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Abstract

Numerical calculations are presented, demon-
strating that certain critical physics ques-
tions related to the plasma-wall interactions
i high-performance, long-pulse operation of
Wendelstein 7-X can be addressed already
in the earlier (short-pulse operation) phases
by appropriately adjusting the vacuum mag-
netic configuration. These adjustments effec-
tively and accurately mimic long-pulse, high-
performance effects due to plasma pressure
and net toroidal current evolution — effects
that are not directly experimentally accessible
in the first operation phases, due to the lim-
itations on pulse length and heating power.
Specifically, it 1s shown that the Wendel-
stein 7-X coil system allows sufficient flex-
wbility to accurately mimic the operational
scenario for which the so-called scraper ele-
ment s being considered. This enables an
early and well-informed decision on whether
long-pulse-capable (actively cooled) scraper el-
ements should be built and installed.

1 Introduction

Wendelstein 7-X (W7-X) is a modular, op-
timized stellarator that is about to go into
operation in Greifswald, Germany. It aims to
demonstrate the fusion reactor relevance of
the optimized stellarator concept [1]. Thus

high-performance plasma discharges , i.e.
high nT'r, are planned, with a heating power
of currently up to 10 MW ECRH (140GHz),
at a B-field of 2.5T for up to 30 min [2]. One
major issue to be studied is the efficiency and
adequacy of the island divertor concept [3].
This goal is approached gradually. After an
integral commissioning in 2015 [4] which only
uses a limiter [5], an uncooled divertor will
be used in a campaign in 2016/17 for experi-
ments with limited pulse length before the ex-
ploration of long-pulse high-power operation
will follow from 2019 on, using a fully cooled
high-heat-flux (HHF) divertor [6]. The TDU
and the HHF divertor have the same shape.

An important operational constraint in
W7-X, or in any fusion device, is that the heat
loads onto plasma facing components, in par-
ticular the divertor elements, do not exceed
the engineering limits [7] set for these com-
ponents. Thus, careful preparation of experi-
mental scenarios foreseen for the HHF-phase
with numerical simulations is necessary. In
such simulations, scenarios have been iden-
tified that may overload parts of the HHF-
divertor. This is especially the case in sce-
narios where the primary physics target is
the investigation of configurations with opti-
mum confinement properties, and where non-
negligible net toroidal currents must be dealt
with. In this connection, an additional pas-
sive safety element was proposed to miti-
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Figure 1: (a) CAD model of one W7-X divertor module as foreseen in OP1.2b with installed scraper element.
Target elements are dark (online: blue), baffle plates are light grey (online: yellow) and the scraper element
grey (online: green). Around the pumping gap there are the horizontal (upper part) and the vertical (below
the pumping gap in the picture) targets. (b) Topview of W7-X Divertor geometry with ten divertor moduls

and ten SEs (cf. (a)).

gate the potential divertor operation problem.
This so-called scraper element (SE), see Fig-
ure 1, could be installed in front of each di-
vertor to intersect the magnetic flux bundles
guiding convective heat to avoid the over-load
situation. However, numerical simulations
for discharge scenarios for which experimen-
tal comparisons are not yet available always
suffer from considerable uncertainties. There-
fore, an approach is necessary to assess cru-
cial aspects of future long-pulse experiments
with high-performance plasmas already dur-
ing the time when only short-pulse operation
with low heating power is possible. Most im-
portant is in this context the magnetic topol-
ogy of the plasma edge and its consequences
for operating with an island divertor. The re-
alization of such an approach opens the possi-
bility to experimentally explore and test mit-
igation strategies for potential divertor op-
eration problems before the actual problems
arise. A specific outcome of this paper are
configurations developed for such exploration
tests.

In Section 2 the presently planned op-
eration phases of Wendelstein 7-X and the
steps toward the island divertor are de-
scribed. The “over-load” problem and the
proposed scraper-element are reviewed in Sec-

tion 3. In Section 4, a strategy is presented
to mimic important aspects of long-pulse,
high-performance plasma experiments during
shorter-pulse, lower-power operation, specif-
ically aspects related to the edge topology
and island divertor operation with the help
of properly tuned vacuum magnetic configu-
rations. The results are presented in Section
5, Section 6 the number of SE to be installed
and discussed , and the conclusions are given
in Section 7.

