TPS12509.R3

Operation of W7-X with an 1nertially cooled
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Abstract—The superconducting stellarator Wendelstein 7-X has
completed the first three experiment phases, the first one with a
limiter only and two phases with an inertially cooled carbon
divertor configuration. The main mission of the latter two phases
(the last one with two scraper elements) was to pave the way for
the planned steady state-operation with high power plasmas and a
steady-state divertor. Presently, the device is being completed by
installing a High-Heat-Flux (HHF) divertor, the corresponding
water-cooling and ten cryo pumps in the divertor chambers. After
this completion phase of W7-X the device is ready for long pulse
divertor operation with heating power beyond 10 MW.

Index Terms— Stellarator, Operation, Divertor operation,
Steady-state operation.

I. INTRODUCTION

The optimized, superconducting stellarator Wendelstein 7-X
(W7-X) [1, 2] has started operation in December 2015.
Meanwhile three experimental phases with different carbon in-
vessel configurations (limiter, inertially cooled divertor without
and with “scraper elements”) have been performed, and
important physics results have been achieved already [3]. These
three operation phases were directed to develop the scenarios
for steady state divertor plasmas in W7-X. In this paper a
technical summary of the last operation phases and of the
technical processes to get to these plasmas are be discussed.
Presently, up to the end of 2020, a steady-state (completely
water-cooled) carbon fiber composite (CFC) divertor, water-
cooled baffles and 10 cryo pumps (one behind each divertor
module) are being assembled in and around the W7-X device
[4]. After this completion, the mission of W7-X can finally
start: Thirty minutes discharges with an input power of more
than 10 MW should prove the steady state operation on all
time scales. An overview of the changes to W7-X periphery
will be described. The paper is organized as follows: first, a
general overview on the three operational phases is provided
before more details on the operation of the device in the last
phase (OP 1.2b) is given. We conclude with a short summary
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about the work on equipping the device with a fully cooled
divertor for steady-state operation and a brief outlook on future
tasks at the device.
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Fig. 1. View into the W7-X plasma vessel just before the start of OP 1.2b.
Shown here is module 2 with a glow discharge electrode on the right wall, an
NBI entrance port (shielded by C-tiles) and one of the bottom TDU. This
consists (from the right) toroidal divertor closure, outer baffle, horizontal target
plate, divertor pump slit, horizontal target plate and inner baffle. On the front,
the vertical divertor closure is visible. On both of the target plate, the traces of
the separatrix are well visible. (courtesy G.Wurden/LANL)

II. OPERATION OF W7-X2015-2018
A. Overview of the first three operation phases

The first operation phase started in December 2015 with five
C-limiters at the inner wall. After cleaning with ECRH-pulses
and, from January 2016 on, also with Glow Discharge Cleaning,
the plasma performance — in He and later in H, — was very good
[5].

For the second operation phase — in 2017/8 — a temporary Test
Divertor Unit (TDU) was installed in W7-X, see Fig. 1. This
inertially cooled divertor from carbon had the same shape as the
finally foreseen High-Heat-Flux divertor (HHF) with ten
divertor units (one on top and one on the bottom of the plasma
vessel, in each of the 5 modules). However, the target plates
were made from fine-grain graphite and rather thick to have a
robust divertor for the first divertor operation [6]. The mission
for this phase was the development of divertor scenarios for the
later steady-state phases with the HHF divertor [7]. In the
middle of this second operation phase, a break was put in to
install two so-called scraper elements[ 8] to protect the divertor
during the build-up of a toroidal bootstrap current[9], if
significant current may be present. This additional installation
divided the second operation phase into OP 1.2a and OP 1.2b.
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Summaries of the physics results of these operation phases have
been published elsewhere [3, 10]. Reviews and lessons learned
on technical operation of W7-X from OP 1.1 and OP 1.2a have
been collected in [2, 11].

Experiments in all phases have been run at 2 or 3 days per
week, alternating. The superconducting magnetic field has been
run stationary during an experiment day (with agreed transitions
from one configuration to another), but shut down in the
evening. After the commissioning of the device W7-X, about 2-
3 weeks have been used to commission W7-X with magnetic
field to calibrate diagnostics, to introduce and to check new field
configurations, to measure magnetic flux surfaces, cleaning the
plasma vessel surfaces and so on. Table 1 summarizes the
performance data for the three operation phases.

