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Abstract

In order to study and design next-step fusion devices such as DEMO, comprehensive systems codes are commonly
employed. In this work HELIAS-specific models are proposed which are designed to be compatible with systems codes.
The subsequently developed models include: a geometry model based on Fourier coefficients which can represent the
complex 3-D plasma shape, a basic island divertor model which assumes diffusive cross-field transport and high radiation
at the X-point, and a coil model which combines scaling aspects based on the Helias 5-B reactor design in combination
with analytic inductance and field calculations. In addition, stellarator-specific plasma transport is discussed. A strategy
is proposed which employs a predictive confinement time scaling derived from 1-D neoclassical and 3-D turbulence
simulations.

This paper reports on the progress of the development of the stellarator-specific models while an implementation and
verification study within an existing systems code will be presented in a separate work.

This approach is investigated to ultimately allow one to conduct stellarator system studies, develop design points of
HELIAS burning plasma devices, and to facilitate a direct comparison between tokamak and stellarator DEMO and
power plant designs.

Keywords: HELIAS, stellarator-specific models, Systems Code

1. Introduction broad range of devices and corresponding possibilities have
been studied, but also in the European PPCS studies [3],
employing the systems code PROCESS [], different toka-
mak scenarios have been investigated. Also basic power

s balance models can be employed to assess the required
size of DEMO, taking also into account pulsed devices [5].
Many additional tokamak systems codes and studies exist,
but it is beyond the scope of this work to cover all of them.

With ITER [I] under construction, design studies now
concentrate on a fusion facility which is to follow ITER.
This follow-up step is often referred to as ‘DEMO’, short
for demonstration fusion power plant with the aim of
demonstrating the technical maturity of the magnetic con-
finement fusion concept. But even the conceptual design
of such a power plant like fusion device is a complex and
demanding task. Therefore, to facilitate such studies, so-
called ‘systems codes’ are often employed as valuable tools
for the design process.

Systems codes, also known as design codes, are com-
prehensive yet simplified models of a complete fusion fa-
cility. Since they bring together physics, engineering and
economic aspects as outlined above, self-consistent design
points can be developed and their sensitivity against vari-
ation of critical parameters tested. With this approach

Systems codes
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DEMO. In contrast to the tokamak, the heliotron magnetic s
field is created by continuous helical coils. This means the
3D effects of the helical coils and plasma shape must be
considered, introducing additional complexity compared
to axissymmetric tokamaks. This is done in the design ap-
proach within the heliotron systems code HELIOSCOPE o
[6] which led to the concept of a Force Free Helical Reactor
DEMO (FFHR-d1) [7, §].

Another magnetic confinement concept is the helical ad-
vanced stellarator (HELIAS). The HELIAS is a modular
stellarator concept with periodic symmetry including inte-100
grated optimisation of the magnetic field with respect to
several criteria at the same time, e.g. Shafranov shift, neo-
classical transport, etc., where the magnetic field is estab-
lished by extneral non-planar coils. But so far no systems
code exists capable of modelling a HELIAS. Therefore thisios
work concentrates on the development of a HELIAS sys-
tems code module with the aim of implementation in the
systems code PROCESS. PROCESS is a well-established,
partly modular, tokamak systems code which gained ma-
turity through many applications. A solver based on La-1o
grangian multipliers is employed within PROCESS to al-
low for design optimisation with respect to the descriptive
models and constraints. Such an approach is followed to
allow for stellarator systems studies and design point de-
velopment of HELIAS burning plasma devices as well asus
comparative studies to tokamaks.

The purpose of this work is to report on the progress of
the development of HELIAS models for systems codes and
is organised as follows: In section[2|the essential differences
between tokamak and stellarator are identified which re-120
quire preparation of new systems code modules. The corre-
sponding models are described in section [3| which include
a geometry model based on Fourier coefficients, a basic
island divertor model which assumes cross-field transport
and high radiation, and a model for the non-planar, modu-12s
lar coils based on scaling aspects with respect to the Helias
5-B reactor design [9] in combination with analytic calcu-
lations. Furthermore, stellarator-specific plasma transport
is discussed and a strategy proposed for the development
of a predictive confinement time scaling. The work is sum-130
marised and the results are discussed in section @l A de-
tailed verification study of the HELIAS module will be
presented in a seperate work [10] where the models have
been implemented in the systems code PROCESS.

