to cause a further reduction of tur-
bulent transport including a turbulent outward pinch. lis thituation the neoclassical inward pinch is
provided with more weight, which leads to further accunialabf W. Smaller deuterium gas puff levels

which lead to low ELM frequencies allow for a more efficiennp&ation of eroded W into the main

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

mulation which ought to be mitigated by a medium sized gakipuhe range of 1-2 10?2 electrons/s.

1. Introduction

In a fusion reactor, a central tungsten (W) concentrationrdy 3x10~° increases the mini-
mum triple product for ignitiom7'7 by 20% and at 1.910~* the ignition condition can not
be reached [1]. Tungsten is used as a plasma facing compiontday’s experiments, e.g.
ASDEX Upgrade [2] and JET [3], and one objective is to quantiife mechanisms that de-
termine the W-concentration in the plasma, when using W assaviall material. While a
stepwise transition at ASDEX Upgrade allowed to documeatéative importance of various
components for a full W device JET's ITER-like wall was implented during one shut down
allowing an easier comparison with the previous carbonnpéagacing components (PFCs).
The PFCs resemble the wall mix of ITER featuring W in the diweand Beryllium (Be) in the
main chamber. Now the most abundant impurity originatiegfthe walls in JET is beryllium
and the carbon concentrations have been reduced by faétb@s2 which results in levels of
0.05% [4]. In JET, the Be dominates the low-Z impurity mix &hds the W erosion [5,6]. In
ASDEX Upgrade, W has been observed to be well screened bywbetat plasma, see for ex-
ample [7,8], and is thus thought to play also a minor role @nrtiain plasma of JET and ITER.
The W-screening in the divertor of JET is investigated anaingified in the present work.
Unexpectedly, W eventually affects the main plasma for THeR-like wall experiments at JET.
The properties of these effects are investigated and dieaized. To this end details of a spe-
cific discharge featuring impurity accumulation are anatl,ZT his allows for understanding the

*See the Appendix of F. Romanelli et al., Proceedings of tiie BXEA Fusion Energy Conference 2012, San
Diego, US
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processes that lead to and govern impurity accumulationghwis the biggest concern when
dealing with W. At the same time a comprehensive databaselleép has been built which
enables the testing of these findings. Due to space limitatioe latter will be presented else-
where.

2. Quantitative Diagnosis of the W-density
Two approaches are chosen to provide a quantitative measime the

W-content in the core plasma. In Fig.1 the Ilines of sight ofotw
soft X-ray (SXR) cameras and a VUV spectrometer are 7 T
depicted. The first approach makes use of the spectroq ol | oot X ray camera

, o soft

eter which is set to 5nm where a strong spectral featur,
of the W-ions W' to W** 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, an®
electron density and temperature profiles into accour
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 procet
dure is performed for radiation events that are known {¢
be caused by W only. Such radiation events can be i
tentional laser ablations, but also natural events for whic
other radiators could be excluded by survey spectroscdg{e. 1. Diagnostic setup for deter-
For these events the total radiated power is conneocteging the W-concentration and its
to an absolute W-concentration via the cooling factor jpfloidal asymmetry. The sight lines of
W (cf. [1]), which is a robust number independentigoft X-ray cameras (blue and orange)
of the evaluation method used. The spectrometer prod of a spectrometer (black) are fea-
vides W-concentrations that are valid only in a limitedred together with the magnetic equi-
radial range, where the ambieht allows the emission.librium of #81913 at11.0s.

Poloidal asymmetries, especially in-out asymmetries,hinlgad to an underestimation of
the W-concentration. However, spectroscopy provides ectiimethod to determine the W-
concentration independently of other radiators in therpkas

The second approach is using the SXR cameras to determing-tiumcentrations. The large
number of lines of sight allows determining a 2D radiatiooffhe and poloidal asymmetries can
easily be handled. However, it is not unambiguous what sganithe plasma are responsible
for the radiation in the soft X-ray range. Additionally, taeomic data that is necessary for the
interpretation yield systematic uncertainties. As a rtesel needed to apply correction factors
to come to a consistent picture with total radiated powerspettrometer measurements.
While the spectrometer data is not explained in the presemk \(for that cf. [9,10]), the
SXR data interpretation is described in this paragraph. firsaapproach, several discharges
with a low content of W and other soft X-ray radiators haverbaealyzed. In these dis-
charges the electron density and temperature measurememishigh resolution Thomson
scattering (HRTS) and LIDAR have been used to predict thall8XR emissivities due to
Bremsstrahlung. The lines-of-sight integrals are theriopered using their geometry and a
magnetic equilibrium from EFIT. In order to simulate theuktimg signal of the vertical and
horizontal camera the corresponding beryllium filter thiekses of 250 and 350 microns are
taken into account, while for the response of the diodes thdatof [11] has been implemented.
Unfortunately, a simple assumption &f;; = 1 already predicts higher signals than measured.
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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 Z.;-value (typically between 1 and 1.5, flat

