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Abstract: In the recent JET experimental campaigns with e WER-like-Wall (ILW), major progress has been
achieved in the characterisation of the H-modemegin a metallic first wall: i) plasma breakdowndal:mode
operation have been recovered in a few days ofadiper ii) Stable type | ELMy H-modes wifl\~1.4 have been
achieved in low and high triangularity ITER-like agle plasmas and their operational domain at H=1 is
significantly reduced with the ILW for equivalenihaunt of deuterium gas injection than with the carfwvall. iii)
Deuterium gas injection (¥tD/s) are needed to control the core radiation. liii)contrast, the hybrid H-mode
scenario has reached H factor close to 1{®aif 3 for 2 to 3s. iv) In comparison to carbon eglent discharges,
total radiation is similar but the edge radiatisridwer and & of the order of 1.3-1.4. It appears that at low ga
fuelling (0.5 16°D/s), impurity transport plays a key role in thehaeiour of the H-mode discharges. This paper
reviews the major physics and operational achievésnand challenges that JET has to face to prodiatde
plasma scenarios with maximised performance in&RHike wall.

1. Introduction

The transition to all metal plasma facing composasitan essential step on the path to
reactor scale fusion devices. The JET ITER-like IWaW) with plasma-facing components
(PFCs) made of beryllium in the main chamber am@ysten in the divertor was successfully
installed in 2010/11 [1]. Demonstrating the comipéity with the new ILW of typical ITER
scenarios such as the baseline or the advancedtivelti-modes (so called “hybrid”) scenarios
developed previously in a carbon environment han lwme of the main line of the research of
the recent JET experimental campaigns.

The paper first presents an overview of the scenpérformance and examines its
compatibility with the ILW. Then details are givem the H-mode hybrid at high normalised
pressure {x~3) and the differences with the H-mode baselisewdised. Plasma composition,
tungsten influx and core transport and radiatiotbepas are important elements to be addressed
and compared with the carbon wall in the discusdiamally the integration of baseline H-mode
at high plasma current (Ip=3.5MA) is presenteddéveloping a fully integrated scenario, the
main building blocks making a complete dischargemfrformation to current decay are
presented and in particular the current ramp updaoweh phases, the H-mode termination and
the techniques for reducing the impact of disruptio

2. Overview of the baseline H-mode development irEX with the ILW
In the JET ILW all the existing Carbon Fibre CompogCFC) tiles in direct contact
with the plasma have been replaced with bulk bieryllas the dominant main chamber material



and with tungsten surfaces in the divertor [1]. Tnheertor consists of W coated CFC tiles and a
single toroidally continuous belt of bulk tungstah the outer strike point. The anticipated
operating limits with the ILW are most fundamentalliven by the relatively low melting point
of beryllium (1356C), the limited robustness of daten coatings to slow and fast thermal
cycles and the thermal capabilities of the supgiouctures for the bulk tungsten tile limiting the
energy dumped into the tile row to typically 60Mitheut strike point sweeping. The protection
of the ILW was an integral part project from vewylg on and the surface temperature on the
tiles (such as the bulk tungsten tile used for déer strike point) has been systematically
monitored [2].

In the initial experimental phases with the ILWjable breakdown conditions with pre-
magnetisation of the primary current have beenvwema in JET in a few discharges and
optimised to voltage of the order of that is expdcin ITER (~0.25 V.m) [P. de Vries, this
conference]. In addition, the interaction with theryllium (Be) limiter has been minimised
using an earlier X-point formation as planned for early phase of ITER discharges. Early gas
fuelling in limiter phase is also essential for d®ping the discharge in the current ramp-up
phase so as to avoid either excessive core radiatiglide-away discharges. L-mode operation
with the ILW have shown very low Zeff (~1.3) plasnmd tungsten accumulation and carbon
level down by one order of magnitude with respedhe carbon wall. [3].

H-mode Baseline (2.5MA / 2.7T) After this first step, stable Type | H-modes
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Fig 1: typical JET H-mode with the ILW. frequency of typically 10 Hz looks necessary to
Note the fuelling rate which is necessary to prevent excessive core plasma radiation. Below
make the discharge steady. this limit, long ELM free phases are often
correlated with strong increase of the bulk radia@and the high Z impurity content (W and Ni),
eventually leading to a back transition to L-modethe power across the separatrppd?
decreases. (here.ds is defined as: Rss=Pn-dW/dt-Frapsuik. The last term is the total
radiated power inside the last closed flux suraae Ry the total input power). In this situation,
the sawtooth activity does not seem to preventatami peaking and even vanishes as the
temperature becomes hollow. In general, no disoapticcurs if R is maintained, where as
switching off the NBI power in such a case can leadisruption by radiation collapse event.