2 WT7-X operation phases
and the W7-X divertor

The planned operation of W7-X can be di-
vided into separate phases of upgrades of the
plasma-facing components to enable quasi-
steady-state operation. The first plasma
phase, the so-called operational phase 1.1
(OP1.1), starts in 2015 with five carbon lim-
iter stripes, and no divertor. In this phase,
the heating power and discharge length will
be limited so as not to exceed approximately
2 MJ of total injected energy. Afterwards, the
limiter is removed and with the completion of
the in-vessel installations an uncooled island
divertor (Test Divertor Unit or TDU) will be



installed [8]. This will be exploited in a one-
year campaign from 2016 to 2017 in the oper-
ational phase 1.2 (OP1.2), the so-called TDU
phase. During this phase the heating power
is limited to 8 MW, and the maximum dis-
charge time depends on the integrated heat-
ing power input because of the lack of cooling
capability. The discharge time is expected to
be on the order of 10 seconds for discharges
heated with 8 MW. Midway through OP1.2, it
is planned to install one or two un-cooled test-
SEs, to verify their function, and investigate
any other impact on discharge performance
they may have. The parts of OP1.2 before
and after the test-SE installation are referred
to as OP1.2a and OP1.2b, respectively.

After OP1.2b in 2017, the un-cooled
divertor and the test-SE will be removed
and the actively cooled HHF-divertor will be
installed, capable of withstanding a steady-
state heat-load of 10 MW/m?  Following
the installation, operation phase 2 (OP2)
is planned to start in 2019 to explore high-
performance, quasi-steady-state operation
(pulse length up to 30 minutes) with a
heating power of up to 10 MW, and higher
heating power for short pulses.

If the test-SE results are encouraging, i.e.
show the necessity and compatibility of such
protection elements with good divertor oper-
ation, it may be decided to build and install
the 10 fully water-cooled steady-state capa-
ble SE’s. The development of other strategies
to deal with this problem will also be pur-
sued. We name here only the development of
experimental scenarios by investigating heat-
ing scenarios (on- vs off-axis ECRH including
ECCD) and/or adjusting the magnetic con-
figuration by further exploiting the flexibil-
ity provided by the coil system. However, it
falls outside the scope of this article to ana-
lyze these here too.

3 Protection of the diver-
tor edge

In OP1.2 and later, the plasma edge in W7-X
is defined by a magnetic island chain that is
intersected by divertor plates. The details of
the divertor plate, the pumping gap geometry,
and the location and size of this edge island
chain together determine how and where the
convective plasma heat loads are deposited
onto the divertor plates, as well as how ef-
fectively the resulting neutrals are exhausted.
The position of the edge island chain can
change due to currents in the plasma, most
importantly the MHD equilibrium currents
that are directly or indirectly related to the
normalized plasma pressure 3 = 2uop/B?, as
discussed in Section 4. The plasma will there-
fore affect the divertor operation, in particu-
lar in high-performance discharges.

Numerical simulations of one of the poten-
tially attractive long-pulse discharge scenar-
ios predict unacceptably high heat loads at
the ends of the divertor tiles, near the di-
vertor pumping gap [9]. These loads would
occur transiently but still last tens of sec-
onds during the evolution of the toroidal cur-
rent. The source of toroidal current in W7-X
is the bootstrap current (BC), which is pre-
dicted to be relatively large for this scenario,
about 43 kA. Initially, the BC is shielded by
a plasma-generated counter-flowing current,
but this shielding current decays gradually
due to finite plasma resistivity. For the op-
erational scenario considered, the evolution of
the toroidal current takes place over hundreds
of seconds.

Thus, the net toroidal current rises from
near zero to about 43kA on this time scale,
with the aforementioned overload occurring
at an intermediate stage, when the net
toroidal current is about 22kA. The edge
topologies for different stages of the evolution
of this BC-scenario (BCS) are shown in Fig-
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Figure 2: Poincaré plot “SE reference scenario” [9] at ¢ = 0°. BCS: (a) 0kA, (b) 22kA and (c) 43kA.

ure 2.

