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Abstract—The superconducting stellarator Wendelstein 7-X is 

currently being commissioned. First plasmas are expected for the 

second half of 2015. W7-X is designed to overcome the main 

drawbacks of the stellarator concept and simultaneously 

demonstrate its intrinsic advantages relative to the tokamak – i.e. 

steady-state operation without the requirement of current drive 

or stability control. An elaborate optimization procedure was 

used to avoid excessive neoclassical transport losses at high 

plasma temperature, simultaneous to achieving satisfactory 

equilibrium and stability properties at high β, and a viable 

divertor concept. In addition, fast-ion confinement must be 

consistent with the requirements of alpha-heating in a power 

plant. Plasma operation of Wendelstein 7-X follows a staged 

approach following the successive completion of the in-vessel 

components. The main objective of Wendelstein 7-X is the 

demonstration of steady-state plasma at fusion relevant plasma 

parameters. Wendelstein 7-X will address major questions for 

the extrapolation of the concept to a power plant. These include 

divertor operation at high densities, plasma fuelling at high 

central temperatures, avoiding impurity accumulation, an 

assessment of the effect of neoclassical optimization on turbulent 

transport and fast-ion confinement. A power plant concept based 

on an extrapolation from Wendelstein 7-X, the Helical Advanced 

Stellarator (HELIAS), has been developed. 

Keywords—stellarator, steady-state magnetic confinement, 

fusion power plant 

I. INTRODUCTION
*
 

Magnetic confinement in stellarators can be provided 
without a toroidal plasma current. A rotational transform is 
generated by magnetic field coils only. This has several 
advantages [1]: (1) Steady-state confinement is provided 
without any current drive. Compared to a tokamak, this should 
significantly reduce the re-circulating power in a stellarator 
power plant. (2) Current driven instabilities and disruptions do 
not occur. Even if a significant bootstrap current is generated 
the negative magnetic shear prevents the destabilization of 
neoclassical tearing modes [2]. As result, elaborate stability 
control is not required. (3) Without strong toroidal plasma 
currents the Greenwald density limit is not observed and – at a 
given fusion power – the alpha-particle pressure and the drive 
for fast-ion driven instabilities is reduced. As a consequence 
densities far beyond an equivalent Greenwald limit have been 
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observed [3, 4]. However, stellarator confinement also has 
several disadvantages. Generally, the coil configuration is more 
complicated. Generating the rotational transform by external 
coils breaks the toroidal symmetry. As a result, sufficient 
confinement of the thermal plasma and fast ions for a fusion 
reactor is not automatically reached. The neoclassical transport 

in the 1/ -regime at low collisionality [5], 

 1/v  eff
3/2

T
7/2
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2
), 

shows a very strong dependence on the plasma temperature, T 
(R0 is the major radius of the device, B0 the magnetic field on 
axis and n the plasma density). To avoid an unacceptable 
increase of the plasma transport at reactor relevant 

temperatures, a minimization of the effective ripple, eff, in the 
design of a stellarator is mandatory. From equation (1) it also 
becomes clear that confinement benefits from high density and 
low temperature. Other optimization criteria for stellarators are 
the fast-ion confinement, plasma stability at high normalized 

pressure, ,  a plasma equilibrium which does not deteriorate 

with increasing , and – as a prerequisite for steady-state 
operation – a feasible exhaust concept. With regard to fast-ion 
confinement, the ability to operate at high density is a positive 
feature of the stellarator, as it keeps the fast ion population low. 

From the technological point of view it is important to find 
a coil configuration that is capable of producing a magnetic 
field simultaneously fulfilling these criteria. A technical 
solution to generate such magnetic field configurations are 
modular coils [6]. Finally, a reactor or power plant requires 
sufficient space for a breeding-blanket between coils and 
plasma. This is a major constraint for a fusion power plant 
design. 