135

2. Identification of Required Models

The tokamak and the stellarator differ in the point of
how the rotational transform is created. In the tokamakisw
this is done by driving a toroidal current in the plasma.
The helical advanced stellarator concept, considered here,
in contrast twists the magnetic field by poloidally rotating
the elongated flux surfaces around a non-planar magnetic
axis achieved exclusively by a set of non-planar modulariss
coils. This fundamental difference has several implications:

A tokamak may only be operated as long as a current is
driven in the plasma, which is either limited in time by the
available magnetic flux, if driven inductively, or requires
a large amount of power if driven non-inductively, e.g. by
neutral beam injection (NBI). The HELIAS, in contrast,
operates intrinsically steady-state, ‘current-free’ and with-
out disruptions. ‘Current-free’ means that HELIAS config-
urations are optimised with respect to minimal bootstrap
and Pfirsch-Schliiter currents and the net toroidal current
is, therefore, several orders of magnitude below tokamak
levels.

As the poloidal field component in the tokamak is cre-
ated by the plasma current, the toroidal field component
is achieved by planar, identical, typically ‘D-shaped’ coils.
This makes the tokamak plasma shape (flux-surfaces) ax-
isymmetric. The plasma geometry of the stellarator, in
contrast, is fully three-dimensional with a periodic sym-
metry. Also the stellarator coils for the HELIAS line are
3D, non-planar, modular, and comparably numerous.

The complex 3D shaping of the stellarator magnetic field
structure generally introduces localised helically trapped
particle orbits which have an overall impact on the plasma
transport. The resulting, so-called, ‘neoclassical’ transport
can be very high in stellarators and is an essential optimi-
sation criterion of helical advanced stellarators. Usually
also an ambipolar electric field arises connected to the neo-
classical transport. Additional 3D anomalous transport
must be considered making the description of stellarator
transport a complex task, especially since 3D turbulence
simulations for stellarators have just been started. In toka-
maks, in contrast, the turbulent transport is observed to
be dominant drawing on a solid base of experiments and
experience. In addition, tokamaks are geometrically simi-
lar which more confidently allows to describe the transport
by empirical confinement time scalings based on the simi-
larity principle.

Last, but not least, the axisymmetry of the tokamak al-
lows to employ a toroidally closed divertor, either only on
the bottom (so-called ‘single-null’) or up-down symmetric
(so-called ‘double-null’). In the HELIAS concept a chain
of naturally occuring magnetic islands at the plasma edge
is employed. Independent divertor plates are placed sym-
metrically at the top and bottom of each module intersect-
ing the magnetic islands at the edge in order to efficiently
control the particle and energy exhaust. From a tokamak
viewpoint this could be seen as a discontinuous multi-null
divertor.

In order to identify specific and independent models
which need to be developed for a HELIAS systems code
approach, the general considerations from above need to
be checked with an existing systems code. For this purpose
the well-developed and commonly employed systems code
PROCESS has been selected. The source code of PRO-
CESS and its corresponding tokamak models have been
thoroughly reviewed with respect to stellarator-specific
considerations. From this investigation it is concluded that
in a systems code such as PROCESS, the plasma geome-
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try, the modular coils, the island-divertor and the plasma
transport models require independent treatment compared
to the tokamak models while treatment of current-related
aspects can be neglected. The correspondingly developed'®
models are described in the next section.

3. The Stellarator Module
200

In the following stellarator-specific models are proposed
which are designed to be applicable to systems codes and
which together build up a consistent HELIAS module.
One requirement of this development is to retain small
calculation times without compromising the necessary ac-zs
curacy and complexity of the 3D stellarator-specific prop-
erties.

3.1. Plasma Geometry

210

At finite normalised plasma pressure (8) = 2 (p/B?)
the shape of the confined plasma is determined by the
shape of the nested closed flux surfaces (in stellarators
even at (8) = 0). In position-space those surfaces may
be represented by cylindrical coordinates (R, ¢, z), but in215
practice it is more convenient to decompose these coor-
dinates in a Fourier series with respect to poloidal and
toroidal angle coordinates, respectively u and v as wells as
the flux surface label s:

Mmax Mmax

R(s,u,v) = Z Z Ry, n(8) cos(mu — Nnv)
m=0 n=—"Nmax 20
Mmax Mmax

z(s,u,v) = Z Zm.n($) sin(mu — Nnv)

m=0 Nn=—nNmax

where N is the number of field periods and ¢ (s,u,v) is
defined in the same way as R and z.

