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Abstract: The pedestal performance is pivotal for the success of I'HeRRe, we present recent investigations on
MAST focused on of L-H transition physics, pedestal tramspod pedestal stability. The profile evolution of edge
parameters such as the electron temperafigj@fd densityre), the ion temperaturdly, using a novel technique),
the radial electric fieldE,) and the toroidal edge current densify,(using the Motional Stark Effect) has been
studied with a time resolution as fast as 0.2 ms in the cadg, ot andE;. The species dependence of the L-H
power thresholdP 4, was measured by comparing D and He plasmas. On MRS{Tin He is about 50% higher
than in D. At the same heating powers ab8&vg H-modes in He have a slightly narrower pedestal than in hdf t
distance between the X-point and the target plates is redRg¢eis lowered even in double null. The data in L-
mode prior to H-mode suggest that neither the gradient movdlue of the meaf or E; at the plasma edge play a
major role in triggering the L-H transition. This is suppatby observations @ andT, made during suppression
of the L-H transition with resonant magnetic field perturtas. Following the L-H transition the fluctuations are
suppressed on a 5 to 10 times faster time scale than the peiddstmed. Owing to the conductive and convective
heat transport, compared to the convective particle tamam evolves faster thame. A clear correlation ofJT,
with collisionality is observed in H-mode. At low collisiality T; profiles are flat withT; > Te in the pedestal
region reaching- 150 eV close to the separatrix. A clear increasggay a factor of~ 5, of similar magnitude

to the calculated bootstrap current, is observed when ¢hgrigpm L- to H-mode. These measurements on a
~ 2 ms time scale allow us for the first time in an ST to calculagefeeling-ballooning stability in the edge with
all profiles measured. This edge stability picture used fWaex edge localised modes (ELMs) breaks down for
high confinement H-modes obtained with counter current NBUAST, where large ELMs expelling up to 7% of
the plasma energy are observed despite the shallow pedestiants. These H-modes show an edge mode similar
to the edge harmonic oscillation that suppresses the ELMsigscent H-mode, but without the strong welEn
and ELMs being still present.

1. Introduction: Type-I ELMy H-mode [1] with a transport barrier at the plasetie (ETB)

Is the baseline operating regime for ITER [2]. Predicting tferformance of magnetically
confined plasmas in future devices in the presence of this pddestal [3-5] due to the ETB
Is difficult, since the access criterion, the barrier fonmatand the pedestal stability are not
fully understood. Hence, in the absence of predictive thhewnpirical scalings are used to
extrapolate the performance leading to large uncertaimtigarticular for the transition from
L-mode to H-mode (L-H transition), although heuristic misdier these quantities with some
predictive capability start to emerge [6, 7]. With respecthe edge localised modes (ELMs)
[8, 9] the unmitigated type-I ELM is likely to be intolerabie ITER or other future devices
[10]. Hence, a better understanding of the L-H transitioth pedestal physics is needed calling
for even better measurements to guide theory.

For both, H-mode access and the pedestal struéuneay play an important role, sinéex B
flow shear stabilisation of turbulent transport [11] is bedid to be the underlying physics of
transport barriers. This is consistent with the generaénlation of strong radial electric fields
during H-mode [1, 12-15]. In case of the L-H transition, thes clear evidence for the fact
that an applied bias to the plasma can generate an H-modktimarj13]. However, looking at
naturally occurring transition the demands on the tempamélspatial resolution are extremely
high, in order to understand the causality of the L-H traosit Only a few experiments have
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sufficiently good measurements to study this. A further cazapon is that one needs to
distinguish betweeg; fluctuationsE, , and the mean equilibrium field. New results from the
TJ-Il stellarator suggest that it i rather tharE, that is important for the L-H transition [16].
MAST is equipped with a good set of edge diagnostics at higliapand temporal resolution.
The most important for the pedestal physics beingThandne measurementsAR = 1 cm)
using Thomson Scattering (TS)[17], tBe andT; measurements (3 mam AR < 6 mm) using
active Doppler spectroscopy [15] and the current profilesueEment R ~ 2 cm) using the
Motional Stark Effect (MSE)[18]. The edgg profile uses charge exchange recombination
spectroscopy betweerfCand Dr. This technique has not been used before. Recent findings
using this suite of edge diagnostics are discussed below.