II. WENDELSTEIN 7-X DESIGN 

Wendelstein 7-X (W7-X) is a drift-optimized stellarator 
with improved neoclassical confinement [7]. An effective 

ripple, eff, of about 1% at all plasma radii ensures that the 
neoclassical plasma transport, even at higher temperatures, 
remains sufficiently low. Improved fast-ion confinement is 

provided by a quasi-isodynamic configuration, requiring high  
to achieve improved confinement. 

The basic philosophy of the W7-X equilibrium is to 

decouple the plasma equilibrium and plasma  as far as 
possible. This is achieved by minimizing bootstrap and Pfirsch-



 

 

 

Fig. 1: Technical drawing of the W7-X magnetic field coils surrounding 
the plasma vessel. 50 non-planar coils (grey) and 20 planar coils (copper-
coloured) produce the confining magnetic field and can be used to change 
the rotational transform and the radial position of the plasma. 

Schlüter currents. As a result the Shafranov-shift and the 

changes of the rotational transform profile, (r), remain small 

when  is increased. The latter is closely linked to the exhaust 

concept. Establishing low magnetic shear with  = 1 at the 
plasma edge, large magnetic islands intersected by target plates 
serve as a divertor (so-called magnetic island divertor). The 
first magnetic island divertor was successfully tested in 
Wendelstein 7-X [8]. One important characteristic is the very 
large target-to-target connection length of the open magnetic 
field lines in the scrape-off layer. Compared for instance to the 
poloidal divertor in ASDEX Upgrade, which has a connection 
length of about 50 m, the connection lengths in W7-X amount 
to about 300 m  [9]. This should have a profound effect on the 
heat flux distribution on the divertor target plates [10]. 

W7-X has been designed for steady-state plasma operation. 
For this purpose superconducting coils are employed. The 
actively cooled plasma-facing components are designed for 
heat fluxes between 100 kW/m

2
 (water cooled stainless steel 

panels), 1 MW/m
2
 (water cooled CuCrZr heat sinks covered 

with graphite tiles), and 10 MW/m
2
 divertor targets (water 

cooled CuCrZr heat sinks covered with carbon fibre composite, 
CFC). A newly developed electron-cyclotron-resonance 
heating (ECRH) system provides up to 9 MW steady-state 
heating power at 140 GHz corresponding to second harmonic 
heating at 2.5 T. Limited by the overall cooling capability of 
the water cooling plant, 10 MW plasmas will be restricted to 
about 30 minutes pulse duration. Compared to present day 
devices this is a significant step forward in steady-state plasma 
operation. All plasma time scales lie far below 30 minutes – 
confinement time and fast-ion slowing down time are below 
one second; and the L/R time is at most about 100 seconds.  

The magnetic field configuration of W7-X is generated by 
70 super-conducting coils [11] (figure 1). Five essentially 
identical magnetic field modules form the toroidal coil 
arrangement. 50 non-planar coils (10 in each module) generate 
both toroidal and poloidal components of the magnetic field. 
20 planar coils (4 in each module) are arranged in such a way 
that they produce vertical and toroidal magnetic field 
components. The vertical magnetic field can be used to change 
the radial position of the plasma, while the toroidal component 

modifies the rotational transform. Inside the plasma vessel 10 
normally conducting saddle coils have been installed to 
provide divertor strike-point sweeping. Outside the cryostat 
vessel, providing the cryogenic vacuum for the super-
conducting coils, 5 normally conducting trim coils can be used 
to correct low-order error fields or otherwise modify the 
control magnetic field components [12]. 

