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A B S T R A C T

This paper deals with a divertor coil currents optimized procedure to design High Flux Expansion (HFE) con-
figurations in the JET tokamak aimed to study the effects of flux expansion variation on the radiation fraction
and radiated power re-distribution. A number of benefits of HFE configuration have been experimentally de-
monstrated on TCV, EAST, NSTX and DIII-D tokamaks and are under investigation for next generation devices, as
DEMO and DTT. The procedure proposed here exploits the linearized relation between the plasma-wall gaps and
the Poloidal Field (PF) coil currents. Once the linearized model is provided by means of CREATE-NL code, the
divertor coils currents are calculated using a constrained quadratic programming optimization procedure, in
order to achieve HFE configuration. Flux expanded configurations have been experimentally realized both in
ohmic and heated plasma with and without nitrogen seeding. Preliminary results on the effects of the flux
expansion variation on total power radiation increase will be also briefly discussed.

1. Introduction

Heat and particle loads on the plasma facing components are among
the most challenging issues to be solved to design a nuclear fusion re-
actor [1,2]. An approach to handle the heat exhaust power is to use
alternative magnetic configurations, such as Snowflake Divertor (SF)
[3] and recently described divertor with a strong flux flaring in a single
divertor leg [4,5]. Such a configuration places the second x-point near
the plate, causing flared field lines in that region which spread the heat
load over a larger area and increase the line connection length. Re-
cently, a number of additional benefits of High Flux Expansion (HFE)
configurations have been experimentally demonstrated on TCV [6] and
DIII-D [7]. On the former, HFE configuration showed deeper detach-
ment and a reduction of the radiation location sensitivity with respect
to the plasma core density, with increasing flux expansion and flaring;
on the latter, it showed that increasing flux expansion and flaring allow
for detachment at lower density and higher pedestal pressure. The SF
configuration is characterized by a second-order null (x-point) in the
poloidal magnetic field (BP), where both BP itself and its spatial deri-
vatives vanish. This splits the separatrix in the nearness of the null into
six segments: two of them enclose the confined plasma and the others
lead to the machine wall (the divertor legs). The poloidal cross-section

of the obtained magnetic flux surfaces with a hexagonal null-point re-
sembles a snowflake. Theoretical studies indicate that the SF magnetic
geometry may lead to both higher power losses during Scrape-Off Layer
(SOL) transport and an increased plasma wetted area of the wall [8]. As
it was realized in the first assessment of the SF [3], an exact SF con-
figuration is topologically unstable: any plasma perturbation or im-
balance of the Poloidal Field (PF) coils current splits the second-order
null into two first-order nulls, leading to a variety of topologically-
stable SF-like configurations [8]. The secondary null can be moved
around to change its distance from the first one and to form a magnetic
configuration that features either a contracting or a flaring geometry
near the plate [3–5,8]. The linear dependence of the gradient of mag-
netic field BP in the primary null with respect to distance between the
two nulls is described in [9,10] and characterizes the interdependence
of the field structures of both nulls. This feature will be analyzed for
JET: the flaring of the magnetic flux (characterized by the magnetic
field gradient) in the primary null is affected by the presence of the
secondary null. This flaring is then directly translated in the increased
wetted surface area and reduced heat flux [5,8] or in a total radiated
power increase, as it will be discussed in the paper.

In the past at JET, with the MkI divertor, a systematic study of the
influence of x-point height and poloidal flux expansion has been set up
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[11,12] showing minor differences in the radiation distribution,
whereas in [4], experiments and simulations have shown an enhance-
ment of detachment as the flux expansion was increased. More recently
at JET, equipped with ITER-like Wall [13], radiative seeded scenarios
have been studied and only a maximum 75% radiation fraction has
been achieved [14]. However, recent predictive studies [15] have
shown that HFE configurations increase the radiation in the proximity
of the x-point and have an ionization front extending further in the
Scrape-Off Layer (SOL) than in the Low Flux Expansion (LFE) case. In
addition, HFE cases do seem to offer a benefit in reducing the nitrogen
concentration needed to obtain a given radiated power level [15]. Here,
we will discuss the modelling, creation and control of HFE configura-
tions at JET–ILW, characterized by the presence of two nearby poloidal
field nulls in the divertor region, aimed to study the effects of flux ex-
pansion variation on radiation fraction and radiated power re-dis-
tribution.

