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Abstract — By accessing extreme parameter regimes combined with well diagnosed edge MAST data contribute
towards the understanding of H-mode physics. The first inter-machine comparisons with respect to the influence
of the magnetic topology on the power threshold with ASDEX Upgrade and NSTX reveal a reduction of the power
threshold in true double null (C-DN) configuration opening new operation regimes in both devices. In L-mode,
the negative radial electric field close to the separatrix was found to be more negative in C-DN than in single
null (SN), whilst most of the other edge parameters are similar. Pedestal temperatures in MAST are lower than
in ASDEX Upgrade in MAST-equivalent discharges, whereas the pedestal densities can be similar, although in
long inter ELM periods the MAST density pedestal is higher than on ASDEX Upgrade. In order to test four
leading H-mode theories MAST data are compared statistically to their H-mode access criteria. The usual DN
operating regime with co current NBI in MAST has been extended to include single null (SN) configurations, to
provide more direct comparisons with conventional tokamaks. The plasma edge in SN on MAST is more stable
to ELMs and the typical type-1II ELMs, often observed in C-DN, are absent, despite input powers close to the
H-mode threshold power. In this respect, the stability of measured plasma edge profiles in SN and DN against
ideal peeling-ballooning modes will be discussed.

1 Introduction

The H-mode regime [1-3] is the baseline scenario for the next step magnetic confinement fusion
device ITER [4]. In H-mode the reduction of turbulent cross field transport inside the edge
transport barrier (ETB) leads to the formation of a pedestal in temperature and density with
steep gradients in the edge profiles and an improvement in confinement. The steep gradients in
H-mode, however, destabilise edge localised modes (ELM) which may reduce the lifetime of
the plasma facing components of future larger devices due to the high power efflux during some
types of ELMs (type-I). Active or passive control of the pedestal characteristics and hence
the ELM may be required in order to mitigate the ELM power or avoid them altogether. An
understanding of the physics and conditions leading to the pedestal helps to achieve this goal.

It is widely believed that the reduction of the turbulent transport in H-mode is caused by a
sheared E x B flow in the pedestal region [5,6]. Such a sheared flow is commonly observed
in H-mode [6-8] and can be generated either self-consistently or by imposing a radial electric
field at the plasma edge either by biasing [9] or by modification of the toroidal flow [10, 11].
Although, there are many theories dealing with the L/H transition [12, 13], testing them exper-
imentally has proven to be difficult [14—16]. This is mainly because of the many parameters
influencing the L/H transition such as plasma geometry and shape [17, 18], the position of the
X-point with respect to the ion VB-drift direction [1, 17], the refuelling location [11, 19, 20],
scrape-off-layer flows [21], and the magnetic topology [22, 23].

For a spherical tokamak such as MAST operation in a double null configuration (DN) with
2 poloidal field nulls (X-points) close to the last closed flux surface (LCES) is advantageous
because of the reduced power flow to the small high field side (HFS) target surfaces. Hence,
MAST is mostly operated in DN where an H-mode is commonly achieved [2]. The L/H thresh-
old on MAST is lowest in DN if both X-points are almost on the same flux surface (connected
DN, C-DN)[24]. The power needed to achieve H-mode in C-DN is reduced by at least a factor
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of 2 compared to single null (SN) or disconnected DN (D-DN) with the ion VB-drift towards
the X-point on the LCFES [24].

Operation in or close to DN has also been of interest to conventional tokamaks such as ASDEX
Upgrade (AUG), JT60-U, DIII-D or JET, since the higher triangularity and elongation used in
present day fusion devices has brought the standard SN configuration closer to DN. Further-
more, AUG data suggests that the interesting type-II ELMy regime seems to be associated with
he closeness of the 2" X-point to the separatrix [25].