In order to avoid this overload the instal-
lation of SEs - passive protection elements -
is under consideration. A SE is an additional
target plate placed in front of each divertor
module (see Figure 1). It acts to intersect
and eliminate (or “scrape off”) the plasma
heat flux flowing along the magnetic field
lines that connect to the critical locations of
the HHF divertor at the pumping gap.

This SE concept was described previously
in the peer-reviewed literature [10, 11]. De-
signed to allow for safe operation of the di-
vertor, it could influence plasma performance
negatively — for example through a signifi-
cantly reduced pumping efficiency [12]. In ad-
dition, manufacturing, assembly and installa-
tion of the needed 10 SEs would require sig-
nificant resources and time since they would
need to be fully water-cooled.

In view of the necessary effort it would be
advantageous to test the impact of the SEs
on the plasma performance well in advance
to allow a timely and well-informed decision
on whether to have them manufactured and
installed. This, however, requires experimen-
tal access to an edge topology similar to that
of the scenario that has the heat load prob-
lem, the so-called “SE reference scenario”.

A test in OP1.2 would also have the ben-

efit that the tests can be performed without
the danger of damage to the divertor. This is
because the uncooled TDU is installed in this
phase which is robust against overload scenar-
ios and free from the danger of water leaks.
However, the “SE reference scenario” with its
slow time evolution is not accessible during
OP1.2: As mentioned, the time limits for full
power pulses are on the order of 10 seconds.
Numerical calculations indicate that it would
take about 40 seconds for the net toroidal cur-
rent to reach the 22 kA where the problem
is most prominent. It is also not guaranteed
that the plasma density and heating power
will be sufficient in OP1.2 to reach the param-
eters needed for the ”SE reference scenario®.
In the following we describe how an “SE ref-
erence scenario” relevant edge topology can
already be generated in OP1.2, allowing the
aforementioned experimental test of the po-
tential advantages and disadvantages of an SE
installation on the plasma performance.

Before proceeding, a peculiarity of the
boundary topology of W7-X should be
pointed out which arises in stellarators gen-
erally because of their periodicity. Structures
(e.g. islands) which are resonant to a rational
value of the rotational transform, i.e. comply
to ¢ = n/m, will close onto themselves af-
ter running around n times poloidally and m
times toroidally, where m and n are the small-



est numbers forming the rational value. In
W7-X, where the so-called standard configu-
ration has a boundary-¢+ = 1, this means that
boundary islands close onto themselves after
one toroidal and one poloidal turn. How-
ever, assuming strict 5-fold periodicity im-
plies that a structure closing onto itself af-
ter one toroidal and one poloidal turn must
be present five times. Because of this, five
independent islands are forming the separa-
trix at the boundary rotational transform of
t = 1 which is sometimes emphasized by writ-
ing ¢+ = 5/5. Periodicity also implies that
resonant ¢-values (¢ = m/m) must have n
as a multiple of 5. In consequence, if the
denominator m is not a multiple of 5, for
example ¢ = 5/6 or 5/4, the so-called low-
iota or high-iota cases, the islands seen in a
Poincaré plot (6 or 4) in one poloidal cross
section are helically connected, i.e. one island
chain only. Periodicity breaking error fields or
non-periodic in-vessel installations have to be
given special attendance if ¢ = 5/5 = 1.

4 Development of test

scenarios

The approach taken here is to match the edge
topology of the different stages of the evo-
lution of the net plasma current by adjust-
ing the coil currents. That is, the same edge
magnetic topology is mimicked as closely as
reasonably possible in a zero-3, zero-toroidal-
current (i.e., vacuum) configuration as would
exist in a high-, finite-toroidal-current equi-
librium using the flexibility provided by the
main and auxiliary coil systems of W7-X [2].
Because the heat load distribution on the dif-
ferent divertor parts is the property of in-
terest, the ”SE reference scenario” will be
assessed by a sequence of specially designed
vacuum configurations which reproduce the
important properties of the heat load distri-
butions of the different stages of the ”SE-

reference scenario”. Hence, a perfect match
of the magnetic configuration in total is not
the goal but to reproduce the effects of the
boundary topology changes on the load distri-
bution to the different divertor parts. Thus,
a configuration with finite § and/or a net-
toroidal current is seen as equivalent to a vac-
uum configuration in this context if their rel-
ative heat load distributions on the different
divertor parts are the same. A comparison
of these heat load distributions will be used
to calibrate the coil current changes to mimic
the different plasma current effects.