The paper is organized as follows: Section 2 describes the HFE
configuration design and optimization, taking into account the tech-
nological constraints of JET tokamak. In Section 3, preliminary ex-
perimental results of ohmic, nitrogen seeded high confinement (H-
mode) HFE, and LFE discharges will be discussed, supported by inter-
pretative 2D edge modelling. Finally, Section 4 draws the main con-
clusions and outlook.

2. Constrained optimization procedure

The JET tokamak has eight PF coils potentially useful for plasma
shape control (see Fig. 1) and are denoted by P1…P4 and D1…D4. The P-
coils are not equipped with their own power supply but are connected
each other and fed by five circuits [10]. The currents flowing in these
circuits are denoted by IP1E, IPFX, ISHA, IP4T, IP4I, whereas each divertor
coil (D-coils) is fed by its own power supply that sustain a current de-
noted by IDi, with i=1…4. Therefore, nine circuits are available to the

plasma control system. The circuit P1E is used to control the plasma
current, whereas the other eight circuits are used to control the plasma
shape.

The magnetic geometry in the divertor can be modified by changing
the flux expansion at the target fx,t = drtarget/λq: drtarget is the distance
along the First Wall boundary between the inner (or outer) strike points
of the separatrix and of the SOL boundary (i.e. the flux surface at one e-
folding length power decay λq away from the separatrix); λq is the SOL
width on the outer plane containing the plasma centroid. It should be
noted that in JET, because of the geometry of the target plates, the
distance between the inner (or outer) strike points of SOL boundary and
of the separatrix along the First Wall might be very high even though
their Euclidean distance on the poloidal plane is not. In order to avoid
this issue we consider the Full Flux Expansion at the target [16] as the
ratio between drtarget,tube (i.e. the poloidal expansion of the magnetic
flux tube at the target) and the SOL width (see Fig. 2a in Section 3). In
addition, we consider the flux expansion at x-point as fx,xp= drxpoint/
λq, where drxpoint is the Euclidian distance between the x-point and the
SOL boundary along the horizontal line inward and outward the x-point
height (see Fig. 2a). For sake of consistency, the same rectangular grid
has been used when scanning the SOL width on the plane containing
the plasma centroid. Specifically, SOL width λq of 2, 5 and 10mm have
been considered. Here, HFE configuration characterized by the pre-
sence of 2-nearby divertor poloidal field nulls have been designed and
optimized by means of CREATE-NL code (non-linear plasma evolution
code), described in [17]. The procedure proposed for the design and
optimization of the equilibria using the CREATE-NL code exploits the
linearized relation between the plasma-wall gaps (the distance between
the plasma surface and the first wall, measured along a given direction
[18]) and the PF currents in two steps. The first step allows to have a
first cut of the HFE equilibrium starting from a standard Single Null
(SN) LFE configuration; a new equilibrium with a second null point
within a limited distance from the LFE x-point is obtained, forcing the
plasma boundary to be almost unchanged, apart from the region in the
nearness of the null point. The second step refines the plasma shape and
possibly reduces the PF coil currents while fulfilling the machine
technological constraints. Once the linearized model is provided by
means of CREATE-NL code, the divertor coils current needed to achieve
the HFE configuration are calculated by means of a constrained quad-
ratic programming optimization procedure [19,20], generally stated as
follows:
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where the symmetric matrix H represents the quadratic term, the
vector f is the linear term, whilst the matrix A and the vector b re-
present respectively the linear coefficients and the constant in the
constraint of Eq. (1). At last, vectors lb and ub represent respectively the
lower and upper bounds elementwise in (1). Once matrix H and vector
f are set up respectively as identity matrix and zero vector, finding a
minimum for a problem specified by Eq. (1) turns into minimizing the
Euclidean norm of the unknown vector x and guaranteeing the con-
vexity of the objective function as well as the uniqueness of the opti-
mization problem solution. Hence, Eq. (1) is adapted to the specific
problem of achieving HFE plasma configurations while minimizing
currents variation IΔ in the PF coils subject to technological restric-
tions. Indeed, the vector =x IΔ must accomplish specific constraints,
modelled by means of the linear equality constraints set thanks to the
adopted linearized model: plasma shape and total plasma current are
requested to be kept unchanged, whilst flux expansion is increased.
Moreover x must be bounded according to the current restrictions on
PF coil power supplies. Consequently, the constrained quadratic pro-
gramming optimization procedure turns into the following problem:

