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This paper considers the prospects of outer X-point tokamak configurations that exhibit MHD stability properties similar to those of neg-
ative triangularity tokamaks. The most recent numerical studies of ideal MHD stability for outer X-point configurations provide evidence
of beta limits, v > 3, and the passive stabilization of axisymmetric modes in plasmas with an elongation close to unity. Formation of an
outer X-point with the help of a simple magnetic system is examined. A more general outlook on the external X-point tokamaks is of-
fered including power exhaust, edge stability and divertor geometry.
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PaccMoTpeHB! nepcreKTHBB! KOHPUIYpalliii TOKaMaKkoB ¢ BHELIHEH X-TOUKOM, obnanaromux cBoiicrBamu MI'/l-ycroitunBoctu, aHamo-
THYHBIMH KOH(UTYPAIUAM C OTPUIATEIILHON TpeyroinbHOCTEI0. HoBble pacuérsl uneansHoit MITJ[-ycTOHYNBOCTH ITOKa3bIBAIOT MPEAEIBI
1o By > 3 U NaCCUBHYIO YCTOHYMBOCTh OCECUMMETPHUHBIX MOJ| JUISl IUIa3Mbl C BBITSHYTOCTBIO, OJNU3KOH K enunuie. U3yyaercs Gpopmu-
poBaHHE BHeNIHEH X-TOYKU C IOMOIIBIO YIPOMEHHOW MAarHUTHOHN cucteMbl. OOcykmaroTcst 6osiee 0OIHe MEePCIeKTHBEl TOKaMaKOB C
BHeIIHeW X-TOUYKOH, BKIII0Yask OTBOJ, MOLIHOCTH, YCTOMYMBOCTb KpaeBOH IJIa3Mbl U T€OMETPUIO JUBEPTOPA.

KiroueBble cjioBa: TokaMak, AUBepTOp, X-Touku, MI'Jl-ycTOHYHBOCTD.

INTRODUCTION

Power handling in magnetic plasma confinement systems is a major challenge for fusion programs around
the world. The tolerance limits of steady-state and transient thermal stresses in tokamaks are constrained by dif-
ferent materials-engineering issues. In addition, a stationary confinement regime is required for tokamak-based
reactors as well as tokamak-based fusion neutron sources. No matter how good an energy confinement is, a
poorly performing power exhaust system makes a stationary machine design dysfunctional. That is why the
«power exhaust firsty paradigm comes up with a particular stress on the negative triangularity plasmas. Toka-
mak plasma with negative triangularity has been actively investigated both experimentally [1, 2] and theoretical-
ly, as part of plasma confinement [3] and demonstration reactor power exhaust studies [4]. Numerical studies of
the ideal MHD stability for negative triangularity plasmas with X-points shifted to the outer side of the torus [5]
confirmed that even in the absence of a magnetic well with elongated cross-section, stability limits imposed
by external kink modes meet the reactor requirements for normalized beta By > 3. At the same time, plasma
pressure in the pedestal near the plasma edge is about 4 times lower compared to that in conventional toka-
maks with a D-shaped cross section and positive triangularity [6]. Therefore, strong ELMs (edge localized
modes), unacceptable in large tokamaks, are expected to be robustly avoided.

However, some core confinement advantages observed in negative triangularity experiments, providing in-
sight into the prospects of negative triangularity tokamaks as fusion systems, are not explained by plasma theory
yet and all projections for reactor scales are very preliminary. The high energy confinement mode (H-mode) in
negative triangularity diverted plasmas is still to be demonstrated. Vertical axisymmetric instabilities also pose a
problem for negative triangularity plasmas with elongated cross-sections [5]. There are other new engineering
challenges to overcome, including the rejection of low-stressed D-shaped toroidal field coils substituted by the
coils compatible to the outer divertor with a wider separatrix wetted area at larger major radius. A more general
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question arises concerning configurations that would allow a greater plasma volume to be pushed into a domain
with a lower toroidal field without changing the aspect ratio (especially relevant for spherical tokamaks): is it a
necessary handicap for a stationary outboard power exhaust?

Are there other tokamak plasma configurations, which are ELM-proof and power exhaust oriented and
still simple and versatile? This question opens up the pathway to consider external X-points (primarily sin-
gle-outer X-point) tokamak configurations that exhibit MHD stability properties similar to those of nega-
tive triangularity tokamaks. An outer X-point divertor configuration was tested as part of the JT-60 toka-
mak original version (1985 — November 1989, upgraded to JT-60U (1991—2010), see [7]) with limited
success: the H-mode was not properly attained with a hydrogen plasma. However, even back in the 1980’s it
was clear that the presence of an X-point at the torus outside did not preclude high beta values [8]. The con-
figurations with outer X-points and oblate cross-sections are also relevant to constant mean curvature surfaces
providing maximal volume among all toroidal surfaces of a given area [9].