2. H-modeaccess: During the non-activation phase of ITER the planned auyilpower will
be limited. Measurements on current devices suggest thatstalled power will not be enough
to access H-mode in H or He sinBgy O A;ﬁl (Aetf = S MaNa/ S o Na) [19]. However, recent
results from ASDEX Upgrade show no differenceRpf; between He and D discharges [20],
however there is no broad experimental basis for the L-Hsttienm in He discharges.

To study the isotope depenég o (VA) LR LH G T e ee
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discharge has a longer H-mode Time (s) W
phase. Figure 1. Typical time traces of Figure 2: Comparison of H-mode
similar H-mode discharges in D pedestal in D (black) and He (red).

The power flowing over the(black) and He (red).

separatrixPoss = Pabst Po — OWp1 /0t — Prag- -+ (Paps absorbedPqo: Ohmic, Prag~ 0.1 MW:
radiated power, ane- -: terms connected to the change in plasma shape that is mel®ra
spherical tokamaks), has to be calculated with care usingN'&A This is for several reasons.
Firstly, the He discharge still has some D inventory due &NiBI fuelling and the D captured
in the wall (e.g. @ emission in Fig. 1e). Secondly, the ratio of absorbed tocte power
is lower in He compared to D. The charge exchange processebatié* and D is less
efficient than the process betweeri Bnd D. Thirdly, at high power there is evidence for
enhanced ion losses/“diffusionDg, due to the MHD driven by the fast-ion density gradient
[21,22]. Studying the sensitivity of these unknowns with TR2P the best match with the
experimental data is achieved with He to D concentratiochgfcp ~ 0.85/0.15 = Agtt ~
andDf ~ 1 n?/s leading to a correction ¢fossby 20% in He (see Fig. 1g).

With the same excess powRgss— P 1 ~ 0.3 MW are remarkably similar (Fig. 2). The density
in He discharge seems to be a little bit lower than in the Didisge with a clear density ear. The
temperatures are almost the same within the error bars oh&@asurement, although the slope
towards the core seems to be higher in He. Fitting the pddasi@les with a modified tanh fit
[23] in normalised flux space gives a pedestal widthTioandne in He that is a factor of 1.6
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narrower than in D. These fitted values have to be taken witharg since the density fit needs
to be corrected for the presence of the ear, and there is alstl &inown correlation between
the fitted width and the core slope in the function used fosétes. A higher core slope leads to
a narrower pedestal. The pedefigj is very similar if calculated from the experimental profile
data at the same flux surface directly. This is interestingesin He there are two dominant
lon species present in the edge region rather than one in $2. thle velocity distributions is
different, since dissociation is absent for He.

The edge radial electric field profileg; (R), during the

5 — 1.1 MW (#20689) : - .
== 1.2 MW (#20686) power scan in D are shown in Fig. 3. The measurements
A e MW (#20060) were averaged between3d s<t < 0.33 s, since the
dithers present during this phase can’t be resolved by
_ab R the At = 4 ms individual measurement period. As H-
§ T mode is approached with increasing power little change
= ot Ty ‘ is observed in thés, profiles, and hence inlE;,. The
w Sl ‘ only real difference is seen witByss= 1.6 MW, which
] B wl'“ samples a sustained dithering H-mode. Hd&festarts
i to become more negative. This data suggest that the DC
o L-mode : UE, may not play a key role for the L-H transition. This
e B is supported by several data discussed below including
090 092 094 09 098 100 102 fast measurements through a L-H transition. It should