Fig. 1. Cross section of the JET tokamak. The plasma boundary of the JET discharge
#90541 at 61 s is shown in blue. The poloidal coils (P1–P4 and D1–D4) and the toroidal
coils, which surround the plasma ring, produce the required magnetic field for plasma
confinement. Here, the D coils current are used in the optimization procedure in order to
locally modify the magnetic topology in the divertor region.(For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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where:

• −Agaps I represents the linearized relationship between the IPF cur-
rents and the plasma-wall gaps to be controlled (the first constraint
states that the variation of IPF currents does not affect the plasma-
wall gaps); the following five gaps have been specifically considered
[17] in our analyses: Radial Outer Gap (ROG), Radial Inner Gap

(RIG), Top Gap (TOG), R coordinate of Outer Strike Point (RSOGB)
and Z coordinate of Inner Strike Point (ZSIGB);

• −Lplasma I represents the mutual inductance vector between the
plasma and the active coils (the second constraint states that the
variation of IPF currents does not affect the total plasma current);

• −AFExp I represents the linearized relationship between the IPF cur-
rents and the magnetic flux expansion (the third constraint states
that the variation of IPF currents changes the flux expansion, here
assumed to be the Full flux Expansion fx,t of the SOL boundary with
decay length λq= 2mm, according to δ FExp).

• I 0 is the IPF currents vector in the reference equilibrium (the last
constraint bounds the currents flowing into the IPF currents

Fig. 2. a) Plasma separatrix and SOL flux surface with λq=1 cm, for both LFE (blue solid lines for discharge #90541 at 61s) and HFE (red solid line for discharge #90541 at 65s)
configurations; Plasma separatrix (black solid line) and poloidal magnetic field module iso-lines, with BP varying from 0 to 0.05T, are shown for both LFE (b) and HFE (c) configurations.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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according to the technological restrictions of each power supply, in
terms of minimum and maximum attainable values; specifically, the
following lower and upper bounds have been considered for each of
the divertor coil: ID1{0,19kA}, ID2{0,37kA}, ID3{0,37kA},
ID4{−18kA,0}.

It should be noted that the upper and lower current bounds are
additionally constrained by the power supplies topology and in parti-
cular by the AC-DC converters [17]. In particular, they are two voltage
quadrants rectifiers, able to change the polarity of the only voltage
across their terminals, whilst the current polarity can be changed only
by means of a switch that inverts the taps of the coils. For this reason,
the poloidal currents can range only in one quadrant of the current-
voltage operating plane, adding an additional constraint for the opti-
mization problem. In the experiments discussed hereafter, the max-
imum attainable flux expansion has been mainly limited by the polarity
of the D-coils (positive for ID1, ID2, ID3 and negative for ID4) and in
particular by that of D4 coil. As discussed in [21], an increase of the flux
expansion could be achieved by changing the polarity on D2 and D4
coils.

3. Experimental results

Initial HFE ohmic and nitrogen seeded H-mode discharges, at
plasma current IP= 1.8MA have been successfully achieved at JET –
ILW. Table 1 reports the values of both fx,t and fx,xp, considering a SOL

width of λq= 2mm, for the ohmic discharge #90541 when moving
from LFE to HFE configuration. Plasma separatrix and flux surface at
λq= 1 cm for both LFE and HFE configurations are shown in Fig. 2a.
Plasma separatrix and poloidal magnetic field module iso-lines, with BP

varying from 0 to 0.05T, are shown for both LFE (Fig. 2b) and HFE
(Fig. 2c) configurations. It should be noted that the magnetic field
flatness region is increased for HFE configuration thanks to the pre-
sence of a second x-point.