Using this representation allows one to accurately cal-"**
culate the important geometrical parameters relevant for
the systems analysis by summation over the correspond-
ing combination of Fourier coefficients. The important
geometrical parameters are the effective average plasma
cross-sectional area (F) in m?, the plasma volume V in®
m? as well as the total surface area of the confined plasma
S in m2. These parameters are important due to their di-
rect impact on relevant physics and engineering quantities,
e.g. the volume for the confinement time and fusion power
or the surface area for neutron wall load.

In order to employ and use this model, the Fourier coeffi-
cients Ry, » and 2, , of the last closed flux surface (LCFS)
must be provided. These can be obtained from equilibrium
calculations employing e.g. the equilibrium code VMEC.

The advantage of this model is its generality as every
arbitrary toroidal shape can be treated, including tokamak?2+
and heliotron geometry. Moreover, it is possible to scale
both the minor and major plasma radius by scaling of the
corresponding Fourier coefficients making it very flexible
while sustaining the general shape.

0

235

3.2. Island Divertor

For tokamaks, often so-called 2-point models are used
to describe the particle and energy transport from an up-
stream position parallel along the magnetic field to the
divertor target. For stellarators, in contrast, such 2-point
models are more complex and additional terms and pa-
rameters must be considered [I1], 12]. However, the cor-
relations of some of these parameters are to-date unclear.
For this reason the 2-point model approach is avoided here.
Instead, a more basic and fundamental model is proposed
based on geometrical considerations. The model combines
relations of physics as well as engineering and is therefore
well suited for scaling. Another advantage of such a basic
model is that parts of it can be easily replaced once a more
detailed understanding, e.g. of the power decay width, is
available.

The heat load on the divertor plates, qqiv, is defined as
the ratio of the power transported to the divertor, Py,
over an effective wetted area, Aeg. The total power ar-
riving at the divertor is the power crossing the separatrix,
Psor, provided from the plasma transport model, less the
SOL and X-point radiation: Paiy = Psor(l — frad), where
the radition fraction is contained in the factor fr.q.

The wetted area can be seen as the product of the to-
tal length of all divertor plates, Lt, and the power decay
width, A4, at the divertor plate. Accounting additionally
for some asymmetry with a factor f, the heat load becomes

_ Paiv  PsorL(l — frad)
qdiv = = . .fa-
Ao Lt -

(1)

The total length Lt of the discontinuous island divertor is
the sum over all identical divertor plates of which there are
two in every field period, therefore Lt = 2nLp with the
toroidal and poloidal mode number n and m respectively.

Here, the length of a single divertor plate Lp may be
estimated from a geometric approach. Starting from the
X-point and following a flux tube, the field lines experience
a radial pitch of angle © in the island region while going
helically around the torus until striking the divertor plate
as illustrated in Fig. 2] A field line which just passes the
divertor plate on the inner side will strike the divertor plate
at the far outer point after m field periods. The radial
distance from the inner to the outer side of the plate is
then the helical length 27 Rm/n times the pitch angle ©.
The radial extent is enhanced by diffusive broadening of
the flux channel F, and the length of the divertor plate is
then determined from the inclination of the divertor plate
relative to the field lines ;. Combining this, the wetted
length of one divertor plate is

Lp—oxr. ™9

N Aim

Fy. (2)

Both F, and A, are attributed to cross-field transport.
Two main assumptions are made in the island divertor
model:
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o diffusive cross-field transport is considered (due to
much longer connection lengths in stellarators com-
pared to tokamks)

e high radiation fraction is assumed in the SOL and at "
the X-point (which is necessary to protect the divertor
from severe heat loads)

From general diffusive transport behavior the power de-
cay width is described by Ay = /X1 -7 with the per-
pendicular diffusion coefficient x; and the characteristic
diffusion time 7| which is determined by parallel transport.2ss
The second assumption made above implies a cold island
in which the temperatures are so low that the remnant
heat is mainly transported by convective processes onto
the targets.