OoP1.1 OP 1.2a OP 1.2b
plasma discharges 776 1156 1120
test pulses 148 257 277
fault pulses 24 98 211
Total 948 1511 1608
start of the campaign 09.12.2015 | 01.08.2017 |17.06.2018
end of the campaign 10.03.2016 | 08.12.2017 |18.10.2018
weeks of operation 13 18 18
experiment days 33 40 44
thereof commissioning 4 5 8
|discharges per day | 287 | 378 | 385 |

Table 1. Summary of the first three operation phases of W7-X. OP 1.1 was
performed in a limiter configuration, OP 1.2 with an inertially cooled test
divetor, in OP 1.2a without the two scraper elements, OP 1.2b with them.

The large number of fault pulses in OP 1.2b is attributed to
electrical discharges in the ECRH towers due to the increased
humidity in the summer of 2018. Meanwhile, the air in the
ECRH tower is being cooled and dried, to avoid arc ignition by
electronic radiation [12].

B. Operation of W7-X in OP 1.2b

In the last experiment phase, OP 1.2b, new main components
on W7-X were taken into operation, mainly the boronization
system and the neutral beam injection with one beam box (2
sources, 55 kV H-neutrals) [13]. Both of these components are
discussed below.

1) Boronization of the plasma vessel

An optimised wall conditioning strategy has been developed
and consistently applied throughout the recent campaign of W7-
X operation [14]. Seven days of baking at 150°C flat top, were
followed by 9 hours of glow discharge cleaning (GDC) in
hydrogen. Thus, the major outgassing impurities H,O, CO,,
CO/N; and CH4 were removed. A final GDC in helium removed
most of the H, from the surfaces and provided the start-up
conditions for W7-X operation. Residual H,-outgassing during
initial plasma operation could be successfully reduced by
ECRH-pulse trains in He. At the end of daily operation, the H,-
loaded walls were depleted by He-GDC. At this stage of
conditioning the plasma density achievable with gas fuelling
only and ECRH heating was limited to 5 x 10" m due to

impurity radiation losses.

On August 4, 2018, during OP 1.2b, the first boronization at
W7-X took place [15]. This opened access to a new density
regime up to 1x10%° m, see Fig.2. The reason for that is the
strong reduction of C and O impurity radiation, which is
attributed to gettering of oxygen by the boron layer and the
associated reduction of chemical sputtering of carbon via CO.
Furthermore, significant neutral gas compression in the divertor
was achieved only after boronization, allowing for effective
pumping. The regular daily He-GDC could be suspended. These
new conditions were long term stable. However, two further
boronizations followed in 4-week intervals, but they did not
result in an additional improvement.
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Fig. 2. Line averaged densities as a function of the input power, before (green
points) and after boronization (blue points). The difference of the point
distribution can be explained by the impurity content, as shown by the lines for
different carbon fractions.

2) Magnetic field scenarios

W7-X has 70 superconducting coils of seven types. For
operating W7-X, all ten coils of one type are supplied in series
by an independent power supply [16, 17]. These seven,
independent coil currents offer in general a wide range of
magnetic configurations (characterized by iota, shear, magnetic
well/hill, inward-/outward-shift, toroidal mirror fields) [18]. A
base set of magnetic configurations had been developed for the
specification of the coils, the power supplies, and the support
structures. Most of these magnetic configurations have been
commissioned already, and used in plasma discharges. Fig. 3
shows the distribution of magnetic field configurations used in
OP 1.2b. Newly commissioned was the low iota configuration
and the configurations required for a scan from low- to high-
iota.

Since laying out these base configurations, new
developments in plasma physics and a better understanding of
fast ion behaviour in W7-X, produced by neutral beam injection
(NBI) resulted in requirements for new configurations, beyond
the original specification.

Since the electric network with the coil protection system is
a coupled network, not all current distributions are possible
[19]. Also the mechanical loads between the coils (transferred
with the non-linear inner and outer support elements and by the
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central support bolts fixing planar coils to the central support
ring) as well as the mechanical coupling of planar coils to non-
planar coils sets stringent limits to the coil current distribution
in the seven electrical circuits [20].

bootstrap mimic i0ta scans
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Fig. 3. Distribution of the magnetic field configuration in OP 1.2b. Newly
commissioned was the low iota configuration, also performed with a reversal in
all the superconducting coils. Also new were the iota-scans covering the
transition from high to low iota configurations.

Therefore, newly proposed magnetic configurations have to
be approved by the magnet group (after calculating the current
inside the network in case of a fast discharge) [21] by the
mechanical engineering group (checking for the mechanical
loads on the support structure described above) [22]. New
configurations, possible to perform correctly, have to be
released formally by the Head of Operation.
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Fig. 4. Schematic cut in the magnetic configuration phase space, spanned by
the coil currents in the seven different coil types. Four of the standard
configurations are shown in grey. Along the x-axis, the mirror ratio is varied,
the y-axis shows the radial position of the plasma. In the standard
configuration, the currents in all five non-planar coils are equal, increasing
currents from coil 1 to coil 5 lowers the mirror ratio. In these cases, shown on
the top of the figure, no current in planar coil is used. Invoking also the
planar coils, with different direction of the 2 types of planar coils, as shown
below the x-axis, shifts the plasma inwards. The magnetic configuration
proposed for NBI, extends to a previously not covered phase space range.