The increase of the NBI power combined with strdegterium gas puffing rate (above
10°°D/s) opens up the operating space by increasingetd frequency and therefore the
flushing out tungsten from the bulk plasma. Sinothkithe increase of the loss power and the
gas puffing contributes to flush tungsten out byréasing the ELM frequency, it is also found
that the minimum gas puffing rate decreases wihdhks power.

However, high gas puffing rate has an impact orcthdinement of the H-mode (fig 2a).
At high triangularity §~0.4) the H-mode scenario shows a confinement dagom by 20 to



30% with gas puffing which was not observed wita @rwall with similar level of gas fuelling
[5]. The low shape cas@&<0.2), cannot be run in the ILW without a minimurasgnjection
(typically 10°* D/s). In the lowest fuelling cases, the confineméactor H approaches
sometimes 1 indicating that the H=1 access is plesbut the operating space is reduced with
the ILW. In an attempt to open up this space, valtkicks [6] have been applied to control the
ELM frequency. Although the ELM frequency could é&dl be controlled at about 20Hz and the
gas rate minimised down to 54M/s, the confinement factor could not be restdmesalues
closer to 1, hinting to another necessary ingreadiggponsible for the reduced confinement.
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The change of the wall composition is most likelytle origin of the difference
observed between the C-wall and W-wall. Zeff is stabtially lower with the ILW and a
reduction from typically ~ 2 to ~1.4 is observeald@netric reconstruction shows a significant
reduction of the radiated power in the divertorioagwith the ILW in similar boundary
conditions such the edge density. This could plagola in the edge transport barrier and
pedestal stability, which would be consistent witkt nitrogen seeding experiments with the
ILW [7] and AUG results [4] showing an increasededadiation level comparable to the level
observed in the carbon wall.

To understand the relative weight between the soand the tungsten transport in those
discharges, radiation profiles have been examionedhie H-mode baseline in relation with the
tungsten source from the divertor. Figure 2b shotie behaviour of Rypud<ns?
(representative of the impurity concentration ie ttischarge) as function of the gas input
amplitude. Above 2 to 3 ¥tD/s the level of core radiation is equivalent theith the carbon
wall (black points). But this level takes off byadnatically when the gas is lowered. For a
selection of these pulses run at same p(ZBBMA, 2.7T), same shape and samgsB(from 12
to 14MW), the tungsten source inferred from divesjoectroscopy (photon flux of the 400.8 nm
tungsten line) measured over the whole tungstearaivtile is shown on figure 3. The tungsten
decreases with the gas bleed by typically a faot@.5 for the low shape and by ~50% for the
high shape, thus much less thapaRW<ne>> in the same range of gas. Note that these
discharges are not in a detached regime accordihgrigmuir probe measurements. Therefore
the separatrix temperature is expected to be vilve 5eV. This analysis indicates that the
radiation level observed at low gas fuelling is moily caused by the tungsten source, but
impurity transport in the core discharge plays & kele in the behaviour of the H-mode
discharge.



3 Bolometric reconstructions for cases of

o Pradbulk/<ne®> above 20MW.1#fm° are

£ indeed confirming such central peaking in the
s 5 \% low gas fuelled cases. [8].

9‘.:,_ I i The neutral recycling is also
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g 1 ;\ £ and C have not the same affinity to deuterium.
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_ _ deuterium gas puffing rate is still an order of
Figure 3: Tungsten source integrated over the magnitude below the recycling neutral flux but
whole bulk tungsten tile as function of the gas jts impact on the confinement appears

injection rate for both low (=0.2, circles) and  stronger.
high (=0.4, triangles) triangularity (using an
inver se photon efficiency, SXB~ 40).

3 — The H-mode hybrid scenario up t@n~3 and its comparison with the H-mode baseline.

The hybrid scenario has also been developed usingfarences the work carried out
with the C-wall [9], [10]. This scenario is traditially characterised by its access to high
normalised pressur@(>2.5) and no or infrequent sawteeth activity duéddbroad” q profile
shape. The latter is achieved in JET by using timeent overshoot technique which helps
keeping the central target g valug)(glose to unity and maximising the amount of cotre
density at mid-radius.