From the geometric view introduced above it is clear?®
that the characteristic time for a flux channel to undergo
diffusion is determined by the connection length from the
X-point to the target plate Lx_,r and the ion sound speed
cs = /2T /m of the particles 7y = Lx_,7/cs. The con-
nection length in turn may be estimated from the distance
between X-point and divertor plate A, as illustrated in,s
Fig. This is related to the connection length and field
pitch © by Lx_,7 = A/O. The typical dimension of A is
related to the radial width of the magnetic islands w, such
that

R- bmm 300

A:fw'wrsz'4 (3)

n-t

where f,, is a fractional factor of order 1/2, by, ~ ©
the radial field perturbation, and ¢ the magnetic shear in
the SOL. The flux channel broadening which determines
the divertor plate length can be derived with the same_
general diffusive transport behavior with the connection
length now being one helical circumference and therefore

1 X1
Fp=1+—, | —F——. 4
w + O\ cs2n R )
310
Island Divertor
plate

315
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) 2 320
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Figure 2: Geometrical illustration of a flux tube in the scrape-off32s
layer intersected by a divertor plate.

Due to the analytic nature of the model, the single as-
pects can be consolidated in a single formula for the head
load with respect to the required input parameters as:

Psor(1 = frad)
47rRmFX

Alim Cs f
CE xlz fu R bmn "

The input parameters are obtained from the envisaged re-
actor design, e.g. R, Psor,, the considered magnetic con-
figuration, e.g. ©, m, n, as well as from experience from
existing devices for engineering, e.g. «yim, and physics,
e.g. X1, Cs.

It should be noted, that due to the basic nature of the
model, the quantitative accuracy is limited and sensitive
to the input parameters. The model should rather be in-
terpreted to predict the dimension of the heat load. More
importantly, as the heat load is usually limited by mate-
rial constraints the model is useful to estimate the required
radiation fraction f..q in order to ensure safe divertor op-
eration for a specific design.

qdiv =

3.3. Modular Coils

Since the design of coils for an optimised stellarator
configuration is a demanding process requiring complex
codes, computational power and, experience, several major
approximations must be considered to represent modular
coils in a systems code approach:

e the sophisticated Helias 5-B reactor design study and
its coil design are used as reference basis [9]

e the coil shapes of this design are assumed to be ‘fixed’
but the overall size shall be scalable

e based on physics principles, scaling factors and rela-
tions are introduced to flexibly scale the design ac-
cording to a set of desired parameters

With the Helias 5-B coil design as basis and under the as-
sumption of fixed coil shapes several scaling factors can
be introduced with relation to Helias 5-B parameters.
Namely a scaling factor for the major radius fr and one
for the coil radius f;. As HELIAS devices have closely
positioned coils, the total coil current can be consequently
scaled with f; = fp - fr where fp is the scaling factor for
the magnetic field strength on axis.

A semi-analytic method is employed, in order to calcu-
late the maximal magnetic field on the surface of the coil,
Brax, the total stored magnetic energy, Wie, as well as
the cross-sectional dimension of the winding pack (WP).
Each coil consists of N turns placed in the winding pack as
in Helias 5-B where the size of the WP is considered an in-
put in the analytic description for the moment (but is later
calculated self-consistently with an additional constraint).
The turns are approximated by circular filaments. The
mutual inductance, M, between two arbitrarily spaced and
oriented circular filaments can then be calculated analyti-
cally [13].
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The total inductance Loy, is obtained by summation oversso
all mutual inductances of circular filaments and the self-
inductances of the coils. The latter are simply approxi-
mated by the inducantance of a circular loop with circular
cross section of radius (Agect /71)1/ 2, where Agect is the re-
cangular winding pack section area. From this follows thesss
total stored magnetic energy simply by Wy,qg = %LtotI 2
with the total coil current 1.

The magnetic field at any point in space can be straight-
forwardly calculated as sum of solenoid fields, using stan-
dard loop formulas and elliptic integrals as, e.g., found in3o
[I4]. This way the average magnetic field on the plasma
axis as well as the maximal field, By,.x, at the coils can be
found.