profile assumed), as derived from Iine-of-sigh}-dzu
integrated Bremsstrahlung measurements in the:g
visible range, correction factors of 2.8 and 2.5 are [§
derived for the vertical and horizontal camera, reg|
spectively. 1
As a second step the dischargg80891 has
been analyzed which features W-concentratigag; ». Comparison of the W-concentration

—5 —4 3
between 510 to 2x10 and flat W measurements derived from the spectrometer

concentration perf'IeS’ as measureld by SP&feasurements (blue) and the soft X-ray cameras
troscopy and bolometry. 180891 only ICRH . (grey, black). The evaluation of the grey data

heating is used leading to low plasma rOtat'(Ules the original atomic data, while the black

and .the soft X-ray radiation is Obgerved to k%Jﬁata makes use of the presented adjustments.
poloidally symmetric. In order to derive absolute

W-concentrations from the SXR camera signals the Brentdatrg contribution due to low-Z
ions is subtracted and the excess radiation is attribut®¥d to
This excess radiation is then interpreted using the atomaia ds derived in [9,1] while the
Be filters and diode responses are taken into account. Onftépeoradiation and radia-
tive recombination a rough model for dielectronic reconaltion is included. The model at-
tributes to each dielectronic recombination process agrhuilith an average energy of half
the ionization potential. When taking this dataset intocact a discrepancy is found be-
tween the W-concentrations derived from the spectromdtieie) and SXR cameras (grey)
(cf. Fig.2). The discrepancy is larger for the phases witivello plasma temperature.
N The presented error bars are obtained by
10 SXRI—emissivitylcoefﬁcientIforW W ml3] propagating a 10%-uncertainty of the mea-
[ sured electron densities and temperatures.

#80891 |
W-concentration

SXR (adjusted atomic data)
12 time [s] 16 18 20

22

32]

10 F This 10%-level is thought to capture the typ-
7 i ical differences between different electron
10‘33; 4 density and temperature diagnostics. The dis-
1 crepancy fits to the fact, that the description
10-34; ] of the atomic data at the low energy cut-
: i off of the Be-filter is most probably not cor-
16 , , , ] rect. When considering the modeled spectra
2 4T [keVI® 8 10 in[9], an energy cut off at about 0.5 nm leaves

only very small spectral lines of W-ions with
FIG. 3: The soft X-ray emissivity coefficients fogharges larger thas8+ within the sensitivity
W derived for the vertical and horizontal SXRwindow of the SXR cameras. Thus, uncon-
cameras. The data entering the analysis (solid linesidered emissions from higher-n transitions
contain adjustments to the original data (dashe@ radiation from dielectronic recombination
lines). may change the emissions noticeably. An en-
ergy dependent correction factor has been used to adjuatdh@c data. The original and ad-
justed data are presented in Fig.3. When using the adjustedet the derived W-concentrations
(black) in Fig.2 agree well with the spectrometer values tredW-concentration profiles are
flatter, while with the original dataset they have been hallidshould be noted that there are un-
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certainties for the case that tig; ;-value exhibits strong radial variations as for the sultioac

of the Bremsstrahlung background a radially constant is used. For the chosen discharge
#80891 the measured signals in the core are much larger than themedremsstrahlung,
such that the uncertainties attributed4p ; are negligible. Thus, the correction factor deter-
mined here is used through-out the interpretation of the 8XiRera signals.