 

Year 

Name of 
operational 
period 

(Duration) 

Plasma 
configuration 

Plasma species 

Plasma 
characteristics 

Available heating 
power and heating 
systems 

Predicted plasma 
temperatures, 

densities and -values 

2015 

OP 1.1 

(13 weeks) 

Limiter configuration 

He and H plasmas 

Pulse limit 

 P dt  2 MJ 

pulse ~ 1 s at 1 MW 

P  5 MW (ECRH) 

Te  (Ti) < 3 (1) keV 

n  < 0.2 x 10
20

 m
-3

  

 < 1.6 % 

2016 / 17 

OP  1.2 

(60 weeks) 

Uncooled divertor 
configuration (test 
divertor unit, TDU) 

H plasmas 

Pulse limit 

 P dt  80 MJ 

pulse ~ 10 s at 8 MW, 
(up to 60 s at reduced 
power) 

P  10 MW (ECRH, 
NBI, ICRH) 

Te, Ti < 3 keV 

n  < 1.2 x 10
20

 m
-3 

 < 3 % 

> 2019 

OP 2 ... 

Steady-state operation 

Actively cooled HHF 
divertor 

H and D plasmas 

Divertor cryo-pump 

Heat flux limit P/A  
10 MW/m

2
 

Technical limit pulse  
30 minutes at 10 MW 

Pcw 9 MW (ECRH) 

Ppulse 10 MW (NBI, 
ICRH, pulse length 

 10 s) 

Te, Ti < 5 keV 

n  < 2.4 x 10
20

 m
-3 

 < 5 % 

 

Tab.1. Scientific programme of W7-X and corresponding technical 
capabilities and plasma characteristics towards steady-state operation. 

Temperatures, densities and -values are estimates provided by transport 
calculations, assuming neoclassical transport in the core of the plasma and 

turbulent transport at the plasma edge. In this sense, the -values are upper 
limits. 
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Fig. 2: Plasma contour (orange) with (a) 5 inboard limiters made of 
graphite (black stripes) defining the last closed flux surface. Fig. 2(b) 
shows the ten divertor units with the target plates following the topology of 
the resonant magnetic island divertor. 

W7-X has a major radius of R0 = 5.5m and an effective 
minor radius of <a> = 0.55 m. The maximum magnetic field 
strength on axis is 3 T. The nominal field, which is the 
reference for second harmonic ECRH, is 2.5 T. The total mass 
of the device amounts to 725 t. Including magnetic field coils 
and the support structure the cold mass is 423 t. The super-
conductor is made of NbTi operating at 4 K to produce the 
field values mentioned above. 

III. APPROACH TO STEADY-STATE OPERATION 

The experimental capabilities of W7-X and the 
corresponding scientific programme of W7-X are defined by 
the progress of the completion of the in-vessel components. 
Table 1 summarizes these capabilities and gives approximate 
values for the predicted plasma parameters. Accordingly, the 
programme of W7-X until 2019, when the full steady-state 
capability is reached, is subdivided into distinct operational 
campaigns (OP). 

A. First plasma (OP 1.1) 

At present W7-X is being commissioned [13]. The first 
plasma is expected in the second half of 2015. During the 
operational phase OP 1.1 up to 5 MW of ECRH power (at 140 
GHz corresponding to 2.5 T) from six gyrotron tubes will be 
available. The plasma boundary will be defined by five in-
board limiters, one in each module (figure 2a). Integrated 
heating power and pulse duration are limited by the passive 
cooling capacity of these limiters. 

The primary goal of OP 1.1 is the integral plasma 
commissioning of W7-X including ECRH and diagnostics. The 
draft physics plan foresees flux surface measurements, ECRH 
wall conditioning and start-up optimization with helium, 
ECRH heated helium plasmas, first experience with hydrogen 
plasmas, and finally piggy-back experiments aiming at an even 
heat flux distribution between the five limiters, feed-forward 
density control and scrape-off layer physics. More detailed 
plans for OP 1.1 physics operation can be found in [14]. 