Until this point the dimensions of the winding pack were
a free parameter, but the aim of this model is to self-
consistently calculate important parameters. For this pur-
pose the critical current density behavior of the respective
superconducting material may be employed as a natural
constraint. Treating the coil winding packs as single cur-
rent carrying conductors, the NbsSn ITER scaling [15] -
assuming constant operation temperature - can be simpli-

fied to

RBL/A
fqzlo_g.,/f1$

33— B (6)

where f, is the scaling factor for the winding pack cross
section area. The constant factor contains the critical field
of the superconductor and the maximal field of Helias 5-B.
With this constraint the magnetic energy and field calcu-
lations given above can be iterated with respect to f, and
determined self-consistently. The cross-sectional area of
the winding pack is subsequently scaled by fq2 from which
the radial and toroidal width of the WP can be obtained.
But it should be noted that the WP aspect ratio of radial
to toroidal extension is kept fixed according to Helias 5-B.
Similar formulas can be derived for other superconductors
such as e.g. NbTi. 395

Based on the magnetic field and the corresponding
stored magnetic energy, the total required mass of sup-
port structure can be estimated. Since the Virial theorem
links the magnetic energy and the minimal mass of support
structure, this principle can be used to derive an empirical4o
scaling between these parameters on the basis of existing
superconducting devices, as e.g. demonstrated in [16]. By
considering in addition the most recent superconducting
devices such as W7-X, LHD, and ITER the empirical scal-
ing of [16] is updated to

405

(7)

with the stored magnetic energy Wy, in MJ and the mass
of support structure Mgirye in t, illustrated in Fig. It
can be seen from the figure that several experiments, both
tokamaks and stellarators, are well aligned with the em-no
pirical fit (blue line) reaching over several orders of mag-
nitude. It should still be noted that the figure represents

MStruc = 1.3483 - W0-7821

mag

a double logarithmic plot and a single device may deviate
up to a factor two as e.g. W7-X where it was not con-
sidered to minimise the support structure mass. Another
uncertainty is introduced by the fact that it is not every-
where clear whether the conductors and other structural
elements within the winding packs (e.g. conductor jackets)
are counted as structural material or not. It is clear from
the figure, that with increasing stored magnetic energy
the used support structure is getting closer to Viriral limit
which represents the minimal required support structure
from an energy point of view. This means that the sup-
port structure is optimised and used more efficiently with
increasing stored energy. This can be understood as the
support structure becomes a costing factor with increasing
mass.

1,E405
1,E404 / oT7
/ # TorSuprall
—1,E+03 i sLcp
= ;/ / » ORMAK-F/BX
§ /)‘ / +TNS
= 1,E402 / 7 @ JET
® W7X
/ / ®LHD
1,E401 7 7 #ITER
/ / @ HELIAS 5-B
1,E400
1,E400 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06
Stored Energy [MJ]

Figure 3: Virial limit of the required support structure with respect
to magnetic energy (red line) and an empirical scaling (blue line)
based on engineering designs of shown devices (colored rectangles).

Since the casing of the Helias 5-B coils is part of the
support structure, and as the circumferential length of
the coils is known from the calculations above, the cross-
sectional area of the coil casing can similarly be related to
the magnetic energy. Is should be noted here, that based
on the advanced and optimised support structure design
of Helias 5-B it is intrinsically assumed in the coil model,
that the high magnetic forces and stresses on the order
of 650 MPa are within allowable limits as investigated in
[9, I7] in detail and not treated further here.

8.4. Plasma Transport

The current description of plasma transport in PRO-
CESS is based on confinement time scalings. It is thereby
possible to choose between different existing emprirical
scalings which have been derived from experiments. Also
for stellarators, several empirical confinement time scal-
ings exist. The most recent is the so-called ‘ISS04’ scal-
ing which has been obtained from combined experimentel
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data of the international stellarator heliotron confinement
database [I8]. Such scalings can be easily integrated into
the systems code PROCESS.

Alternatively to relying for the plasma transport de-
scription on empirical confinement time scalings derivedsss
in parameter regimes which are outside the range of a re-
actor, the idea here is to follow a predictive ansatz based
on available theoretical and numerical knowledge.

In this approach an uncertain, yet likely influential, part
is the so-called anomalous transport which is dominant in
stellarator experiments at the plasma edge [19]. Since it
is believed that the underlying mechanism to anomalous
transport is turbulence caused by micro-instabilities inside
the plasma, complex 3D turbulence, gyrokinetic GENE
simulations have been started for helical advanced stellara-
tor geometries [20]. The goal thereby is the assessment of
turbulent behaviour of e.g. ion-temperature-gradient in-
stabilities (ITG) in 3D geometry. From such an analysis
simplified 1D models may be developed compatible with
well-established neoclassical transport simulations [21],22].
With such a combination of neoclassical and turbulent
transport, predictive physics scenarios can be simulated al-
lowing one to derive the corresponding confinement times
which may be compactly employed to describe the plasma
transport in a systems code.