An experimental flux expansion increase by a factor of ∼20% at
primary x-point inwards and ∼50% on the outer divertor target has
been achieved, thanks to the generation of a second null point close to
inner part of the first wall. Fig. 3 shows a comparison between ex-
perimental LFE (blue color) and HFE configuration (red color) in terms
of plasma-wall gaps (i.e. ROG, RIG, TOG, RSOGB and ZSIGB), plasma
current IP and divertor coils current needed to increase the flux ex-
pansion. The distance between the two null-points, i.e the proximity to
the exact SF [9,10], is parametrized here by the dimensionless factor
σ=D/a, where D is the null-points separation distance and a is the
plasma minor radius. SF like configuration corresponds to σ close to
zero. The mutual position of the primary and secondary null-points
determines the local geometry of the null region and hence the prop-
erties of the divertor. Experimental values of the flux expansion at the
inner and outer x-point fx,xp vs. SF proximity parameter σ are shown in
Fig. 4 for JET–ILW discharges. Both inner and outer fx,xp increase when
moving from LFE (σ=1) to HFE configuration (0.25 < σ < 0.45).
The maximum flux expansion increase has been obtained for the dis-
charge #92086 by relaxing the plasma distance to the inner wall. It
should be noted that this configuration cannot be used in H-mode
discharges because of the limitations on the permitted operational
plasma-wall distance for heated plasmas.

Finally, the aforementioned LFE and HFE configurations have been
recently used to address the physics of a possible dependence of ra-
diative volume and total radiated power on the distance between the
two nulls [15]. Aim of this study has been the evaluation of the impact
of main magnetic divertor geometry parameters, as the flux expansion
and the connection length, on the radiation pattern disentangled by the
change of recycling happening at the same time, focusing on bolometer
and Langmuir probe measurements analysis supported by EDGE2D-
EIRENE code [22,23] interpretative modelling. A detailed analysis of
the power balance has been set up, as well discussed in [15], to

Table 1
Flux expansion on inner and outer x-point plane and targets for JET-ILW LFE and HFE
discharges. A SOL width of λq=2mm has been considered, accordingly with the length-
decay of the thermal power in the SOL in JET tokamak [2].

fx,xp/IN fx,xp/OUT fx,t/IN fx,t/OUT

HFE 42.52 40.44 12.63 5.96
JPN #90541 @ 65 s
ID1= 6.36 kA, ID2= 5.04 kA, ID3= 11.19

kA, ID4=0 kA
LFE 35.66 34.39 6.20 4.08
JPN #90541 @ 61 s
ID1= 1.51 kA, ID2= 13.91 kA, ID3=6.41

kA, ID4=−4.34 kA

Fig. 3. Comparison between experimental LFE (blue color) and HFE configuration (red color) in terms of gaps (i.e. ROG, RIG, TOG, RSOGB and ZSIGB) and plasma current IP, to be kept
almost unchanged according to Eq. (2), and divertor coil currents needed to increase the flux expansion. The maximum attainable flux expansion has been mainly limited by the polarity
on D4 coil. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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physically investigate the reason of the increase of the radiated power
for HFE discharges. In summary, although the nitrogen radiation is
constant in all the studied cases, the increase of 20% of the total ra-
diation power in the high flux expansion case does mainly seem due to
the molecular and charge exchange losses. As discussed in [15], an
increase of charge exchange losses has been related to an increase of
connection length and flux expansion both at x-point at strike points
position.

4. Conclusions

The demonstration of the possibility of creating and controlling a
two nearby poloidal field nulls in JET-ILW tokamak has been achieved,
showing an increase on magnetic poloidal flux expansion both at x-
point and strike points position. Initial experiments with a second null,
located in the proximity of the inner divertor region have been per-
formed, forming a configuration with significant distance between the
two nulls and a contracting geometry near the target plates, leading to
an increase of the main magnetic divertor geometry parameters. In
addition, preliminary nitrogen seeded H-mode experiments have been
set-up showing an increase of the total radiated power of the same
factor of the flux expansion increase. Further experiments will be de-
voted to change the divertor coils polarities in order to move the sec-
ondary null point on the outer divertor region and consequently in-
crease the outer x-point and target flux expansion.
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