2 Improved L/H threshold in DN

Usually an ETB is formed above a certain
threshold, Py, in power flowing over the 2
LCFS, Pioss = Paps + Por — dW/dt — Prad
(at constant plasma shape), where P, is
the absorbed auxiliary heating power, Poy
the Ohmic heating power, dW /dt the rate
of change of plasma energy and P.,q the
radiated power inside the LCFS. In con-
ventional tokamaks the lowest Py, is seen
in SN with the ion VB-drift towards the X- ;
point. Previously no reduction of Py, in ;“‘
C-DN has been observed in conventional ‘

tokamaks [1, 17,21, 26]. However, the two

flux surfaces passing through each X-point
need to be almost identical in order to see
the effect. On MAST the window of radial
separation of the flux surfaces projected to =~ 2G——betabanabosd - ol
the low field side mid-plane is very nar-
row —3 mm < 6r sep < 3 mm [22,23]. The Figure 1: Left: shape comparison between MAST (black,
width is of the order of the ion Larmor
radius, pj, or the scrape-off-layer decay
length. The accuracy of the equilibrium
reconstruction is therefore very important
and the window can be easily missed.
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cyan) and AUG (green) similarity discharges. The (R,Z) co-
ordinates of the magnetic axis are mapped on top of each
other by shifting the AUG LCFS contour by AR = —0.84 m
and AZ = —0.09 m. Right: shape comparison between
NSTX (green) and MAST (black, cyan). The vessel contours

Similarity experiments with MAST have of AUG and NSTX are indicated in magenta.

been performed on AUG and NSTX. Fig. 1
shows the similarity of the magnetic configurations achieved in these experiments for AUG
(left) and NSTX (right). The shape match between AUG and MAST is almost perfect, the
former having a slightly lower upper triangularity. Note that the LCFS contour of AUG was
shifted by AR = —0.84 m and AZ = —0.09 m such that the magnetic axes of the two equilibria
coincide. The plasma in NSTX is slightly larger than on MAST but with the same shape. This
is because with the smaller shape and the feedback gains used the NSTX plasma could not be
vertically stabilised to the accuracy needed for these experiments.

On AUG a series of experiments was performed where the plasma was vertically shifted from
lower SN (L-SN) via DN to upper SN (U-SN) (/, = 0.8 MA, i, =4-10 m™3, B, = -2 T,
8 =0.28, K95 = 1.6, —15 mm < drgep < 15 mm). In all discharges the ion VB-drift was to-
wards the lower X-point. The plasma was auxiliary heated with ion cyclotron resonance heating
(ICRH). The heating power, Picry = 1.5 MW, was just below the L/H threshold power in lower
SN. As can be seen from the increase in line averaged density and stored energy shown in Fig. 2



3 EX/P3-8

0.50

10F T T

08} : @1 = 040 A @
—_ 1 g 1
< 06¢ H % 0.30 1H
S04t ! T 020 :

02f 1 € 0.10 1

1 v 1

00 . 0.00 '

25F L (b) 15 T ()
__ 20 }—— Heating power : :
= b er
o 10877 Radiated power N, T o5 1

05 WW++++:++ + !

— 0.20 m
=
=, 0.15 poodoods i

o
£ 010} o WMHD(CLISTE) 1
= 0.05p —— WMHD (Function parar:1 )

of @ 8 : )
— 4} —#19416 : 6 Thermo current ratio (LFS/HF?,#19415)
€
2F — #19415 ,\M ¢
E A £
. 0 o4
S -2 M RS
M : 2
6 L 0

+1.5 mm shift

|

2 3 4 5 6 2 3 4 5 6
Time [s] Time [s]

Figure 2: Traces of I, (a), power (b), Dq, intensity (c), 8rsp (d), ie (e), the IPB H98(y,2) H-factor (f), plasma
energy (g) for AUG discharge #19416. The plasma was vertically shifted from LSN to USN to change 6rsp. A
period of H-mode is highlighted when the plasma is in DN. The ratio of the total thermo current flowing to the
LFS targets and the HFS targets (h) and 8rp (c,red) for discharge #19415 which stayed in L-mode because of less
auxiliary heating are also shown. The maximum in the thermo current ratio indicates Srsep = 0. The traces for 8rgep
were shifted by 1.5 mm because of the thermo current ratio.

the plasma has ~ 300 ms H-mode period when it passes through DN. By reducing the injected
power from Picryg = 1.5 MW to Picry = 1.3 MW H-mode was lost in an otherwise similar dis-
charge. In lower SN (87¢p = —15 mm) an H-mode threshold power of Py, = (1.17£0.05) MW
was measured during consecutive heating ramps using ICRH and neutral beam injection (NBI).
In DN, 6rep = —3 mm, at 10% higher density, the threshold power is Py, = (0.98 +0.05) MW.