3-D GENE

G w,Lr .

1-D Transport Code

Iy

0-D PROCESS

460

465

Figure 4: Startegy for predictive confinement time scaling develop-
ment. The 3D GENE simulations for the ITG transport may allow
one to derive a critical temperature gradient length L7 . and lin-
ear increase w with respect to the gradient. These results can be
combined with a 1D transport code to derive predictive confinement*°
times 7 and a renormalisation factor fren with respect to empirical
scalings.

This strategy is conceptually illustrated in Fig. [4 It was
shown in [23] that the trapped electron modes (TEM) are,s
stabilised in helical advanced stellarator configurations in
a large region of the parameter space. Instead, ITG modes
may still contribute significantly to the plasma transport.
For this reason the strategy for the predictive confinement
time exploration concentrates on the ITG induced trans-
port.

In tokamaks ITG transport is usually well described
by a critical-gradient model. This means that the ITG
modes are destabilised above a certain threshold of the
temperature gradient length, Lil = —1/T; dT;/dr (wheresss
r denotes the radial coordinate), or in dimensionless form

wr, = a/Lr, (here, a denotes the averaged minor radius of
the stellarator). Then, the ion heat diffusivity defined as
(Q;)/wr, is found from the GENE simulations to increase
almost linearly (at least well above marginality) with re-
spect to the gradient wy, (the brackets (---) denote aver-
aging with respect to the simulation box and time). The
critical gradient L7, . and the slope of the linear fit are
readily derived as illustrated by the example in Fig. [

35 T T
— GENE results: <Q>.r’(|)t [x |3]
3 — linear fit, W=1.6, » . =1.1
crit
2.5¢
"2
S a
~ o =—
& 15 r I
(o} .
v
1_
0.5
0 : ' :
0 0.5 1 1.5 2 2.5 3
w
t

Figure 5: Scaling of the ion heat diffusivity as a function of the ion
temperature gradient from GENE simulations (blue) and a linear fit

(red).

It should be noted that the inclusion of a density gradi-
ent and the equilibrium radial electric field is lacking in the
present results. Preliminary studies for W7-AS data, how-
ever, show a significant reduction of the ITG instability
with increasing density gradient. The same is true for the
radial electric field, as long as the sign of the electric field
is favourable (in the opposite case, a further amplification
of the ITG dynamics might occur; detailed calculations
are ongoing).

Nonetheless, an exemplary application of the neoclassi-
cal 1D transport code with an ITG critical gradient model
shall be demonstrated here. For this purpose two simu-
lations are carried out. To put the results of the simula-
tion with the ITG model in relation, the first simulation
employs for comparison an empirical anomalous transport
model which has been obtained from W7-AS where the
diffusion coeflicient scales with the absorbed power and
inversely with the density, xa ~ P3*n~! [24, 25]. For
this first simulation the diffusion coefficient has been ad-
justed to be on the order of 1 m?/s at the plasma edge.
The second simulation employs the ITG critical gradi-
ent model where the diffusion coefficient scales with the
ion temperature gradient using the corresponding values
obtained from the GENE calculations. For both simula-
tions presented here, as additional boundary condition, the
temperature at the edge was chosen to be below 100 eV
since the strong temperature pedestals found in tokamak
H-mode discharges have yet to be observed in stellarators.
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Figure 6: Transport model study: Comparison of a neoclassical 1D transport simulation employing an empirical anomalous transport model
obtained from W7-AS (up) and an ITG critical gradient model (bottom). Both simulations are done for Pygr = 10 MW heating power and
similarly flat density profiles (left). Next to the figures, also the corresponding line- and volume-averaged densities and temperatures can be

found as well as particle and energy confinement times.

For both simulations, the most reactor-relevant, W7-X
high-mirror configuration has been chosen and both sim-
ulations were carried out with the same fixed density pro-
file (neglecting fuelling and particle exhaust issues) with a
central electron density of 0.8 102° m—2. For compatibilitysos
also the heating scheme for both simulations was chosen
to be 10 MW neutral beam injection. This heating scheme
was selected in order to heat the ions and reach significant
ion temperature gradients. The resulting temperature pro-
files are shown in Fig. [6and the corresponding neoclassicalsio
and anomalous diffusion coefficients are illustrated in Fig.
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Figure 7: Comparison of neoclassical (coloured) and anomalous diffu->%
sion coefficients (black) for an empirical anomalous transport model
obtained from W7-AS (left) and an ITG critical gradient model
(right).