Wn be noted however, that these mostly L-mode discharges

Figure 3. Average “L-mode” edgé&, for ;
differentPue; approachingLn. already show a considerallé, .
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access [24]. On MAST also a sensitive dependence off" . Fo s
the distance between the outer strike point and the X2} j\&\ﬁ/‘w &
point was observed [25] in single null (SN) plasmas. }§ e -
Initial power threshold measurements in a pair of dov\im8g 4
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andZmag= —0.1 m show a difference if 4 of about %I:EM
a factor 2 withPly = (1.3+02) MW and Py = <3 -
(2.6+0.2) MW for the lower and upper discharge 32,&9“ Rxo,z::%g o -
respectively. Unfortunately, these lower SN dlscharggssf s g‘“"*‘*i‘i*ﬁ“é -
experience small sawtooth crashes every 26ais < §oo Edgo: Ro R= 004 m gig ﬁ
30 ms with slightly different characteristics. In botH‘llggi %igg%;éi%i -
cases the L-H transition is triggered by a sawtooth0 -*='-‘§f‘“’é§02 = e
crash. By is chosen between the two valuesRyss fime ()

ure 4. Comparison of typical time traces
that lead to a sustained H-mode after the crash. Tbu,g,veen two d,ﬁcha,ges W,)t/ﬁ differanat the

effect on H-mode access with X-point height is alsame input power.

present in double null (DN). Here the elongation needs toHanged to changg,. As can
be seen from Fig. 4 the higherdischarge has a clear L-H transitiontgj = 0.3 s at a power
level where the lowex discharge is still in L-mode, albeit close to H-mode. In ardeget an H-
mode of similar quality in the loweq shape the power has to be increasedByg = 0.2 MW.
Parameters at the L-H transition for the 4 different shapeg®&en in table 1.

A comparison of the L-modEg, at lower power shows no significant change between low and
high k (Fig. 5) supporting the notion that the meknis not the driving factor in the L-H
transition. During the application of resonant magnetidyeations (RMP) 4 is increased
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Zmag R« Zx PLH Ne S o] Ay K Cos Lc
(m [ (m | (m) | (MW) | (10°m3) | (m?) (m)
0.21 058 | —1.25 13 25 215 0.44 0.18 167 | 35|13
0.10 059 | —-1.12 2.6 2.3 216 0.39 0.26 1.71| 38|12
0.0 0.57 112 | <18 2.7 245 0.42 0.42 191 | 6.6 | 16
0.0 0.57 1.04 1.8 2.6 234 0.42 0.42 1.80| 55|13

Table 1. Discharge parameters for X-poiRty scan . lower/upper triangularitys,: plasma surface,. SOL
connection length from mid-plane to the outer divertorglat

andE; becomes more positive [26]. This would be consistent witleerebsed x B leading

to a loss of H-mode with RMPs. However, increasing the poweegain H-mode access does
not changes,. There is also no change of or Te close to the edge prior to the L-H transition
as can be seen from the lower two panels in Fig. 4 showing thesatR — Rsep= —4 cm.
Hence, there is no evidence for a critidalneeded to access H-mode as favoured by many L-H
transition theories (see also Fig. 7).

i o 7206%9) ] Surprisingly the SN discharge with the higher X-point
= low ¥ (#20689)

1 has the shorter connection length, due to the slight

1 differences in shape. It is unlikely that such a small

{ change inL. is responsible for the large difference

1 in Bly. The change irL; with K is also small. It

| is remarkable how small changes in the shape can
sensitively influence the conditions to access H-mode.
A close examination of all profiles is needed to see
which local parameters may be responsible for these

E, (kV/m)

1F 1 changes.

of 0% Pnem TMW -3 3. Pedestal Formation: To improve the understand-

090 092 094 09 098 100 102 jng of the H-mode access and the pedestal formation
Wn fast measurements = 0.2 ms ofE;, Te, andne have