There are two distinct plasma current ef-
fects on the configuration in W7-X, and they
evolve on different time scales. One is due to
the perpendicular diamagnetic current den-
sity 7. needed for the basic MHD force bal-
ance:

Vp=j.xB (1)
Because in toroidal magnetic configurations
this current is not divergence free, there is a
parallel current density part connected with
71, the so-called Pfirsch-Schliiter (PS) cur-
rent, which affects the equilibrium but does
not contribute to the net toroidal current. In
a tokamak, the sum of the diamagnetic and
PS currents does produce a net toroidal cur-
rent, but in a current-free stellarator it does
not [13]. The other one, the net toroidal cur-
rent, is due to the bootstrap current as well as
the induced shielding currents which appear
in response to the bootstrap current. The dia-
magnetic current and the PS current together
evolve on the time scale of the changes in Vp
i.e., on the time scale of the energy confine-
ment time (of order 200 ms in W7-X) whereas
the net toroidal current evolves on the much
longer plasma self-screening time, also known
as the L /R time, which will be on the order of
20—40 seconds for high performance scenarios.
Currents may also be induced in conducting
structures surrounding the plasma, e.g. the
plasma vessel itself. These decay, however,



on time scales of less than 50ms in W7-X.
Thus, they will not play an important role for
the slowly evolving equilibrium effects that
are important for the divertor operation, and
they will consequently be ignored in the fol-
lowing. We will refer to the effects due to
the diamagnetic current and the PS current
collectively as ( effects. The BC and the self-
shielding plasma response to it together en-
tail the net toroidal current effects. Because
of the very different time scales on which the
[-effect currents and the net toroidal currents
evolve, they will be assessed independently.

4.1 Effect of plasma [

The diamagnetic part of the equilibrium cur-
rents is mostly poloidal and its effect on the
equilibrium is therefore small since it ”com-
petes” with the mostly poloidal current of the
main superconducting coils of W7-X. The PS
currents generate mainly poloidal field com-
ponents of the same magnitude as the vac-
uum field, hence with a stronger effect on the
internal flux surfaces (axis shift and change
in rotational transform) as well as on the
structure of the magnetic field outside the
plasma — i.e. the boundary islands. Fig-
ure 3 shows the latter effect in a sequence
of Poincaré plots of magnetic fields derived
from VMEC/Extender [15], [16], [17] calcu-
lations [14] with increasing J values. Gener-
ally, the island width (radial width, not the
poloidal extent given by the spacing of the
x-points) increases with (; this can be best
observed in the change in the upper island
of the bean-shaped cross section. Further-
more, with increasing [ the field around the
x-points/separatrix tends to become stochas-
tic [17],[18],[19].

In order to mimic these [-effects, neither
the 50 non-planar coils nor the 20 planar
coils of the main coil system are suited, since
changing the currents in these coils tends to
change many other important parameters si-

multaneously (rotational transform, toroidal
mirror field component and/or horizontal
plasma position) in addition to the island
width.

However, the so-called sweep coils, a set of
5x2 stellarator-symmetric coils inside the vac-
uum vessel which all have independent power
supplies, can be used in a stellarator symmet-
ric operation mode to control the island size
without substantially changing the rest of the
topology. This method does not allow a per-
fect match to the island size at finite g3, but
it is sufficiently close enough to generate an
interaction between the island chain and the
plasma-facing components which is very sim-
ilar to that at finite 5. This suffices for many
purposes, including the ability to mimic the
“SE reference scenario”.