On NSTX the threshold power in C-DN Py, = (0.6 £0.1) MW is very similar to MAST [24],
showing that the close wall in NSTX has no effect on Py, in C-DN (see Fig. 1). In L-DN,
however, H-mode could not be achieved in the similarity experiments despite NBI powers up
to PnBr = 2 MW (Pioss = (1.9 £0.3) MW). The reason for that is still unclear since in L-SN
a Py = 0.6 MW has been reported [27]. Furthermore, in the NSTX comparison discharges
on MAST H-mode was achieved in L-DN more easily than usual. From the comparisons with
NSTX and AUG it is clear that at least a local minimum in Py, exists in C-DN. The minimum
is more pronounced in spherical tokamaks than in conventional tokamaks.

As on MAST no significant changes of the T, and n. profiles are observed on AUG at the
LFS in L-mode as the plasma passes from SN to DN. There is also no indication from the
charge exchange measurement on the Lithium beam [28] that the edge ion temperature changes
during these scans. However, in both devices a more negative the radial electric field in C-DN
compared to L-DN (AE, ~ —1 kV/m) was observed using passive high resolution impurity
spectroscopy on MAST and Doppler reflectometry [29] on AUG. The change in £, on AUG
occurs at Yy = 0.96 and seems to be gradual during the scan reaching its minimum in C-DN.
On MAST E, changes just at or inside the LCFS. The similar magnitude of AE, in MAST and
AUG means that Avg g = AE, /B is about a factor of three larger in MAST than in AUG, which
could be the reason for the more pronounced reduction of Py, in C-DN on MAST.
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Comparing the AUG/MAST similarity discharge (#19416) to a MAST discharge with similar
heating power (Pygr = 1.8 MW, I, = 0.8 MA, 7ie = 3- 10" m~3, B, = —0.56 T) similar edge
density and temperature profiles can be achieved in L-mode. However, due to the smaller
major radius of MAST (AUG: R = 1.65 m, MAST: R = 0.80 m) similar heating power means
that Plogs/ Sp1 (Spi: plasma surface area) is approximately twice as high on MAST as on AUG to
sustain the same 7;, profile. In H-mode the temperature and density pedestal on AUG increase by

a factor of 2 to Teped ~0.4keV and nged =2.5-10'” m~3 whereas on MAST the change in Teped is

relatively small (AT; ~ 0.05 keV), although a clear pedestal is established with Teped =0.15keV,
but the density pedestal increases by a factor of 3. Even with comparable H-mode density

profiles and similar power levels, pedestal temperatures on MAST are TepeGl < 0.2keV. Hence,

the lower Teped on MAST seems to be related to the lower magnetic field. The density pedestal
on MAST has a similar width in real space on the LFS and the HFS. The edge density is
therefore not constant on flux surfaces supporting an analytical model from DIII-D according
to which the density pedestal width is determined by the neutral penetration length [30]. Hence
the fuelling location may play an important role and a comparison of the density profiles has to
be treated cautiously because of the different fuelling locations on MAST and AUG.

3 Comparison with L/H-threshold theories

In order to compare MAST data statistically with leading H-mode theories all MAST discharges
with high resolution TS data [31] of the first three experimental campaigns have been analysed.
The LFS edge electron profiles were fitted with a modified tanh fit [32] to calculate edge gra-
dients. Because 7; is not measured in the MAST edge, 7. = T; was assumed. The data were
chosen according to certain quality criteria for the EFIT equilibrium reconstruction and the fit.
Using an empirical H-mode indicator based on the edge gradient and Dy, emission characteris-
tics, the data were sorted into H-mode, L-mode and transition phases. A similar analysis has
been done previously on COMPASS-D [33] and NSTX [16].