One example for this process was the introduction of neutral
beam heating in W7-X. An operation issue was the behaviour
of the fast ions and their loss from the plasma. Recent
simulations of the heat load by fast particles onto the plasma
wall using ASCOT [23] revealed problems [24], resulting in

local hot spots on the plasma wall and on some diagnostic tubes
[24]. While these immersion tubes could be shielded locally, the
problem of possible local overloading at plasma wall
components, required the selection of special magnetic field
configurations [25]. This selection is presented in Fig. 4,
showing a shematic cut in the magnetic configuration phase
space, spanned by the coil currents in the seven different coil
types. Four of the standard configurations are indicated in grey,
with a name and a three-digit (internal) identifier. The
configuration, proposed for the start-up of NBI having very low
fast ion losses, sits in the right lower corner, i.e. a high-mirror,
inward-shifted plasma.

This figure also shows schematically how the configurations
differ in the coil currents. To vary the mirror ratio (along the x-
axis), the ratio in the non-planar coils is varied, as sketched in
Fig. 4. In the standard configuration as well as in low- and high-
mirror configuration cases, no current in the planar coils is used.
Invoking also the planar coils, with different current directions
of the 2 types of planar coils, the plasma moves inwards.

As can be seen clearly, the magnetic configuration proposed
for NBI, extends to a previously not covered phase space range.
Therefore, this region had to be investigated in more detail.
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Fig. 5. In the phase space shown in Fig. 4, the behavior of the fast particles was
calculated for some theoretical configuration (named with an internal 3-letter
code). The color code of these IDs, as shown in the legend, describes
qualitatively the loss of fast particle, clearly showing why the lower right corner
is preferred for NBI.

However, also the mechanical loads in the coil system has been calculated for
these cases, and below the red, broken line, forces and moments are beyond the
allowable limit.

1) ASCOT modelling was used to determine the fast losses
for a number of configurations as shown Fig. 5, at least
qualitatively. Green color around the configuration ID
indicated very low ion losses, yellow somewhat higher
ones, and orange indicated large loads from fast particles.
The first result of this study was, to use a high-mirror-like
configuration as indicated on the right side in Fig. 4 and
named “QIT”.

2) However, as indicated above, also the forces and
moments within the non-linear magnetic coil support
(coils and supports) have to be taken into account [26].
The modelling of the configurations in Fig. 5
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demonstrated a very clear border, indicated by the red,
broken line. Below this limiting line, the forces and
moments are beyond the allowable limits.

As a result, the NBI-experiments, plasmas were performed
without inward shift in the high-mirror or the standard
configuration. The fast ion losses have been visible, but with
relatively low loads, not harming the device [27].
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Fig. 6 Poincaré plots of the magnetic surfaces in the upper half of the plasma
vessel for different magnetic configurations (standard and high-iota). Below, the
load, measured by thermography cameras, on the divertor components (see
Figure 7) are shown.
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3) Increasing the heating energy into the plasma

The specification for OP 1.2a/b foresaw an integrated input
energy into the plasma (JPpea - dt) = Winpu) of W7-X of 80 M1J.
In OP 1.2a, this limit was increased to 200 MJ, as the load on
the in-vessel components turned out to be well distributed,
without significant asymmetries. For increasing Winpui, again an
organisational process got introduced to increase Winpu in pre-
defined steps. This has to be done for each magnetic
configuration separately, as the wall loads and their distribution
depend very strongly on the shape and position of the plasma,
see Figure 6. Asymmetries in the load on the 10 divertor targets
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Fig. 7 IR thermography picture from one divertor module in a standard
magnetic configuration discharge. For information, a visible picture is overlaid
and the different parts of the divertor are indicated. (courtesy of P. Drewelow)
had been mitigated, using the trim coils outside the plasma

vessel [28, 29], and furthermore divertor loads have been

symmetrized with the non-superconducting coils [30].