4.2 Net toroidal current

The optimization to a near-zero BC was
done for one specific configuration in W7-X.
Non-negligible BC exists for other interest-
ing configurations and discharge scenarios.
Nevertheless, the BC in W7-X is generally
an order of magnitude smaller than in a
tokamak or classical stellarator of similar
size and rotational transform. Due to the
low magnetic shear, even this rather small
BC can have a significant impact on the edge
islands and the island divertor operation. Ac-
cording to transport simulations for different
magnetic configurations achievable in W7-X|
better confinement is usually accompanied
by an increasing bootstrap current. Thus, in
order to take advantage of best-confinement
configurations, a modest BC might have to
be accepted with the result of a changed
edge topology and in turn changed heat
load patterns on the divertor (see Figure
2 and as discussed in Section 3), even if
this requires the development of mitigation
strategies to allow for safe divertor operation.
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for island size variation: (a) Is; = 0, Is; = 0. (b) Iy; = -0.02, Iy; = 0.02. (c¢) Iy; = -0.04, I5; = 0.04.



The net toroidal current first and foremost
affects the rotational transform. One of the
main purposes of the 20 planar coils is to
change the rotational transform ¢, without
strongly affecting the other properties of the
equilibrium. These coils can therefore be
used to mimic the effect of a net-toroidal
current when none is present. The achievable
match is not perfect; the changes in magnetic
shear, di/dy, cannot be matched while
simultaneously matching the changes in ¢ at
the plasma edge (¢ is the toroidal magnetic
flux). Nevertheless, for the configurations
studied here the effect due to the mismatch
in shear is negligible.

Figure 5 shows the movement of the bound-
ary islands with respect to the divertor when
tuning the rotational transform up and down
from its boundary value of 1.0 in the standard
configuration (same currents in the modular
coils, no other coils used), using the planar
coils. Comparing this sequence with the “SE
reference configuration” with increasing net
toroidal current (Figure 2) shows that the is-
lands move inward in the same way.

Thus, broadly speaking, vacuum field con-
figurations can mimic configurations with fi-
nite § and finite net toroidal current by ad-
justing the currents in the sweep coils and the
planar coils.

4.3 Calibration

In order to be able to adjust the coil currents
properly so that the vacuum or low-/3 config-
urations are equivalent in the previously men-
tioned definition, i.e. equivalence of heat load
pattern distribution on the different divertor
parts, we need to provide a mapping. Thus
we assess the relative heat loads on the dif-
ferent divertor parts (targets, baffles, SE) in
a global way, i.e. not the local distribution
on these parts. For this, we use a field line
diffusion approach that simulates the trans-

port perpendicular to the magnetic field [20].
For this, field lines, starting at the separa-
trix, are traced. After a random distance a
random step perpendicular to the field line is
performed and the tracing is continued start-
ing from the new point. If a component (for
example the divertor target plate) is hit the
point of impact is recorded and the field line
tracing procedure is started again with a new
point at the separatrix. The number of im-
pact points per area divided by the total num-
ber of field lines traced is used as a figure of
merit for the fraction of the heat load hitting
this area. Later, in Section 5, a cross-check
will be done by inspecting the local strike line
patterns.

The coil current values given in the follow-
ing have to be interpreted as relative total
currents of the respective coils, i.e. the cur-
rent per winding times the number of wind-
ings of the coil with respect to a normalization
current whose special value is not relevant in
the current context. Thus, the so-called stan-
dard configuration has the same relative cur-
rents for the five modular coils and zero for
all others. A configuration is described by
the full set of relative coil current values, i.e.
for all modular coils, planar coils and control
coils.

4.3.1 [ calibration

Figure 6 compares the distribution of the
heat loads on the different divertor compo-
nents (including the SE) resulting from a f-
sequence of MHD-equilibria with the ones re-
sulting from vacuum fields obtained by prop-
erly adjusting the currents in the sweep coils.
As seen, the redistribution of the heat loads
with 8 can be well reproduced by an appro-
priate adjustment of the sweep coil currents.