The results of this comparison are shown in Fig. 3 for four leading L/H-transition theories:
(a) stabilisation of peeling modes [34], (b) suppression of drift-resistive ballooning mode tur-
bulence [35], (¢) suppression of drift-Alfén mode turbulence [36] and (d) finite 3 drift wave
turbulence suppression by self generated zonal flows [13]. The comparison is shown at two dif-
ferent radial locations in normalised poloidal flux, yn = 0.95 and yn = 0.98. For a typical LFS
MAST pedestal yn = 0.95 is closer to the pedestal top whereas yn = 0.98 is close to the point
of steepest gradient. For each theory scatter plots of local parameters are shown in a specific
parameter space where a clear separation between the L- and H-modes should occur and the
parameter region for H-mode is shaded. The points in the transition phase should separate these
two regions.

Peeling modes are destabilised by plasma current at the edge and stabilised by the pressure gra-
dient. The current at the plasma edge is dominated by the bootstrap current, jgs, driven by the
steep edge pressure gradient. For high collisionality jgg is suppressed. Hence, in a plot of nor-
malised pressure gradient oiyup = —Rg*0B/dR versus edge collisionality V* = VeiLc/ (vth83/ 2)
(B = p/(2uoB?), Vei: electron-ion collision frequency, L.: connection length, vy,: thermal veloc-
ity of electrons). H-mode points should be located in a region otypp > 0.5 and v* > 1 according
to theory. Fig. 3a shows a clear separation for H- and L-mode values at both flux values. How-
ever, the boundary is not marked by the L/H transition points and the theoretically predicted
values of oigp at the transition are too low.

Three dimensional non-linear simulation of electromagnetic drift-ballooning mode turbulence
has shown that transport is significantly increased when ovp exceeds a critical value well be-
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Figure 3: Comparison between experimental data from MAST and theory for (a) peeling modes, (b) drift-resistive
ballooning modes, (c) drift Alfén modes, and (d) zonal flow generation by finite [ drift waves at yn = 0.95 (left,
1) and yn = 0.98 (right, ii). The shaded regions indicate where the theories predict H-mode.

low the ballooning limit unless diamagnetic effects are strong. The diamagnetic effects can be
characterised by oliz = [m;/(2me)] /) v/ (Veiv/RL,)]V/?) / (21g) (L, = (dInn/dR)~": den-
sity gradient length). The comparison with this theory (see Fig. 3b) is similar to the previous
one. L- and H-mode points are well separated and H-mode points are mainly in the predicted
region. But again the L/H points don’t mark the boundary well.

At the top of the pedestal (yn = 0.95, Fig. 3 left) the best separation of all three groups (L,L/H

and H) is achieved by the parameter B, /(1 —l—vi/ 2) (see Fig. 3c.i) characterising the suppression
of long wavelength drift-wave turbulence by the interaction between electron drift waves and
Alfén-waves by  coupling through the edge diamagnetic drift velocity.

Here, Bn, = +/(mi/me)amup/(Rdg/dR) denotes a normalised pressure gradient and

Vi = V¥[miL,/ (meR*dq/dR)]'/? a normalised collision frequency. However, closer to the point
of steepest gradient this clear separation is partly lost indicating that other physical processes

3/2

may become important. The theoretical prediction of B, > 1 + vy~ is not confirmed by the
MAST data which indicates a boundary of the form B, > (1 vy 2) exp{—m(WYnVvn}

At yn = 0.98 (Fig. 3 right) the best separation is achieved in Fig. 3d.ii by the critical electron

temperature Tpc = \/L,,B,Z/ 3Z;f/fz'/ (RMi)l/ ®. For MAST the effective charge Zes = 2 was as-

sumed and the atomic mass number M; = 2 for deuterium was used for all points. The definition
of T, used here differs from the one given by Guzdar et.al. by a factor of 1/0.45 [15]. However,
with this definition quantitative agreement between theory and experiment is achieved. The dif-
ference between experiment and theory might arise from approximations which are only valid
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at large aspect ratio and can possibly be resolved in future. The agreement is also reasonable
at the top of the pedestal. Note, although the theory distinguishes statistically between L- and
H-mode on MAST no change is seen in 7, or T, on MAST and AUG when the configuration is
changed in L-mode from D-DN to C-DN.