As the neoclassical effects were an optimisation crite-sso
rion for the W7-X magnetic configuration, the neoclassical

transport has been minimised to a level were it becomes
comparable to turbulent transport. It can be seen from
Fig. [7] that ITG turbulence may thus be the dominating
transport channel over the whole plasma. This would lead
to ‘stiff’ temperature profiles well-known from tokamaks
as can be inferred from Fig. [] (bottom-right). The ITG
simulation here showed that the performance of the plasma
in terms of confinement time and central temperature is a
factor 2 below the neoclassical simulation which employs
an empirical anomalous transport model.

It should be noted, that in tokamaks ‘stiff’ temperature
profiles are usually observed in combination with a strong
edge pedestal structure. Such large structures are not seen
in stellaratros and are therefore excluded in the simulation
here. But depending on the assumptions on a pedestal the
anomalous diffusion profile would shift which in turn would
have impact on plasma transport and performance.

Interestingly, to date ‘stiff’ temperature profiles have
not been observed in stellarator experiments. This dis-
crepancy with the presented results might admit several
explanations, the most probable of which is the use of a lo-
cal (flux-tube) model for the simulations, which is not able
to capture the overall geometrical effects on the magnetic
surface. Indeed, incorporating such an information (which
is outside the scope of the present investigation) provides
a milder heat-flux scaling to the one obtained here, in view
of the dependence on the normalized ion gyroradius p;/a,
which is peculiar to stellarators only.

As already noted, also the inclusion of a density gradi-
ent and the equilibrium radial electric field is lacking in
the present results. A significant reduction of the ITG in-
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stability is expected with increasing density gradient and
the radial electric field, as long as the sign of the electric
field is favourable. Further improvements in terms of the
density gradient and the equilibrium electric field mightseo
also alleviate these differences and will be addressed in a
future work.

4. Summary

HELIAS-specific models were developed for a systems
code approach, especially with respect to modular systems
codes as e.g. PROCESS. The main differences between”
the tokamak and the helical advanced stellarator concept
have been reviewed. Since the stellarator is a steady-state
device working without plasma current, the poloidal mag-
netic field must be created by the external coils. This im-
plies a complex three-dimensional plasma shape as defined
by flux surfaces as well as non-planar coils of several dif-
ferent geometries. The 3D shape of the plasma introduces
additional localised particle orbits which cause significant
neoclassical transport. The naturally occurring magnetic
islands at the edge lead to a discontinuous island divertor
concept.

By thorough comparison and review of these consider-%°
ations with the models found in the well-established sys-
tems code PROCESS, four independent, specific models
were identified for which stellarator-specific developments
are required. By taking into account that systems codes
models should require low calculation times while preserv-
ing the stellarator complexity, up to now the following
three models have been successfully developed. A geom-
etry model based on Fourier coefficients which can repre-**
sent the complex 3D plasma shape, a basic island divertor
model which assumes diffusive cross-field transport and
high radiation at the X-point and a coil model based on
the Helias 5-B design in combination with inductance and*®
field calculations.

The implementation of the proposed stellarator mod-
ule to the systems code PROCESS and its verification is
described in detail in a separate work [10]. In the men-*
tioned work the HELIAS models are tested with respect
to W7-X and, exploiting the generality of the models, with
respect to a tokamak DEMO reference case. Both bench-
marks exhibit very good agreement, justifying the use of”™
the HELIAS module for future systems studies.

Beyond that, a transport description strategy has been
developed which is anticipated to employ a confinement
time scaling derived from sophisticated 1D neoclassical”™
and 3D turbulence simulations. Using gyrokinetic GENE
simulations, critical parameters for the important ion-
temperature-gradient mode can be obtained. With these
simulations it is possible to develop a critical glradient640
model compatible with the 1D transport code. Although
a systematic study of the ITG transport in W7-X with re-
spect to the density gradient length and the electric ﬁeld645
is still under investigation, the basic principle of the strat-
egy could be demonstrated by comparison of an empirical
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anomalous transport model with a ‘worst-case’ ITG trans-
port model. The developed module will now be employed
for detailed parameter studies for upscaled HELIAS con-
figurations.
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