Note, the “SE reference scenario” has a -
value of 2.7%. The sweep coil current to im-
itate this [-value is used later for the OP1
mimic configurations (Coil currents in Table
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4.3.2 Iota calibration

Finite current in the planar coils is used in
vacuum configurations to imitate the effect
of the net-toroidal current. Figure 7, shows
the change of the heat loads on the differ-
ent components for the net-toroidal current
sequence in the “SE reference scenario” as
well as for the vacuum configurations ob-
tained by adjusting the currents of the planar
coils. With an appropriate mapping of the
values of the coil current to the ones of the
net-toroidal current a remarkably good match
of the heat loads can be achieved (compare
7c). The Poincaré plots of the configurations
which mimic the 0kA, 22kA and 43 kA cases
are shown in Figure 8. Note that the upper
island is intersected by the horizontal diver-
tor plates at similar positions as in the “SE
reference configurations” (compare to Figure
2).

Both effects, - and net-toroidal current,
can be combined to simulate the expected
heat load distribution of the “SE reference
scenario” during the evolution in a long-pulse
discharge. Table 1 gives the sequence of cor-
responding relative coil currents to reproduce
the global heat load distribution on the dif-
ferent divertor parts with vacuum fields.

5 Results

5.1 Strike-line pattern

Up to this point, the details of the strike-line
patterns have been ignored with the focus be-
ing on the integral power flux onto the compo-
nents. However, for some locations it is neces-
sary that also the strike-line patterns are sim-
ilar. This is especially important for the loads
near the pumping gap and the loads onto the
SE, since the details of their distribution will

have a strong influence on the pumping effi-
ciency of the neutrals created on the targets
by the outflow of plasma.

Figure 9 compares the strike line pattern
of the configuration of the SE-reference sce-
nario with 22 kA (for which an overload at the
pumping gap would be expected without the
SE) with the pattern generated by the corre-
sponding mimic vacuum configuration. Note
that the shape of the pattern on the SE is
very similar for the two cases, although for
the vacuum case, the hot-spot at the front
(upper part in picture) is somewhat more in-
tense. The heat-flux to the pumping gap is
at the same level for the two configurations,
but for the mimic vacuum field, the horizon-
tal target plate (right part of TDU in picture)
is loaded somewhat more.

The strike line pattern for the stationary
configuration with 43kA is shown in Figure
10 along with the corresponding mimic config-
uration. In this case, the heat flux to the SE
is also very similar for the two configurations.
The heat load pattern of the full scenario cal-
culation has one more strike line on the hori-
zontal target plate than its corresponding vac-
uum configuration. This strike line is caused
by the additional changes in the island shape
due to the p-effects. With the available vac-
uum field coil set it was so far not possible
to simultaneously provide a perfect match of
the changes in the strike line patterns due to
[ and net-toroidal current everywhere. How-
ever, since the additional strike line is located
far away from the pumping gap, its impact
on the pumping efficiency is considered to be
very small, so that investigations of the ef-
fect on the pumping efficiency should not be
affected.

5.2 Further use of the configu-
rational flexibility

The approach described here opens up
more possibilities for generating other test-

10



Table 1: Coils currents to mimic the “SE reference scenario” in OP1.2. Planar coils used to mimic toroidal
current evolution, sweep coils for mimicking the 3 effect of 8 = 2.7%. Modular coils same as the “SE reference
scenario”.

ID BC 1 Ip Iy Iso I P I 1y I5

6 O0kA | 0.220 -0.080 | -0.015 0.015|0.96 0.95 097 1.07 1.08
11 11kA | 0.195 -0.105 | -0.015 0.015{0.96 0.95 0.97 1.07 1.08
16 22kA | 0.170 -0.130 | -0.015 0.015{0.96 0.95 0.97 1.07 1.08
21 32kA | 0.145 -0.155 | -0.015 0.015| 0.96 0.95 097 1.07 1.08
26 43kA | 0.120 -0.180 | -0.015 0.015 | 0.96 0.95 097 1.07 1.08

Toroidal current [KA]
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Normalized planar coil A current