For achieving such “non standard” g profiles, thgpact of the metallic wall in the
current has been first examined experimentallyeAthe plasma breakdown and an X-point
formation 1.4s later, the plasma current is rampedo its plateau in X-point (as planned for
ITER). The comparison with the C-wall shows thatrengas had to be injected in this phase to
achieve the same plasma density. Too low gas iojedas in the C-wall) resulted in the
creation of a run-away electron population (up Me¥ as detected by-ray spectroscopy) and
an increased tungsten level which could explainoieerved hollow temperature profile in the
ramp-up phase. With increased gas injection, thiy epprofile at the X-point formation is
much lower in the plasma core (typically 3 or 4t@a&l of 6 or 7 as measured by Motional Stark
Effect, MSE) than it was with the C-wall in simileonditions. This may have consequences for
scenario requiring the control of the target g peafuch as the advanced tokamak scenario.

Using this current ramp-up phase, the hybrid s¢ertaas been developed at low shape
(6~0.2-0.3) and high shap&-0.4) for gs~3.7 at 1.4-1.7MA/2.0T and 2.0MA/2.3T all using the
Ip overshoot technique (fig 4). In all dischargése outer strike point was located on the
divertor bulk tungsten tile. This was in generat tiee case with the C-wall where the plasma
configuration had a more outward strike point positcloser to the pumping louvers of the
divertor. Despite the change in plasma shape irdivertor, it appears that the hybrid scenario
could reproduce for about 2 to 3s similar globafgrenance (H=1.2-1.3 witB\~3) achieved in
the C-wall at both high and low triangularity. Rbe low triangularity, similar H factor than in
C-wall is also achieved (~1.3) but at higher voluaverage volume density and lower volume
average temperature. In both cases moderate giague5 1" D/s) is required to keep the
discharge stable with regard to core radiation pedormance differences observed between
the hybrid and the baseline H-modes are not weletstood yet, and a detailed comparison is
necessary.

Like with the carbon wall, the baseline scenarithvine ILW has been operated with a
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Fig 4: Advanced inductive (hybrid) pulse with g=0.2 Scaling for JET with the ILW. The LH
run at JET at S~3 with the ILW for ~2s. The thresholds'studles n ‘.JET. [12] with the
performances are rolling over when the fishbone ILW are indeed |nd_|cat|ng that P
activity is replaced by a magnetic island after 7s. could be lower than with the C-wall.
These elements are suggesting that the amounttqioweer coupled to the H-mode with the
ILW is at least equivalent if not higher than wikie C-wall.

The baseline and hybrid H-mode scenarios are notwith the same Ip, Band gs.
Heating deposition and radiation profiles may Héedent in these two scenarios. In comparing
identical discharges between the C-wall and the |lith€re is no obvious sign that the power
deposition and applied torque from the neutral begection is significantly different. For the
baseline scenario, the radiation profiles from bwdtric reconstruction are not showing large
differences in the core with respect to the canvatl unless the gas injection rate is reduced to
less than 1¥D/s leading to core radiation peaking. In contrdst, the hybrid scenario
P.adbuid<ne>? is in general higher with the ILW by a factor ofd®3 even in the case of high (1.2-
1.3) H factors.

The understanding of the difference in confinensiuring the baseline and the hybrid
scenarios has also been examined in details lo@kitige kinetic profiles data [13]. This is done
making an extensive use of the high resolution Tdmmscattering (HRTS) diagnostic fog T
and n using a large database (270 pulses) of H-modedibasnd hybrid at both high and low
triangularity. In most of the pulses studied theecon temperature could not be inferred from
the charge exchange diagnostics in part becaube ddw signal over noise ratio resulting from
the low carbon concentration with the ILW. Howeeeige/pedestal charge exchange data could
be produced and are showing a very similar ioneladtron temperature. Therefore at least for
the pedestal data, we considered that the obsenvati electrons also holds for the ions. This
analysis shows that the pedestal temperature éobaleline scenario (both low and high shape)
is significantly lower (by typically 25 to 30% fasn equivalent pedestal density) possibly
because of the strong gas fuelling applied to thigssharges in general. The hybrid scenario at
low shape is also showing low pedestal temperdtutealso a higher electron density. As a
result, the pedestal electron pressure is typidhkysame between the C-wall and ILW. The
hybrid at high shape has also a degraded elearopdrature with respect to the C-wall, but this
time the density does not seem to compensate lgntoe this loss suggesting that the core
confinement is improved. From these observationseems that the pedestal in the hybrid
scenario does not behave in the same way as @-thall [13].

The core transport is often characterised by thgpégature and density gradient length.
Because of the lack of ion temperature measurementyg preliminary conclusions can be



drawn form the analysis of RfLand R/ly in the core. At high density, the electron-ion
equipartition tends to equilibrate the temperatafehese two species. This is the case in
particular for the high shape plasmas and the loigiient plasma and this assumption is
consistent with the measured thermal stored endrggking at the core gradients for this
category of discharges, it appears that bothyRid R/L, are unchanged for high triangularity
baseline scenario. In contrast, the hybrid scerariigh shape shows larger RAbhan with the
C-wall and similar R/l, consistently with the peaking of density and temapure profiles [13].
This may suggest that for the hybrid high shapaate there the core transport is lower than
with the C-wall and therefore compensates at leadtally for the loss of pedestal confinement.