This paper presents new calculations of the free boundary equilibrium and ideal MHD stability for exter-
nal X-point tokamaks. External kink-imposed limits for equilibria with prescribed boundary shapes are treat-
ed in the next section together with stability calculations for axisymmetric n = 0 modes. Examples of magnet-
ic system layouts and free boundary equilibria are given. The prospects of eXternal X-point (XX) configura-
tions are discussed.

OUTER X-POINT: MHD-STABILITY

The KINX stability code [10] was used to calculate ideal MHD-limits for a series of equilibria with a fixed
boundary parameterized as follows:
R=R,, +a, f(0)cosd—3,sin’0, Z=2Z,+azk,sinb, —n<0<m,
f(0)=1+X(1 —|sin9 )x, X=ky/py, ky=kI(1-0.5k/py), (1)
ay =al(1+X/2), Ry =R, —a,X/2, 8, =d(1+X/2)-X/2.

This plasma shape features outer X-point at R = Ry + a (the 90-degree angle between separatrix branches is
provided by X = ky/py) and prescribed major and minor radii, Ro and a, as well as elongation k and triangularity 6
(Fig. 1, a).

Given the plasma shape and initial parallel current density and pressure profiles (Fig. 1, b), the limiting

pressure profile was computed against the ballooning mode stability with the current density profile kept fixed,
and the pressure gradient iteratively adjusted. The resulting plasma profiles are shown in Fig. 2, a. The norma-
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Fig. 1. Plasma shapes with outer X-point: Ro=2m,a=1m, k=1, px =2, —4=0, —6=0.25; —86=0.5(a);
plasma profiles for the initial equilibrium with prescribed parallel current density and pressure gradient profiles: 8 = 0, internal induc-
tance /; = 0.89, In=0.79, By = 0.84 (b); dashed lines show the bootstrap current in collision-less limit, the ballooning mode limiting
pressure gradient and ¢ = 1 in the corresponding plots
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lized current Iy = I(MA)/a(m)/B(T) = 0.79 where I, a and B are plasma current, minor radius and vacuum magnet-
ic field at the plasma center respectively, corresponds to the safety factor gos = 4.0. The normalized beta is de-

fined as B, = (2u,<p>/B*)/I,,. One can also note a quite high bootstrap current fraction f; = 0.64 (bootstrap cur-
rent density in the collision-less limit is indicated by dashed line in the parallel current plot in Fig. 2, a) and
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Fig. 2. Plasma profiles for the ballooning mode optimized equilibrium with prescribed parallel current: /; = 0.88, Iv=0.79, By = 4.02 (a);
limiting values of normalized B for different toroidal mode numbers; no wall, conformal wall at the 1.3 @ radius from plasma and wall at

plasma boundary cases are compared:-O-— no wall, ====== —wall 1.3, ====== — internal, ====== — ballooning, (b)

the evidence of access to the second stability region in the core (local marginally stable pressure gradient, shown
in the dashed line in the corresponding plot is higher than the pressure gradient in the core). The ballooning
mode optimized pressure profile was then rescaled and the marginally stable By was determined for external
kink modes with toroidal mode numbers n from 1 to 5 (Fig. 2, b). The n = 1 mode sets the overall limit = 3.6
for such an equilibrium series without wall stabilization. Only a slight increase in By due to the presence of ide-
ally conducting wall indicates the strong coupling between external and internal modes (for internal modes
alone, i.e. with ideally conducting wall at plasma boundary, By > 5 for n = 1).

For edge stability calculations the core pressure gradient was multiplied by 0.6 to step back from the global
mode stability boundary. Hyperbolic tangent pedestal profiles were introduced (Fig. 3, a) and then rescaled as in
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Fig. 3. Plasma profiles for the equilibrium with pedestal § = 0.02, In = 0.79, By = 2.56 (a); edge stability diagram with margins for diffe-
rent toroidal mode numbers and ballooning modes, red crosses correspond to ballooning unstable region, green circle — parameters of
initial equilibrium with pedestal, maximal pressure gradient at sqrt(yo) = 0.98, Jedge/J = 0.071, p'edge/p’ = 0.284 (b)
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[11]. The calculated edge stability diagram for the rescaled pedestal profiles is presented in Fig. 3, b. Here a is
the normalized pressure gradient and Jj/</> is the normalized parallel current density, where </J> = [,/S, is the
average current density over plasma cross-section, they are estimated at the position of maximum pressure gra-
dient p’ in the pedestal region. The pedestal limit is very low — a factor of 2.5 lower than in the initial equilibri-
um with pedestal (pedestal parameters are represented as the green circle). The scaling for pedestal height in

ITER-like D-shape plasmas [11] B, ~3D"/I,’ gives the poloidal beta limit B, pea of 0.44 which is more than

5 times as large as that for the outer X-point case (0.08) for the chosen pedestal depth parameter D = 0.07 (in
normalized poloidal flux units). The remarkable thing is that internal n = co ballooning modes go unstable first
with increasing pedestal height (approximately along the bootstrap dashed line).