3. Effects of W on Discharge Evolution

In the 2011/2012 campaigns effects of W on the main plasma Haeen observed
that influence the stability of a plasma discharge espgciéthk beam heated dis-
charges. In Fig.4 time traces of selected parameters in audischarge are presented.
The discharge with, = 2.0 MA
has been performed at a magneti?::(a) W = W uvnwl]“'fJ “//'ﬁb
field of 2.17 vyielding a gy = b mr e S
3.3. The ELM-frequency of the 3T ECE CORE [keV]

type-l ELMy H-mode was about " ZERot e ——
10-15Hz. From 9.0s on thefd ne  Hrrs core (1019m 3]

deuterium gas puff is lowered to ¢
5x107%'m=3. Up to 11.5s the O_(d)
diamagnetic energy (W) does 'Fe’f R
not considerably change, whileof_wlo™ *= "« 7e’ee 07077 o%o “eo
the radiated power in the main't® SXRWWW\
chamber {..4) constantly in- ¢

creases. A steep increasef@f, 8 9 Timels] 10 n 12
is observed after 11.5s affectin

(W,;,) Of the plasma. From 9.0 IG. 4: Time traces of selected parameters for #81913. Further
to 11.5 s, the core electron tempefdformation is in the text.

ature ([.) as measured by electron cyclotron emission (ECE) keelasgathile the edge val-
ues stay constant (cf. Fig. 4(b)). During the same periocetbetron density(.) (cf. Fig.
4(c)), as measured by HRTS, keeps rising in the plasma caréharedge values stay constant,
which implies that the density starts peaking. Only afte’5Elthe corel, collapses drasti-
cally. These observations are also reflected in the evolatiadhe confinement H98-factor (cf.
Fig. 4(d)), which is 0.85 during the flattop and drops at thd ehthe flattop. As the line-
averagedZ.;; ~ 1.2 and does not change much during the radiation rise a mediumgteZ
element must be the responsible for it. However, the W-catnagon (/) as measured by the
spectrometer stays constant through out. In order to etitha radiated power due to W, the
W-concentration, which is locally measured at a certainatadnge, is assumed to apply for
the full plasma volume - this estimate is depicted in Fig.) 4fd labeled 'est. W-rad’. The
W-radiation seems to be negligible during all phases of tkehdirge and thus seems to indi-
cate that W may not be responsible for the rise of the main bleamadiation. However, the
spectrometer line of sight is vertical (cf. Fig. 1) and maynissing parts of the W emissions
because of poloidal asymmetries that arise from centrifiayaes. A further complication is
that the W emissions seen by VUV spectrometer yield infoionatom a limited radial region
only. Indeed, the vertical SXR camera shows clear signs lofga asymmetries when looking
at the line-of-sight-integrated raw signals. Thus, as klesd in section 2 a 2D deconvolution
of the radiation attributed to W was performed, allowing paloidal asymmetries which are
consistent with the Wesson-formula [12]. The W-density dloasurface is thus described by

HRTS EDGE [1019m"3]

4

nw (Tnorms R) = nwo (Tnorm>€)\(7‘norm)(R2—R%(Tnorm))7
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whereR is the large radius andy o (r..-m) is the W-density on the flux surface labeled,.,
at the large radiugo(7,0rm)- A(morm) CONtains the dependence on the rotational frequency of
the plasma. For the case that all plasma species have theeaperature it is given by:

mp . My w?

MThorm) = (1 — 0.5Zy ——
(o) = (1= 0523 122 T3

When the SXR analysis is applied ©0 measured SXR  derived from SXR
#81913 the strong asymmetries in mea- [ porepmrrrow—:

surements of the vertical SXR camer&’|
are translated into local poloidal asym- |
metries. The measured data is well de-
scribed by the deconvolutions presentel {
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-"t
surements of charge-exchange recomhis}
nation spectroscopy are consistent with
that. As Ni is a candidate impurity for
causing SXR radiation, the Ni levels have: | IRt
been checked by additional spectroscopit v |
measurements (cf. [13]) and a major con-f
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 st
assume that all of the SXR signal origi- > fm °

nates from W, which allows for the cal-

culation of the local W-concentrations usE_lG' |5:b (fa)+(b): 2Dd defc;onvotl)utlons of theh S)S(R
ing an ionization equilibrium neglectin ignals before (a) and after (b) a sawtooth (ST).

transport. The latter assumption has be Flemsstrahlung contributions of low-Z elements have

proven to be reasonable for W (e.g. [14]5)_]?ehn wbtracted. The white lines mtc)ilcatz the hreg\l/clJJnV
From the W-concentration the total, locdl' "€ W-concentration measurement based on the

radiated power densities due to W are dEpectrometer; (c)+(d): calculated total radiated power
rived using its cooling factor [1] Theseplensities using the W-densities derived from (a) and (b).