The hybrid scenario with the ILW has in generalieimm=1/n=1 continuous activity as
in the C-wall. However, the first sawtooth crasim edfect the confinement more profoundly
(loss of 20% in some cases) [14]. Similarly the =2 and m=4/n=3 MHD activity have also
been observed, but when an island forms, its effacthe plasma appears to be larger than a
simple flattening of electron temperature profilehm the island, but showing indeed a slow
decrease of central electron temperature and aaneed radiation from the plasma core (as
observed on the increased soft X-ray level). Thimicontrast to observations with the C-wall
where such events could be recovered from and diderminate the discharge in radiative
collapse. In ILW discharge,control by the NBI power is used. More stable afien could be
successfully achieved by setting up a lo@earget (2.7 instead of 3.0), but with a perforneanc
penalty (H~1.1-1.2 instead of 1.3). The internal MHKignature of the H-modes can play a
significant role between the hybrid and baselinenéies on the transport of impurity towards
the core plasma. The sawtooth and the tearing moadglsl change dramatically the particle
transport properties in the hybrid H-mode and leacdhdiative collapse. In the baseline H-mode
sawtooth phases seem to be responsible for the teng evolution of central accumulation
leading to radiation instabilities [8]. The role sdwteeth in the inward and outward transport of
high Z impurities [15] will therefore require spiciinvestigations in ILW plasmas.

4. H-mode baseline scenario at Ip=3.5MA and its iegration in the ILW.

On the basis of the first H-mode regime developsment2.5MA/2.7T (g=3.5), low
triangularity ©=0.2) baseline operational domain has been extenpad 3.5MA/3.2T (g~3).
This provides a domain to lower and v* and thus interesting data for the study of ELMithe
load, density peaking and confinement scaling aga#g done with the C-wall [16]. Large gas
injection has been intentionally used again to iksgbthe discharge and keep the ELM
frequency above ~10 to 20Hz and strike point swegepf about +/-6cm has been successfully
applied at the bulk tungsten tile to mitigate theface temperature tile below 1200C. Using this
cautious approach, plasmas have been successaubiapped a3n~1.4 with 25MW of NBI
power for more than 5s duration andg @f 1.2-1.3 (fig 5). ICRH power has also been cedpl
successfully up to a level of 3.5MW. An elevatidrtlee core temperature and larger sawtooth
activity are clearly observed in the ICRH phase thete is no clear evidence yet that it had a
beneficial effect on the high Z impurity core contation. In comparison to the C-wall high
current scan with the same triangularity, the amrhent is consistently lower by 20 to 30% at
same plasma currentgscand shape. This has been achieved despite irgegfito more power
than the power threshold,RProm the ITPA Scaling [11], which is equivalentwdat had been
done with the C-wall. Attempts to recover the coafment by lowering the gas injection down
to a rate of 2 18 D/s and increasing.BsdPr well above 2 while keeping the ELM frequency
above 10Hz, have not succeeded in recovering nhare 10% of the confinement. As a result,
thep* andv* range are higher by typically 50% and 30% respebt than with the C-wall.

For the baseline scenario at 3.5MA, an absoluieefof 600T could be expected in case
of a vertical displacement event. To mitigate saehnt, the massive gas injection (MGI) has
been used routinely in closed loop above plasmeestg of 2.5MA. With the ILW, lower
radiation is observed during the disruption reaglin a higher fraction of the magnetic energy
to be conducted, thus higher heat loads on the imadiddition, the longer current quench is also



producing higher halo forces [17]. The
experiments to qualify the efficiency of the DMV
on disruption have shown that [18], the MGI
increases the radiation and thus reduces the heat
loads and forces. To trigger the MGI, a set of

{ sensors have been used routinely based on the
';‘:g: Bell[a.u] 1 |ock-mode signal and current quench detectors
(detecting dlp/dt or poidal flux variations) [19].
These trigger acted more than 67 times for
current of 2.5MA and above. In addition, a more
sophisticated real time predictor based on a
combination of classifier of 7 characteristic
temporal signals has been designed [20] and
tested off-line. It demonstrated that with the ILW
almost 90% of the disruptions can be predicted
30ms in advance of the disruption, with thus a
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Fig 5: 3.5MA pulse run at JET with the The scenario development at high ctirren