Figure 7: Mimicking the “SE reference scenario” evolution. Lines: planar coil current scan, vacuum
configuration. Crosses/Circles/Triangles: MHD-equilibrium calculation of different toroidal currents of the
“SE reference scenario” . Y-Axis shows relatively head load fraction of total heat load on specific component
for the specific configuration. Mimic configurations planar coil B current is planar coil A current minus
0.3. Mimic configurations: Control coil 1 = -0.015, Control coil 2 current = 0.015. Modular coil currents:
I, =0.96, I, =0.95, I3 =0.97, I, = 1.07, Is = 1.08. To archive a main field of 2.5 T the normalized currents
have to been multiplied by 1.47 MA. See table 1 for mimic configuration details.
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Figure 8: Poincaré plots of vacuum fields of mimic configurations at ¢ = 0°. Currents to mimic: (a) 0kA.
(b) 22kA and (c) 43 KA.

o [N, o v

Figure 9: Strike line patterns for the 22 kA configuration, as well as for the corresponding OP1 mimic con-
figuration. (a) SE, mimic configuration/OP1, (b) Divertor, mimic configuration/OP1, (c) SE, ”SE reference
scenario” /OP2, (d) Divertor, ”SE reference scenario” /OP2.

Al

Figure 10: Strike line patterns for the 43kA steady state configuration, as well as for the corresponding
OP1 mimic configuration. (a) SE, mimic configuration/OP1, (b) Divertor, mimic configuration/OP1, (c) SE,
”SE reference scenario” /OP2, (d) Divertor, ”SE reference scenario” /OP2.
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Reduced heat flux at the SE in a less inward shifted

configuration. (b) Increased heat flux at the SE for a configuration with increased mirror ratio.

configurations. Due to the limits that are set
for OP1.2 with respect to the combination of
discharge length and heating power it might
be useful to be able to additionally vary the
heat load on the SE via adjustments of the
magnetic configuration. This might, for ex-
ample, help to get a heat load on the SE which
or whose effects can be better assessed by the
diagnostic systems. Here we only show two
examples of decreasing or increasing the heat
load by such means.

First, the use of the planar coils to vary the
horizontal plasma position makes it possible
to vary the heat load onto the SE without
changing the input heating power. Figure 11a
shows the heat loads on the different diver-
tor parts for the mimic-SE-reference configu-
ration being slightly shifted outward with the
effect of reducing the load on the SE. This, on
the other hand, means that there is a higher
risk for overloading the baffle plates on the
outward side.

Second, the coil currents in the modular
coils can be used to change the magnetic
field strength along the axis which is usually
larger at the bean-shaped planes (shown in
the Poincaré plots in the paper) and smaller
in the planes in between. Figure 11b shows
that by decreasing the field strength between

the bean-shaped planes, i.e. increasing the
mirror field, it is possible to increase the rela-
tive heat load on the SE in the same toroidal
current scan as in Figure 1la.

6 Two versus 10 scraper

elements

As already pointed out, one or two TDU-SE
elements will be installed after the first half of
the experimental campaign OP1.2; i.e. after
OP1.2a. The reduced number - the full set
would require 10 SEs - is to limit the effort in
manufacturing and in assembly for this first
test. Although this introduces an asymmetry
in the heat loads, it also offers opportunities
for valuable comparisons. On the one hand,
it will be possible to compare configurations
and discharges without and with SEs installed
(OP1.2a vs OP1.2b). On the other hand, the
reduced set of SEs in OP1.2b allows a com-
parison of shielded and unshielded divertor
units in the same discharge and configuration.
However, for the latter symmetry and period-
icity of the magnetic field and of the in-vessel
components are crucial conditions, but this
will and needs to be investigated in any case.

In case that two TDU-SE elements are in-
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Figure 12: Load onto the different TDU modules comparing reduced (2) and full (10) SE-set. Naming
of divertor units: XY with X=number of machine module (1,...,5) and Y=location within the respective
module (U/D=upper/lower divertor unit). (a) OP1.2 configuration for mimicking 22kA toroidal current.

(b) OP1.2 configuration for mimicking 43kA toroidal current.