4 Pedestal stability against peeling-ballooning modes

Although, peeling-ballooning modes seem to be of minor relevance to the L/H transition, they
are the most promising candidate for ELM triggers. On MAST so far no ELMs have been
observed in D-DN or SN configurations, whereas in C-DN ELMs are commonly observed under
similar conditions [37]. Therefore, the influence of the proximity of a 2" X-point on the ideal
MHD stability at the edge was investigated using MAST equilibria and experimental electron
profiles. The stability of peeling-ballooning modes was studied for medium toroidal mode
numbers (6 < n < 14) using the ELITE code [38].The equilibrium was calculated with the
fixed boundary code HELENA [39] using kinetic profiles from TS measurements and plasma
boundary from EFIT reconstruction. Experimental data suggest that the toroidal mode number
for ELMs on MAST is around 12 [40]. Peeling modes are edge kink instabilities resonant to
rational surfaces just outside the plasma edge and are thought to play a key role in ELMs. They
are stabilised by a pressure gradient and destabilised by the parallel current density. Ballooning
modes on the other hand are driven unstable by an increasing pressure gradient, whereas an
increase in parallel current density is stabilising by enabling access to second stability.

The stability calculations were done for two real and one artificial MAST discharges: The C-
DN discharge #8209 (I, = 0.75 MA, B,(R =0.76 m) = 0.56 T, fie = 5.4 x 10" m~3, Py =
2.4 MW), the L-SN discharge #7508 (I, = 0.52 MW, B,;(R =0.76 m) = 0.53 T, 7ic = 3.6 X
10" m=3, Pygr = 1.2 MW), and an artificially derived L-SN equilibrium by modifying the C-
DN equilibrium from discharge #8209 using the same edge profiles as in the C-DN case. The
kinetic profiles were taken from the high resolution TS system assuming 7; = 7;. In discharge
#8209 the TS measurement was taken 0.5 ms before an ELM after a 5 ms inter ELM period.
In discharge #7508 the TS measurement was taken 20 ms into a 25 ms ELM free H-mode.
Since the gradient at the LFS is underestimated for steep gradients because of the diagnostic
resolution, measurements from the HFS are used. In addition, an artificial L-SN discharge was
created by changing the C-DN equilibrium to L-SN whilst retaining the kinetic profiles from
the real C-DN discharge. This allows to study the effect of the magnetic configuration on the
stability alone. The parallel current at the edge is dominated by the bootstrap current, jgg, in
H-mode. Here, the expression from Sauter et.al. is used [41].

Note, that ELITE cannot handle the separatrix but can approach diverted plasmas very closely.
The magnetic field around the X-point is stochastic and the safty factor at the gegge at the edge
is finite but not well defined. Therefore, a narrow region at the edge has to be removed from
the equilibrium reconstruction allowing a more or less arbitrary variation of gegge. This has
implications on the peeling mode stability which is sensitive to 0 <A = m — ngedge < 1 (m,n:
poloidal and toroidal mode number respectively). For A < 0.1 the plasma can be unstable to
very narrow peeling-modes, but stable against all modes with higher A. The arbitrariness of
dedge Means two things; On the one hand that such modes can always be found in the analysis
and on the other hand that slight changes in the equilibrium will stabilise such modes. Only
modes with a wide mode structure which are unstable for a number of values of A are likely to
trigger ELMs. Hence, all other modes are neglected as ELM triggers. Similar investigations for
lower mode numbers for ASDEX-Upgrade using the GATO code found DN to be more stable
than SN [42]. There, the radial extent of the modes was found to be much smaller in DN than
in SN, consistent with the occurrence of type-II ELMs in these regimes.
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From the experimental data the position of the edge 0.04 ‘ —
transport barrier (ETB), qIEITB, (position of steepest
pressure gradient) with respect to the LCFES is only
known to a certain accuracy. However, the edge sta-
bility is very sensitive to this relative position as can
be seen from Fig. 4. Here, the the growth rates of ,
the n = 6 mode are shown function of qIETB for dif- !
ferent A for MAST discharge #8209. Experimen- 0.01- |