Axisymmetric modes n = 0 are expected to be passively stable (without wall stabilization) for the XX-equilibria
with an elongation of 1. This is indeed the case of the equilibrium with plasma profiles shown in Fig. 1, b with
the pressure gradient going to zero at the plasma boundary. However, the horizontal mode is destabilized for the
equilibrium with rescaled ballooning mode optimized pressure gradient (see Fig. 2, a), which is finite at the
boundary. The corresponding mode is localized in the X-point vicinity and there is a kind of a beta limit for
such a mode close to By = 4.1 for passive stability.

OUTER X-POINT: MAGNETIC SYSTEM AND SCENARIOS

In this section some examples of magnetic systems capable of sustaining the XX free boundary equilibria
are demonstrated. The poloidal field (PF) coils and vacuum chamber layout for the DEMO-FNS [11] are used
for reference. An additional divertor coil lying in the equatorial plane is needed to generate the outer X-point.
The numeric studies of the free boundary equilibrium using the SPIDER code have shown that such a coil, ac-
companied by two closely adjacent pushing coils, provides a very economical PF layout in terms of the sum

of the PF coils’ absolute currents to plasma current ratio Z,lIPF ;|/1,,, which is just above 1 in the case of the

X-point lying close to the divertor coil (Fig. 4, a).
The farther the X-point is from the divertor coil, the larger is the zi\ I,-;1/1, current ratio (Fig. 4. b).

Of course, a solenoid is needed to support the plasma current drive in addition to a group of the divertor
coils. In preliminary scenarios a gradual increase of the divertor coil current produces the outer X-point
starting from a limiter plasma inboard the vacuum vessel. Such a magnetic system looks quite simplistic
and potentially provides a large volume available above and below the plasma equator, but does not seem
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Fig. 4. Poloidal flux contours for free boundary equilibria sustained by the currents in three outboard PF coils: a — plasma boundary
fitted to the XX shape (green contour, & = 0) with X-point radius 4.8 m, current ratio 1.55; b — X-point radius 4.5 m, current ratio 3.0.
Plasma current 0.16 MA, PF coil currents in MA are shown, color bar for poloidal flux in Wb/(2x)
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compatible with neural beam injectors (NBI). More flexibility and volume would also be desirable for the
divektor control. That is why an array of horizontal coils was tried out as an alternative option (Fig. 5).
While being quite flexible (and also allowing snowflake divertor, Fig. 5, ¢) and seemingly better NBI com-
patible, this configuration requires much larger PF current due to divertor coils distanced farther away from
the plasma. Moreover, the plasma scenario and control look more complicated. Let us note that for the case
with the X-point displaced from the equatorial plane (see Fig. 5, b) not only the PF coils but also divertor
structures can be removed from the beam path. More realistic scenario calculations are planned using the
ASTRA/SPIDER plasma evolution code [13].
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Fig. 5. Poloidal flux contours for free boundary equilibria sustained by horizontal arrays of PF coils: @ — X-point radius 5.4 m, current
ratio 17; b — X-point coordinates (5.4 m, —1 m), current ratio 6; ¢ — X-point radius 6.4 m, current ratio 12. Plasma current 0.16 MA, PF
coil currents in MA are shown, colorbar for poloidal flux in Wb/(2r)

DISCUSSION

In terms of MHD-stability, the main advantage of the XX configurations is a robust low pedestal limit set
by internal localized modes and the lack of access to the second stability region. This can give rise to soft edge
plasma limits, imposed by an electro-magnetic turbulence or, at least, by much milder ELM crashes. However
the second stability access is still possible in the core of an elongated positive triangularity plasma and the pres-
sure-driven external kink limit By exceeds 3. Axisymmetric » =0 modes can manifest themselves as coupled
vertical/horizontal modes featuring a destabilizing pressure gradient near the edge.

Considering XX configurations as an alternative divertor solution, one can notice a simple magnetic system
and possible NBI compatible flexible configurations with easier outer divertor access and better pumping con-
ductance if the X-point is displaced from the equatorial plane. Anyway, larger outer X-point major radius for
separatrix wetted area favors the power exhaust capability combined with a stationary — no ELMs — confine-
ment. At the same time the main plasma bulk can reside in a higher B domain leaving the shaping coils in lo-
wer magnetic field region, e.g. making NbTi superconductor applicable for the shaping coils. Key remaining
questions relate to energy confinement properties of the discussed configurations. As there are favorable indi-
cations for negative triangularity in terms of core confinement, the «JT-60 curse» for the confinement in XX
configurations could be overcome: it might be time for the XX-experiment second try.
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