Figure 13: 22kA mimic configuration. Heat load patterns at different divertor parts with only two SE:
shielded pumping gap (divertor unit with adjacent SE), (b) SE, (¢) unshielded pumping gap (divertor unlt
without adjacent SE).
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stalled, the boundary-¢ value of 1 for the con-
figurations we consider here and the argu-
ment of stellarator-symmetry suggests to in-
stall them 180° toroidally and poloidally sep-
arated from each other (one at the top, one at
the bottom divertor). For configurations with
a boundary-value of + = 1, these two loca-
tions are magnetically linked and will shadow
each other (and their respective two divertor
units). In a full installation there would be
5 (periodicity) such linked divertor and SE
combinations. Thus, it is important to know
how accurately such a partial installation (one
or two SE) can be used to assess how the full
system of ten scraper-elements will behave in
later operation. We will focus on two time
points during the time evolution of the “SE
reference scenario”: i.e. when 22kA of net
toroidal current is reached (design point of
the SE to avoid the overload of the divertor
at the pumping gap) and when 43 kA of net
toroidal current is reached - the steady state
situation. To investigate the situation to be
expected in OP1.2, we base our analysis on
the two corresponding mimic vacuum config-
urations. An extrapolation of the obtained re-
sults in this model to what is expected in OP2
with a full set may be nevertheless justified on
the basis of the prior results, namely, that the
heat load patterns and the expected pumping
efficiencies between the mimic configurations
and their OP2 counterparts can be expected
to be essentially similar. Because for the con-
sidered magnetic configurations the boundary
structures have the same periodicity as the di-
vertor units, the ones without a SE installed
adjacent to them see only a negligible influ-
ence from scraper elements installed some-
where else. The heat load onto such units
decreases by only 1.5%. The two divertor
units with adjacently installed SEs see a sim-
ilar heat load reduction whether two or ten
SEs are installed. The additional heat load
reduction when going to the full set of SEs
is only 10-12% of the already reduced heat

loads for the 22 kA-configuration and almost
no effect is seen for the 43 kA-configuration.
The results are shown in detail in Figure 12.

The heat loads onto the TDU SEs them-
selves are, however, substantially different
whether two or ten are installed. The heat
load onto one of ten SE is about 35 % smaller
compared with the heat load at one SE out of
two. The reason for this is that the SEs do not
only shield their adjacent TDU-module and
their magnetically connected counterpart but
also SEs in other periods. Also, the effect on
the TDU-modules is always distributed onto
ten modules (or eight if one considers the un-
shielded ones), while for the SEs the distri-
bution of the load varies from two to ten. In
addition,the strike line pattern on the SE is
extended in the direction away from the di-
vertor unit. See Figure 13.

7 Conclusion

We have shown that topological changes in
the edge region due to f and due to net
toroidal currents can be mimicked remark-
ably accurately with near-zero [, near-zero
bootstrap current configurations, using the
existing coil set of W7-X. Specifically, ef-
fects caused by the MHD-equilibrium cur-
rents can be mimicked by adjusting the cur-
rents in the sweep coils, and effects caused
by the net-toroidal current can be mimicked
by adjusting the currents in the planar coils.
Thus it seems possible to experimentally in-
vestigate aspects of the interaction between
plasma and divertor expected in some high-
performance plasma scenarios accessible only
in the later experimental phase OP2 (2019
and beyond) already in the earlier experi-
mental phase OP1.2 (2016/17). Moreover,
this allows for an OP1.2 test program for the
SEs to assess their potential advantages and
disadvantages, despite them being designed
to mitigate a possible divertor overload sce-
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nario that would only be interesting for quasi-
steady-state operation, i.e.for very long dis-
charges, in OP2. Most notable is that for a
physics assessment of the effects of the full
set of 10 SEs only a subset of two is suffi-
cient to evaluate their effectiveness in config-
urations with + = 1, thus allowing for sig-
nificant resource savings. Additionally, the
results of such a program can broaden the
basis on which a final decision on whether
to manufacture and install a fully cooled SE-
set during OP2. It should be noted, how-
ever, that the details of the heat load pat-
terns will be somewhat different between a
situation with ten or with two SEs. Never-
theless, their shielding effect can be assessed
accurately enough experimentally and their
impact on the pumping-efficiency is expected
to be similar enough to be applicable for the
other cases. Finally, it should be recalled
that additional efforts in the scenario develop-
ment are performed to explore alternatives for
the SE-reference scenario avoiding the need of
protective measures for the pumping gap.
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