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Introduction:

The ELMy H-mode is the reference scenario in ITER and a candidate regime for a future
tokamak power plant. It is commonly observed in present day magnetic fusion devices [1, 2,
3, 4]. However, the influence of the magnetic configuration on the access to H-mode is one of
the least understood subjects [5, 6, 7], and only a few theories based on fluid equations address
this issue [8, 9]. In this framework, the position of the active X-point on the last closed flux
surface (LCFS) with respect to the ion VB-drift is of particular importance. There are only
a few devices with the appropriate up/down divertor geometry such as MAST, TCV, NSTX
and DIII-D, which can study this effect without changing the direction of the toroidal field and
plasma current or the recycling. Furthermore, these devices can also operate in double null
diverted (DND) configurations rather than only in single null diverted (SND). In particular
the effect of position of the X-points with respect to the ion VB-drift on H-modes has been
investigated in detail on DIII-D [7, 10, 11].

In this paper we present a series of experiments on MAST investigating the influence of the
magnetic configuration (6 = 0.37 £0.01, x = 1.9 40.05) with respect to the degree of separat-

rix separation on the H-mode access in Ohmic ( [, = (630+30) kA, fie = (4.040.3) - 10" m—3
— 50% of Greenwald density) discharges. Spherical tokamaks, such as MAST, show stronger
neoclassical effects because of the stronger magnetic field curvature due to their tight aspect
ratio. For example, comparing MAST to DIII-D, both with similar poloidal cross sections but
aspect ratios differing by a factor of two, the curvature k = —b x V x b with b =B/B is 1.5
(outboard) to 5 (inboard) times higher in MAST.

Magnetic configurations:

MAST is usually operated in a DND configuration with an upper and lower X-point, as
shown in Fig. 1. The two X-points, however, do not necessarily lie on the same flux surface
(see Fig. 1a and c) giving rise to the distinction between lower DND (LDND, Fig. 1a), con-
nected DND (CDND, Fig. 1b), and upper DND (UDND, Fig. 1c) configurations. Lower and
upper refer to the positions of the active X-point on the LCFS. We refer to the two flux sur-
faces passing through the X-points as the inner and outer separatrices, shown in red (LCFS)
and green in Fig.1 and define their distance as 8sep = 7; — 4, Where 77, denotes the minor
radius of the separatrix passing through the lower and upper X-points respectively. Using the
vertical feedback control coils, P6 (Fig. 1a), we can change 0., Without changing the magnetic
configuration significantly. In particular, the position of the X-points compared to the distance
to the closest material surface changes by less than 2%. The average of the triangularity and

elongation over all configurations is & = (0.37 £ 0.02) and k = (1.93 £ 0.05). The configur-
ation is regarded as connected if g, at the outboard mid-plane is less than the ion Larmor
radius p; & 6 mm since the cross field transport is affected at least by p; and the magnetic field
is lowest at the outboard mid-plane. CDND is not a (power) balanced double null diverted
discharge as can be seen from Fig. 2a, since the power flows preferably in the ion VB-drift
direction, which in these experiments is directed downwards.

The magnetic configurations shown in Fig. 1 are derived from EFIT equilibrium reconstruc-
tions. To validate the accuracy of the reconstruction we use the power flow distribution to
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Figure 1: EFIT reconstructions of different magnetic configurations on MAST. (a) lower
(disconnected) double null diverted, (b) connected double null diverted and (c) upper (discon-
nected) double null diverted. The red line shows the last closed flux surface (LCFS) and the

green line shows the flux surface passing through the second X-point.
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Figure 2: (a) Up/down contrast, (Puyp — Paown)/(Pup + Pdown), of power flows to outer () and
inner (OJ) target plates, and (b) outboard/inboard ratio of total power flow, Poyt/Pi, versus

normalised separatrix separation, 857 /i, from EFIT.

the target plates obtained from an extensive array of Langmuir probes for an ensemble of dis-
charges and times (see Fig. 2). The “contrast” of the power flows to the upper target plates to
the power flows to the lower target plates I'yg = (Pup — Pdown)/ (Pup + Paown) for the outboard
and inboard sides are shown in Fig. 2a corroborating the consistency of the EFIT reconstruc-
tions. T'yq is not symmetric around (0,0) reflecting the influence of the ion VB-drift direction
on the power flow. The point of symmetry is interestingly different for the outboard and in-
board side. In Fig. 2b the ratio of the outboard to inboard power flow I'; = Poyt/ P is shown.
Due to the unfavourable curvature and the lower magnetic field most of the power flows to the
outboard side. The parallel power flow from the outboard to the inboard SOL is inhibited if
dsep = 0, since there is no connecting flux-tube. This should lead to a peaking of I'; at 8sep = 0.