power densities are presented in Fig.5(c) and (d). Pleasethat the radiation ring at the
edge of the evaluation region might be an artefact yieldeldtger uncertainties of the evalua-
tion at plasma radii where the SXR-emissions are close t@8tamsstrahlungs-level. The 2D
structure of the emissions inside of that ring are real anklenapparent, why the spectrometer
measurements underestimate the W-content of the core plaBhe measurement location of
the spectrometer is indicated by white bars in Fig.5 and daagbhally or poloidally coincide
with the regions exhibiting the strongest W-emissions. 3tneng localized peaking itself is no
big surprise, as this is very characteristic for so-caltedurity accumulation. We note that the
term impurity accumulation is used ambiguously and thahengresent work we always refer
to core localized impurity accumulation. In [15,16] it haseln found that impurity accumula-
tion occurs when turbulent transport in the plasma core @kwand the collisional transport

0.24

w

#81913, t=10.96s before ST

tir
TR

¢, from
pectrome
Uerasenens

N
—/.
W S kWm3 radiated by W in SXR-range
MWm3 radiated by W

481913, t=10.99s after ST

-3 radiated by W in SXR-range

S kWm

NN
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becomes more important. The cleaning effect of large teriiudore transport is not only based
on diffusive effects, but also supported by a turbulent @utipinch for the impurities. Both
turbulent effects require steep temperature gradientd §1¥8]. When the temperature gradi-
ents are weak neoclassical transport becomes importaamgridient in the deuterium density
exists, the neoclassical inward pinch arises for the intiesri

In #81913, the occurrence of impurity accumulation is consistenhwite development of
density peaking. In order to judge on the power fluxes indiggalasma a closer look into the
radiation/heating balance of the core plasma#6f913 is necessary. Considerable radiative
cooling is able to decrease the cdfe and will flatten the gradients ifi,, which causes a
decrease of turbulent transport (e.g. [19]) and startsdbfmek loop of transport and radiation.
Thus, the SXR analysis is ap- #81913
plied to the full time sequence “[@

using 25ms and 200 ms time [ density peakin
intervals in which the signals
are averaged. The obtained
2D radiation profiles similar to

radiation peaking

1 power [MW] within rnorm < 0.4 core heating by beams

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

F(b)

core W-radiation (SXR) - 25ms (200ms

S o © 0.0 o © O o .0 O ©

coore VX—raglaELonésp%ctrgsc%py)of ngso

©7

used to derive the total radi- °

F(C) power density [MW m™3] within rorm < 0.15

ated power due to W in the core.1&
plasma. In Fig.6 the evolu- £
tion of relevant core parametersg.'o
are depicted. While the density
peaking (cf. Fig.6 (a)) develops: s g () time traces for density (black) and radiation (red) peak
gradually and becomes rnaXi'ng; (b) heating and radiation power within, ., < 0.4; (c) heat-
imal alregdy at gbogt 10'5Srng and radiation power densities withi,,,, < 0.15

the radiation peaking is almost

constant up to about 10.0 s and then starts rising until tdeoéthe heating phase. The density
peaking reaches values of 1.5 (i.e. the ratio of cofg.{, = 0) and pedestal-top densities) and
the radiation peaking (derived from comparing two bolométes of sight) rises to values of
4 and keeps rising after 11.5s. It should be noted that thatrad peaking is very localized
in the core as the peaking happens within abqyt,, = 0.4. The W-radiation in the core (cf.
Fig.6(b)) is at negligible levels at 9.0 s and starts risihgl@out 9.75 s consistently with the
diagnosed radiation peaking. When comparing the NBI hgatower withinr,,,,.,, < 0.4 to
the radiated power attributed to W via the SXR camera argl{fsey become comparable only
after 10.0s. The reason for the change in transport mighddadized even more centrally. At
the plasma volume within,,.,,, < 0.15, the radiation power density is strongly modulated by
sawteeth already at 9.5s. At the end of the sawtooth cycleatliation density is about a third
of the heating power density - thus an impact onthrofiles and turbulence seems possible.
This evolution is consistent with the general observatiat tmpurity accumulation starts in the
plasma core, where gradients approach zero close to theatiagris. Clearly, this observation
suggests that central impurity accumulation may be avdiyadore localized core heating or a
smaller level of W-concentration [20]. Both mechanismsehlagen reported before at ASDEX
Upgrade [17,16,20] or JET [18]. ICRF heating at JET provicte® localized heating and thus
is a good candidate for controlling the impurity accumuwati This has been demonstrated in
earlier campaigns (e.g. [18]), and the present work sugdbat is also works for controlling
W-accumulation.