The limiting criteria to get to a higher level of Wiy, were
different temperature levels of the divertor components
(observed by IR thermography, see Fig.7), temperatures of the
TDU tiles frame (thermocouples), temperatures at the NBI
beam-dumps and on diagnostics as well as the observation of
hot spots in the plasma vessel. A layout of one TDU module,
overlaid with an IR picture is shown in Fig. 7. To exemplify
this, The process to increase Winpu Will be described for two
cases:

p=105 M1 Ip = 160 s Jp =200
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Fig. 8 Divertor target temperatures, measured with thermocouples in the heavily
loaded “high iota tail” of the different modules. This sequence covers the three
last discharges in the process of increasing Winpu to 200 MJ (see labels on the

top).
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Fig. 9 Time traces of main parameters of the 100 s long discharge
20181017.019.

For achieving a long, i.e. 100 s, discharge, obviously the heating
power has been cautiously restricted to 2 MW. For this task, a
high-iota magnetic configuration (Figure 6 right side) was
chosen, were the thermal load is deposited on the so-called
“high iota tail” of the divertor target (Figure 6, bottom right)
target. To approve the Winput limit of 200 MJ, several steps
were required. Figure 8 shows the thermal load on several
positions in the 10 divertors, for the last three steps in this
ladder, i.e. Winpu at 105, 160, and 200 MJ. The rise in the
temperature in a single discharge increases from =~ 500 K to =
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800 K, but all temperatures are in the allowed region. Figure 9
demonstrates the key parameters of the 100 s (i.e. 200 MJ)
discharge 20181017.019.

Steady state divertor discharges have to use the detached
divertor regime [31, 32], where the heat load is radiated in the
edge and the divertor plasma regions, with only a rather low
thermal load onto the divertor targets. This scenario requires
higher density in the flux surfaces outside the plasma core and
higher ECRH levels.
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Fig. 10 Divertor target temperatures, measured with thermocouples in the
horizontal target plates of different modules. This sequence covers the four last
discharges (in the “magnetic standard configuration”) in the process of

increasing Winpu to 154 MJ (see labels on the top).
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Fig. 11 Time traces of the main parameters for the detached discharge
20181016.014 (Winpu = 105 MJ). After 2.5 s the divertor load decreases strongly
while the radiated power increases. At the same time the divertor neutral gas
pressure (bottom curve) increases by about 20%, indicating high divertor
recycling.

Such experiments have been performed in different magnetic
configurations [33], the longest discharge with a detached
divertor plasma was a “standard magnetic configuration”
discharge with 154 MJ, similar to Figure 6 (left) and 7. The
development of the temperature load to the divertor is shown in
Figure 10. In contrast to Figure 8, the temperature increase on
the target plates is much smaller, although the input power into
these plasmas is higher by a factor of 2.3. After the 154 MJ
discharge no further increase of the input energy was possible,
due to safety switch-offs of gyrotrons by the ECRH arc

detection system, as mentioned before. Details of the longest
detached discharge, with 30 s detached conditions are reported
in [33]. Figure 11 shows the main parameters for the discharge

20181016.014 (Winput = 105 MJ). After 2.5 s the divertor
plasma is detached, i.e. the convective and conductive loads
onto the divertor targets decreases strongly while the radiated
power in the scrape-off layer increases. At the same time, the
divertor neutral gas pressure (bottom curve in Fig. 11) increases
by about 20%, indicating high divertor recycling.

C. Completion of W7-X

Presently, W7-X is being completed to allow the steady-state
operation. The main task is the installation of a steady-state
divertor [7], water-cooled baffles (both components completely
water-cooled) and 10 cryo pumps (one behind each divertor
module) [34] are being assembled in the W7-X device [4].

Outside the torus, the peripheral components have to be
extended in order to provide the in-vessel components with
cooling water, and the cryo pumps with LN2 and LHe [35, 36].

In addition to these large divertor-related components, also
the heating devices are being extended and new ones installed
[37], the diagnostics are being extended [38], especially for the
observation of the HHF-flux divertor. This urgently requires
steady-state water-cooling, and therefore also in-situ
supervision of the surface temperatures to detect a overload
condition [39] and to safely shut down the plasma heating by
the central fast interlock system [40].

D. Outlook for the steady-state of W7-X

After this completion, the mission of W7-X can finally start:
Thirty minutes discharges with an input power of more than 10
MW should prove the capability of steady state operation on all
time scales.

Having prepared the device W7-X for this task, more efforts
have to be spent on ensuring a steady-state plasma observation
with the multitude of diagnostics at W7-X.

E. Summary

Since the start at the end of 2015, W7-X has completed three
operation phases very successfully. Especially in the last of
these phases, performed in 2018, the energy input into the
plasma has been increased to 200 MJ, allowing about 30 s long,
detached divertor discharges with 5 MW ECRH power and 100
s long discharges with lower heating power.

At the same time, the NBI was taken into operation, while
optimizing the magnetic field configuration in order to
minimize the fast ion losses and minimizing the mechanical
loads in the coil system.
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