ILW. Note the strong D gas puffing rate and have also been investing significant amount of
the plasma termination using a tail of ICRH time in mastering the H mode termination and
and NBI power for 2s. landing. Because the ILW has changed the
radiation distribution towards more plasma coreiatah, switching off the power at
termination often resulted in a radiative collapBeis may be explained by the longer residence
time of heavy impurities in the plasma than thaliglit impurities. The use of electron heating
up to (4AMW of ICRH) in the landing phase has begtcsssful in mastering the landing of the
HL transition. In this phase, the electron temperaicould be increased up to 6 or 7keV and
helped in preventing radiation collapse. Howeverrandedicated experimental work is
necessary to understand the physics processesiadedowith the back-transition and the
external transport barrier collapse.

In addition, dedicated experiments have been choig to investigate the H-mode in
the ramp-up and ramp-down phase. The goal is teeaddhe flux consumption and the internal
inductance (li) evolution in these phases in th&/lenvironment and assess whether these
phases could be limited by the poloidal field syst# ITER as it was done with the carbon wall
[21], [22]. In this type of experiment the currgamps are scaled to ITER using the resistive
time (~ <Te3?.& at fixed Zeff) as a guide, resulting in currenmup rates of typically 0.36
to 0.28MA/s. The range of internal inductances eatd in ohmic and H-mode at the end of the
current rise is comparable to that obtained with @wall. Furthermore, in H-mode, the flux
consumption in the current rise is less than inGheall by typically 25%.The current ramp-
down has been investigated along the same guids lar ramps of -0.14 to -0.5MA/s.
Although li increases from 0.9 to 1.2 in H-modee thcrease is limited as long as the discharge
stays in H-mode like. These results are in lindhwhtose obtained with the C-wall and therefore
confirm that there even for the fastest ramp-dotwis ipossible to maintain plasma vertical
position and avoid any significant flux consumptionthe ramp-down of ITER. In general no
increase of the core radiation is observed in tkeaperiments.

ITER-like ramp-up and down, disruption mitigatiomdaH-mode termination studies are
essential and paving the way to the demonstrataselime discharges in an ITER-like metallic
environment.

5. Conclusions

The recent experiments at JET with the new ILW hanagle significant progress in the
scenario integration with a relevant wall for ITERtable H-mode baseline plasmas{@,
Bn~1.4) have been achieved in JET for about 5s up ¢arrent of 3.5MA with a confinement



factor Hgy2in the range of 0.7-0.9. Hybrid H-modes ab@we3 at Ip=2MA (gs~4, Bn~3) with
and gy, factor exceeding 1.2 for 2s. Although operatiosalies such as the limited steady
state heat load or the changes in plasma impuoityposition were foreseen, the landscape of
scenario operational domain has changed more mignify than expected, but is consistent
with the observation on other metallic devices sashASDEX Upgrade [4] or C-MOD [23].
The most important results is that the access té Ebnfinement is in general much more
restricted than with the carbon wall for the baselH-mode scenario in both low=0.2) and
high shaped=0.4). The need to control core radiation with gigant gas puffing rate (above
~107D/s) plays a major role in this result. In part@mylthe access to a confinement factor of
H=1 is seriously restricted because of the neags#ogas injection to lower the tungsten source
and increase the W transport. Although the W comtation can be clearly observed as function
of gas fuelling and Rss the evidence is pointing towards the key roley@thby the high Z
impurity transport. The lower Zeff (~1.3) and loweadiation (and higher separatrix
temperature) in the divertor in comparison to thgbon wall could also play a key role in the
scrape off layer transport. The observation that giathe stored energy in the baseline H-mode
can be recovered using nitrogen injection [7] mignature that the link between the SOL and
the core confinement does exist.

However, even with some gas injection (~5&f5), H factor close to 1.3 can be reached
in the hybrid H-mode scenario in JET with the ILWt this point, it is not yet clear why in
contrast to the baseline H-mode, the hybrid H-maddeves the similar H factor than with the
C-wall. The observation are suggesting that thengba of both pedestal and core kinetic
profiles are not identical between the two scemsaridie higher & (~4) and the level of plasma
current (<2MA) so far used in the hybrid scenarauld be beneficial. Future experiments
aiming at developing the hybrid H-mode to higherrent and therefore higher thermal and
particle confinement time and longer duration cowlded more light on the observed
differences. It should also be noted that the MH&bisity in these discharges has become a
critical issue for the future because of its congege on the impurity transport. In addition, the
ILW has motivated the integration of key elemenishsas the use of the MGI, the landing of
the H-mode and the study of the current ramp-up-ad@vn. This integration work remains
essential in the development of the scenario ipgmagion for ITER.
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