tally the ETB is located at WETB = 0.987 and only

Uncertainty of gradient position

0.03

<C
g 0.02

best estimate of gradient position

. ped 5
an increase of the pressure pedestal from pe = T oy e
1.95 kPa to p2! = 3.1 kPa destabilises the edge. yET8
For \VETB = 0.995, howeyver, the n = 6 mode is un-

stable for a wide range of A. The mode structure Yigure 4: Normalised growth rate of n = 6 peel-

spans the whole pedestal region and is poloidally ing-ballooning mode as a function of pedestal
localised around the X-points. The stability for the pressure position for MAST discharge #8209 with
experimental C-DN and the artificial L-SN equi- a C-DN (solid) and an artificial L-SN (dashed)
librium is very similar. Hence, on MAST the ond equilibrium.

X-point has no influence on the peeling-ballooning

stability at medium n numbers. The edge of the experimental SN discharge (#7508) was found

to be ideal MHD stable for pged up to 3 kPa (the experimental value of pged = 1.5kPa) and is
not destabilised by moving WETB closer to the LCFS.

The absence of ELMs in SN on MAST under conditions where ELMs are observed in C-DN
together with the similar stability of C-DN and L-SN equilibria with the same edge profiles
suggest that there is a mechanism in SN, which prevents the profiles to reach their stability limit.
Multi-time TS shows, that in long ELM-free periods in L-SN the pressure pedestal saturates.

5 Conclusions

The comparison of similar discharges in MAST and AUG as well as MAST and NSTX showed
that there is at least a local minimum of the L/H threshold in connected double null (C-DN)
compared to lower single null (L-SN). The reduction of Py, in MAST and NSTX is more
pronounced than in ASDEX Upgrade (AUG). The change of the configuration from L-SN to
C-DN gives rise to a more negative radial electric field, E,, in L-mode inside the last closed flux
surface. The change of E, in MAST and AUG was of similar magnitude, hence, the change
in the E x B velocity in MAST is larger than in AUG, which may be the reason for the more
pronounced reduction of Py, between L-SN and C-DN in spherical tokamaks. The similar Py,
in C-DN in MAST and NSTX shows that the wall has no significant effect on Py,

On MAST similar edge density and temperature profiles as in AUG can be achieved in L-mode
with similar heating powers. In H-mode, however, the pedestal temperature on AUG is about
2.7 times higher than on MAST, but the pressure pedestals are similar. Nevertheless, even in

similar MAST discharges with similar density pedestals as on AUG, Teped is less than 0.2 keV
supporting a scaling of 7"*® with the magnetic field.

On the one hand, MAST data support statistically the theory by Guzdar et.al. for the L- to
H-mode transition based on finite  drift wave stabilisation by self generated flow shear. Agree-
ment with the theory is achieved, but only with a critical electron temperature, 7¢., twice as
high as theoretically predicted. On the other hand, neither 7. nor 7; change in L-mode between
C-DN and L-SN, although this configuration change leads to an L/H transition at slightly higher
power. Hence, an element of the the physics leading to the easier H-mode access in C-DN is
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either missing or the statistical agreement shows only the features of H-mode rather than the
cause.

MAST H-mode edge profiles close to an ELM crash in a C-DN discharge were found to be
unstable to ideal MHD peeling-ballooning modes at medium toroidal mode numbers. Removing
the second X-point from the LCFS in the model has no effect on the stability and mode structure.
The profiles in the ELM free H-mode of an L-SN discharge, however, were found to be far from
the stability boundary. Hence, the absence of ELMs in L-SN observed so far is caused by the
mechanisms determining the edge pedestal, which seem to be different in L-SN and C-DN.
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