(rFé?/)”ﬁZ'loﬁKO%'fﬁéﬁoiﬁ f_frﬁggfag’sngt’}, cbeen performed. Using the dependence of the H-mode
L-H transition. access on the magnetic configuration [25] a sequence
of L-H, H-L, and L-H transitions was triggered in synchraatisn with the 8 TS profiles 0.2
ms apart every 33 mf\{zs ~ 10 ns). This lead to a natural jitter of the individual trdiusis

of less than 3ms greatly improving the statistiEs.was measured at four radial positions and
the development during the L-H transition and through an Etavi be seen in Fig. 6. Each
L-H transition starts with 1 — 3 dithers. Prior to the traiitthere is no discernible change
in E;. In detail, the Lorentz terrErL = UyBg — UgBy seems to correlate with the dropsiiy

that indicate the better confinement, whereas the diamiageetn EP = 9, p/(eZn) seems to
show an anti-correlation. This is until the last dither wighbecomes more positive close to
the separatrix and more negative further inwak}. becomes more negative over the whole
measured region. In total this leads to an increased pegtadient inE; with the shear layer
forming arouncR— Rsep~ —1.2 cm. The increase @ E; happens on similar time scales as the
decrease dDq with E;At /AE; ~ 0.6 ms for the innermost chord. The dynamic of EEJ(ediffers
slightly from EP in the sense that the more inner radii show larger changesttiesouter radii
with EP showing, if at all, the opposite behaviour. The ELM comgietdestroys this shear
layer during its rise time (Fig. 6b). It should be noted ttne ime points are marked at teed

of the acquisition interval.

As can be seen from Figures 7 and 8 there is a clear increasg afd |[Ine| after the L-
H transition at the edge with a typical rise time mfAt/Ane ~ 3 ms. Te hardly changes,
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Figure 6: Evolution ofE; through Figure 7: Evolution of (a) ne Figure 8: Evolution of (a)ng
(a) an L-H transition and (b) anand (b) T through various L-H and (b) OTe through various L-H
ELM. transitions. transitions

t-tg v (Ms)

but |OTe| seems to increase as well although the statistical unogrtaidicated in the plot
(bottom left in Fig. 8) is large. Such behaviour could be @itbue to the initial formation
of a particle barrier rather than a thermal barrier, or by ftrenation of an ion barrier with
ne(t) reflecting the evolution ofi. Analysis of the visible light fluctuations show that the edg
turbulence is suppressed in less than i®0which is at least 5 times faster than the evolution
observed irE;, Te or ne. This suggests that the measured profiles evolve as a carsagof
the suppressed turbulent transport rather than the chaagesg the turbulence suppression.
Further statistical analysis is needed to verify this. Igski7, 81ty is defined at the top of the
last dither to get a unique time for multiple shots corremsjpog tot —t y ~ 0.5 ms in Fig. 6.

) 0.20¢ ‘ ‘
Novel Charge exchange measurements using the | »

reactionC®" + D* — C>" + D* in a thermaD, beam =% piparlSem A
provides T, on a 10 ms — 20 ms time scale With<6 0.10 - ]
high spatial resolution 3 mm AR < 6 mm. At low & 005k o e 1
collisionality o, T; is very flat, and high temperatures . N 2ohy ]
similar to the pedestal temperatufe< 150 eV are 000F i e
measured right up to the separatrix. A good correlation 01 Vv 100

of o;Ti with collisionality is observed.  This is rigyre 9. collisionality dependence of
consistent with the fact that in hot MAST pedestals thg; /Ly in MAST H-modes.

ions are in the banana regime withoj ~ 15 mm of the order of the width of th& pedestal.
According to a very general argument about the conservati@ntropy in the pedestal one
expectPpolilINTi < 1= ppoii < L7 [27]. As the plasma becomes more collisional entropy
Is conserved within each flux surface and a stronger gradiefitcan exist. This is supported

by the MAST measurements shown in Fig. 9

T
.~

4. Pedestal Stability The most common model for the trigger of type-I ELMs is theains
of peeling-ballooning modes [28] with experimental poiafien sitting close to the stability
boundary calculated numerically from the pedestal profiteesre, generallye = p; is assumed
and the bootstrap current is calculated according to nssicla theory [29]. The new;
measurements on MAST suggest tipat= p; is only viable at high collisionality, where the
pedestal is typically far from the MHD stability boundary.t lsw collisionality T; > T in
the pedestal pressor gradient region. The impact of thigjeler, is probably small since
or pi = kg (N0, T; + Ti0, n;) with the first term decreasing, whilst the second term irsgealLarge
ELM like bursts encountered in MAST H-mode discharges withrder current NBI, however,
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do no fit the peeling-ballooning model since hardly any ptadesists to destabilise ELMs.
Nevertheless, the instability structurally indistinduable from a type-I or type-lll ELM ejects
2 kJ< AW < 6 kJ of the stored energy. This&V /W, < 7% with respect to the total stored
energy and\W /Wheq < 30% (ped~ 20 kJ), which more like the energy loss observed during
type-I rather than type-Ill ELMs.