9.5 10.0 time [s] 10-5 11.0 1.5
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4. Screening of W
The erosion of W is localized in the divertor, where the ionxfisi largest and during ELMs
a considerable fraction of the W-erosion occurs [5,6]. Far inter-ELM phase the elec-
tron temperature has been found to be a controlling factothef erosion process in the
divertor, while impurities are always the sputtering specj5,6]. The erosion is quanti-
fied by spectroscopic measurements on lines of sight obgpmie W-surfaces. The W-
flux is deduced from the photon fluxes using the S/XB-methdd.[Z2The ratio of the to-

tal W-content and total W-flux gives the effective W-confiremhtime .. It is a figure

of merit, which allows to quantify the efficiency of an erodatbm to enter the plasma
bulk. Thus, 7y integrates the prompt deposition, the screening mechanisndiver-

tor and scrape-off layer, pedestal transport and partly ¢oansport in a single number.
In [22,23] the edge

transport and erosion [® elows T q®e T T T ]

has been modeled, %[ ehighs _ 1r .o 1 1

and edge-localized 7 | . ° oo 1 s . ; |

modes (ELMs) have % ° ., i . . -
. . & ° 4

been identified to | el . _

play a major role for ©9
control of impurities.

More frequent ELMs _ _
have been observed t(fIG. 7. (a) W-confinement timerf,) versus ELM-frequencyfra) (b)

provide cleaner main™W Versus deuterium gas rate (¢jy versus energy confinement timg,
plasmas, as impuritiesfacmrs of 3.5 inmy and 1.35 inTx are indicated; note the suppressed zero.

are flushed by the ELMs, while in between the ELMs they expegean inward pinch at the
pedestal. In the present work deuterium gas puffing is usatttease the ELM frequency of
discharges with low and high triangularity (lawand highd) shapes. In Fig.7(a); versus the
ELM-frequency is depicted fdx.0 M A plasmas performed at2 7. The data points exhibit a
considerable scatter, but the expected trend of higheat lower ELM-frequency is visible.
No clear separation between the low and high triangulasighiserved, which could be related
to the scatter. In Fig.7(by versus the deuterium gas rate is presented. For lower ghs;puf
is systematically higher. In Fig.7(c) a clear relation betwry;, and the energy confinement
time 7z becomes apparent. Note that the zero onrghaxis is suppressed. The W-screening is
strongly enhanced for a moderate confinement degradatiookihg in more detail, the lower
confinement either correlates to higher ELM-frequenciekigher deuterium gas puff levels.
It should be noted that,, only provides information about the screening of W, howgettez
W-concentration is determined also by the source of W. Ttierles a complicated function of
power transported to the divertor, particle fluxes and intputensities. For our limited data
set the W-source is small for high gas puff rates and high Etdgudencies.

These findings support the strategy to operate at a non-asrpujf level and an elevated ELM-
frequency (e.g. ELM-pacemaking), while the slightly reddconfinement of the plasma [24]
may be enhanced by additional means. This might be nitrogedisg [25] or the exploitation
of an enhanced confinement due to a favorgbbiependence [26]. The latter is observed for
discharges at finite gas puffing levels when the highest besatirty powers are applied.

30 fELM[HZ] 60 0 1 D gas rate 10?2 6 200 Te [ms] 300

5. Summary

The impact of tungsten eroded in the divertor on stabilitg @onfinement of plasma dis-
charges is studied in JET featuring the ITER-like wall. Adbezed quantification of W
has been developed by a combination of measurements fromXs@y cameras and a
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VUV spectrometer. The soft X-ray cameras allow for a dethiéecounting of core ra-

diation and poloidal asymmetries. The latter are explaibgdparallel transport in the

presence of centrifugal forces using rotation velocitieasistent with charge-exchange re-
combination spectroscopy. Beam heated discharges aregveldst develop central im-

purity accumulation for cases in which the central powerabe¢ is considerably influ-

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

diation peaking in the very core, locally flattening tig-profiles which in turn provides

less turbulent transport
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collisionallity scaling of density peaking [26]. All the seribed effects sum up and provide an
unfavorable situation at zero gas puff. Thus, a recommendaf the present work is to oper-
ate with minimum gas puff levels of about 20?2 electrons/s and use additional core heating
means like ion cyclotron heating in order to maintain a €allre balance between heating and
radiation.
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