The peak of Ty; is obtained at 85} /p; ~ 0.16 from a statistical analysis of the data shown in

Fig. 2b, showing a small systematic shift equivalent to 85T — 8sp &~ 1 mm. We correct for
this in the following (8sep/pi = BEST /pi—0.16). This is comparable to the estimated accuracy

of EFIT with respect to the separatrix separation.

H-mode quality:
In Fig. 3 are shown the traces of the divertor Dy-intensity for consecutive discharges with
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different vertical positions, Zn,, of the magnetic axis. In the cases shown in Figs. 3b and
3¢ where Zy,g 1s sufficiently cfose to zero typical threshold ELMs can be seen indicating
a shallow H-mode. All the discharges were sawtoothing with a similar sawtooth period of
Atg ~ (8 = 1) ms. With both LDND (Fig. 3a) and UDND (Fig. 3d) configurations the plasma
remains in L-mode.

Quantities such as T or the H-factor usually em-
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ter, leading to longer inter ELM periods and larger

ELM events.

Op from Eq. (1) is plotted as a function of normalised separatrix separation in Fig. 4 for
three sets of discharges with different toroidal fields, Bo = 0.54 T (e), By = 0.46 T (IJ), and
By =0.35T (©), but similar /, and, hence, Bg. To estimate p; at the LCFS the local TS
measurement was used and 7; ~ 1.5 - T, was assumed as found from modelling the MAST
SOL [12]. Another good indicator for H-mode quality is the edge density gradient, dn./or,
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Figure 4: Quality of H-mode versus norm- Figure 5: Edge electron density gradi-
alised separatrix separation Ssep / p; for three ent versus normalised separatrix separation
different toroidal field values, By = 0.54 T  from the width of the D¢, emission (L) and
(¢), Bo=0.46T (L), and Bo =0.35T (0). Thomson scattering (o), ELMs are marked.

shown in Fig. 5 for the medium field case, By = 0.46 T, as measured from the width of the
Dg-emission profile (LJ) [13] and from TS by fitting a modified hyperbolic tangent function
to the data (e) [10]. Note, the Thomson scattering measurement on MAST is a snap-shot
of the plasma of A#s = 30 ns. The marked data point shows that if the Thomson scattering
measurement is during an ELM the density gradient is reduced to almost L-mode levels.

Both measures shown in Figs. 4 and 5 indicate clearly that Ohmic H-mode in these discharges
is only achieved in a narrow region of |dp/pi| < 0.5, i.e. in CDND configuration. Even
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with auxiliary neutral beam heating up to date good H-modes on MAST are currently only
observed in CDND configurations showing that CDND configurations exhibit the lowest power
threshold in MAST, although an extensive assessment has yet to be performed. The similar
width of the peak of Oy (see Fig. 4) for all magnetic field settings seem to favour normalisation
with p; rather than the poloidal Larmor radius ppo.

To our knowledge there is no existing theory available to explain these observations [14].
Since the phenomenon seems to be a finite Larmor radius effect, fluid based theories seem
inappropriate to address the issue. We believe that the changes of gradients in the SOL and
their relation to the gradients inside the LCFS are causing the differences in H-mode access
because the separatrix connection is the important factor affecting mostly the SOL. The typical

radial decay length in a tokamak scales roughly as A = \:D 1Lc/cs, were D) is the cross
field diffusion coefficient, L. the parallel connection length and ¢, the ion sound speed. In
disconnected configurations the profiles just outside the LCFS of T, n. and E, will be flatter
than in CDND due to the additional long connection length between the two separatrices. This
could affect the sheared-flow just inside the separatrix in two ways. Firstly, the radial electric
field E, in the SOL, mainly determined by V | T¢, is expected to increase significantly in CDND
leading to changes of V | E, just inside the LCFS. Secondly, according to a theory by Guzdar

et.al. [15] the L/H transition is achieved if the parameter ﬁ =B/2(qR/L,)? is increased above
a certain critical value leading to a self organisation of the plasma edge to H-mode.

Summary:

A detailed investigation of the effect of separatrix separation on the access to H-mode in Ohmic
discharges showed that H-mode on MAST is best achieved in a connected double null diverted
(CDND) configuration. In these type of discharges on MAST H-mode is only reached when
the distance between the two separatrices does not exceed p;/2. The findings suggest that the
lowest H-mode power threshold in spherical tokamaks will be in CDND configuration. There
is no existing theory, to our knowledge, that can explain this finite Larmor radius effect. The
easier H-mode access in CDND configurations, however, could result from the differences in
energy and particle exhaust due to the missing parallel power flow and the additional energy
and particle sinks affecting the gradients in the SOL which leads to changes of the sheared-flow
just inside the LCFS. This work demonstrates the valuable insight into L/H-transition physics
that can be gained on MAST.
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