A more fundamental question for pedestal stability is if thége current is calculated
correctly. Unfortunately, the edge current densjgyusually derived from a pitch angle,
Ym = arctar{Bg/By), measurement is very hard to measure, since generally thgrated
quantity ym is not only small at the tokamak edge whé&g> By, but the change due to the
edge current is minimal. Furthermore, the few existing measents of the locaBg have to
poor a time resolution to resolve the ELM cycle [30]. In the 8ik strong field line pitch on
the low field side leads to measurable changesif31] using the Motional Stark Effect (MSE)
measurementyt = 2 ms,AR~ 2 cm) [18].

o IAINT]

jo[A/Y]

Figure 10: Comparison ofjg
with the neoclassical calculatlon according

1.0410°

5.0410°F

1.0410°

5.06105k+

~ Just after‘ the ELM
(t=0.347s,#24409)

,,,,,,,,,,,,,,,

Late in the ELM—free period
[ (t=0.383s,#24409)

1.30
R [m]

from MSE

Sauter et.al. [29]
and the measurement, but as the Width is smaller the totel @digent is less. The wider profile
is possibly caused by the low spatial resolution comparedegedestal width (see below and
Fig. 12). In this case the integrated current would be dhisted in a narrower region leading to
an even highej leading to the conclusen that the used expressions fromassical theory
are incomplete. For example, the edgecould lead to an enhancement pf [32], or the
assumption that; < L, (with p; the ion gyro radius and; the gradient length) could account
for the discrepancies. Also, a bootstrap calculation assutime plasma to be in equilibrium,
which, especially just after the ELM crash, might not be thsec

Interestingly jo is not affected by the occurrence of a [ . -
type-I ELM. In the particular case measurggl was 1.5-106—]— ;:g@\
rising before the ELM, and keeps doing so after the | /-

ELM for several ms, whereas as expected (fldpe|) i
does drop significantly at the ELM crash. A dela§1°1°6f
due to current diffusion on resistive time scales seefis
insufficient to explain this. Also max,) sometimes

decreases whilst méipe|) increases. This may be
due to an increase,, as the increase ilfil pg| is mainly :
due to an increase ine, which reduces the bootstrap o0

fraction of the edge current [33].

Figure 11 shows a maky) versus mag Ipe|) stability

plot.

Consistent with the picture of pressure driven edge
current, strong edge currents are observed in H-mode
as can be seen from Fig. 10 showing the comparison
betweenj, derived from MSE andj, based on the
neoclassical calculation of the bootstrap current [29].
Again the assumption$ = Te andn; = ne are used.
Profiles are shown just after the ELM= 0.347 s) and
late in the ELM-free period. It is clear that in both
cases the neoclassical calculation predicts less edge
current than measured by MSE. The difference is most
noticeable just after the ELM where the calculated peak
in jo is both more narrow and lower thgg measured

zJBV MSE. Late in the ELM-free period the height of the

Jo peak is similar for both the neoclassical calculation
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Figure 11: Measured trajectory ahax(jq)
versusmax(|0pe|) in comparison with the

&

The 2 dashed lines indicate the balloonirsability limits calculated with ELITE.
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stability boundary for the time points= 0.343 s andt = 0.383 s. These boundaries are
indicative only, as they will differ for each time point dueeprofile shape changes. No unstable
peeling modes were found in the simulations at these timesgulde the eye a dotted line
is added to the figure indicating were the peeling boundasxsected. During the type Il
ELMy phase of the discharge mgy) and max|Ipe|) are located in the area where the peeling
boundary is expected (crosses). In the first long ELM fregéopgemaxj,) and max|Ope|)
start near the peeling boundary, but a sudden increase ifj[oy@X) brings the data points to
the ballooning boundary. As m@xipe|) increases ma,) shows an initial decrease, but it
recovers when ma¥dpe|) stabilises. Interestingly it is not just the data point tigkfore the
ELM crash that lies on the stability boundary; the plasmgéns around the stability boundary
for several ms before the ELM crash. Atthe ELM crash (fidype|) drops while makjy) stays
more or less the same. The second ELM free period is similduetéirst one: a sudden increase
of max(|dpe|), with a slight drop in magj), followed by an increase of both m@kipe|) and
maxje). This time the data points even cross the ballooning boynaail before the ELM
crash. However, the position of the ballooning boundarylnsoat within the errors bars of
max(je) and max|[pe|) (see top left of the figure). Morg, makes the plasma more unstable.

The pitch angle can also be derived by
—a— MSE data . .
50+ £ |——WKB mod. the analysis of 2-D electron Bernstein wave
o "ull wave mod. emission (EBE)[34]. A pitch angle profile
from a prototype system in ELM-free H-mode
in comparison with the MSE measurement is
shown in Fig. 12. The spatial resolution of the
\}\ EBE measurement is indeed much higher than
for the MSE measurement, but the integrated
30 . . : . profile is consistent with MSE. The good
1.35 1-é0(m) 145 localisation is given by the stron gradient
Figure12: Pitch angle derived from the analysis of2—L9t the edge_ measured_ using T_S' This data
electron Bernstein emission. suggests thajfy in MAST is much higher than
can be accounted for by standard neoclassical theory. @fplar interest is that they, profile
requires a negative current sheath close to the separ&wuish a current sheath may suppress
the turbulence [35]. Currently a 36 antenna imaging systamder development, which should
be able the measuyg, on sub ms timescales, possibly resolving ELMs.

>->.;_

40- _

|

—

pitch angle (°)

LCFS

5. Conclusions The MAST studies of H-mode access, pedestal formation aflisy give
unique insight into the underlying physics. The L-H poweet#hold in He on MAST is about
50% higher than in D. H-mode access is greatly influenced eyérmtical position of the X-
point in single null and double null (change wj. It is not likely, that the small changes
of the outer scrape-off-layer connection length are resibbm for the observed differences.
The more positive radial electric field at the edge due to p@ieation of resonant magnetic
perturbations may explain the higher power threshold aleskin these plasmas, but the data
from the power scan, changetofind fast measurements through the L-H transition suggast th
the mean field is only a secondary player for the transitionMAST T; > Te in the pedestal
with flat gradients at low collisionality, since the largenbaa orbits couple the flux surfaces in
the pedestal together with respect to entropy conservaiidith increasing collisionality this
coupling is broken andT;| increases. No clear changernig Te, andE; or their gradients is
observed prior to the L-H transition. Comparing the evolibE,, ne, LIE;, [Ine andTe after
the transition with that of the fluctuations suggest thatpiddiles react on a relatively sudden
change in the transport rather than causing the transition.

Measurements of the detailed time evolutidt & 2 ms) of the edge current density in
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inter ELM periods using the Motional Stark Effect (MSE) seggthat the peeling-ballooning
model for the type-I ELM onset may be incomplete, althoughteasurements are in broad
agreement with ideal MHD stability calculations. This igpparted by the edge stability in
counter current NBl H-modes that show large ELM like instiéibg with almost no pedestal.
The measured edge current density exceeds the neoclgss®daition by more than a factor
of two, in particular after an ELM crash. This is supportedtbg analysis of 2-D electron
Bernstein wave emission (EBE). a novel technique, showingtileeAR = 2 cm resolution of
the MSE measurement is probably not enough to resolve tre@dgent layer on MAST. This
data also suggests thpfchanges sign close to the separatrix. Future innovativedvegments
of the EBE system (next year) should allow fast measureménjspossibly through an ELM.
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