For OP 1.1 already six 140 GHz gyrotrons have been taken 
into operation delivering about 5 MW of heating power. The 
power transmission from the gyrotrons to the plasma relies on 
a quasi-optical system (through air) [15]. It is characterized by 
an easy accessibility for alignment and maintenance. The 
overall power loss is about 3-5%. Four front-steering launchers 
(with altogether 12 launch positions) in the outboard mid-plane 
of W7-X deliver the power to the plasma. Poloidal steering 

angles of ±25 and toroidal steering angles from –15 to +35 

or from +15 to –35 can be used for changing the (vertical) 
deposition position or for current drive (toroidal launch). The 
frequency of 140 GHz corresponds to a central deposition at 

2.5 T. The temperature and -values given in table 1 are 
derived from 1-D transport calculations prescribing the density 
profile, calculating the ECRH power deposition profile, and 
assuming neoclassical transport in the core of the plasma and 
turbulent transport at the plasma edge [16, 17]. Since a possible 
turbulent transport contribution in the plasma core is neglected 
these values can be regarded as upper limits. 

B. First divertor operation (OP 1.2) 

Between OP l.1 and OP 1.2 the limiters will be removed 
and a test divertor unit (TDU) made of graphite will be 
installed. In addition, the installation of the graphite tiles inside 
the plasma vessel will be completed. The TDU already has the 
shape of the actively cooled high heat flux divertor (see figure 
2(b)), which will be installed by 2019. Since the TDU relies 
only on passive cooling, the pulse duration will be limited to 
about 10 s at 8 MW of heating power. However, the design 
without any water-cooling is robust against heat-flux 
overloading. Carbon sublimation and a radiation collapse of the 
plasma would occur if excessive heat fluxes were to be present, 
but the divertor itself would remain functional. This serves the 
main goal of OP 1.2, which is the preparation of steady-state 
operation gaining operational experience with the island 
divertor and developing and testing suitable monitoring and 
protection schemes. This goal requires already moderately high 
plasma densities. Using ECRH, the focus will be on 2

nd
 

harmonic X-mode (X2) heating, because this scheme has a 
single pass absorption of effectively 100%. Thus, the X2 cut-

off density of 1.210
20

 m
-3

 defines the upper limit of the 
density range of OP 1.2.  

For OP 1.2 the ECRH system will be extended from six to 
ten gyrotrons, extending its capability from about 5 to 9 MW. 
In addition two remote steering launchers (with two launch 



 

 

positions) will be installed [18]. Such launchers have very 
attractive properties for a fusion power plant. They have no 
movable parts near the plasma and exhibit a very high power 

density ( 400 MW/m
2
) requiring only little space to deliver 

high power levels. In W7-X their launch direction is from the 
high field side. As a result preferentially supra-thermal 
electrons will be heated, allowing the energy dependence of 
electron confinement to be studied, and also improving the 
current drive efficiency. 

In addition to ECRH, neutral beam injection (NBI) [11] and 
ion-cyclotron-resonance heating (ICRH) [19] will become 
available. These heating systems will allow only pulsed 
operation with pulse durations of around 10 s. Applying NBI 
and ICRH, fast-ion populations can be generated, allowing first 
fast-ion confinement studies. Since the total heating power will 
be limited to about 10 MW (by the availability of power 

supplies), the achievable -values will limit the exploitation of 
the quasi-isodynamic optimization and also the possibility to 

study -limiting stability phenomena. 

C. Develpment of integrated steady-state plasmas (OP 2) 

For OP2 and subsequent operational phases W7-X will have 
reached its full steady-state capability. The TDU will be 
replaced by the actively cooled high heat-flux (HHF) divertor. 
In addition, the water cooling of all plasma-facing components 
will be completed. Steady-state heating will be provided by 
ECRH. To reach plasma densities beyond the X2 cut-off 

(ne > 1.210
20

 m
-3

) second harmonic O-mode heating has to be 
applied. For this purpose the W7-X ECRH system has been 
equipped with dedicated polarization optics to change from X2 
to O2 heating when the cut-off density is reached. Since single 
pass absorption of O2 heating, depending also on plasma 
temperature, is on the order of 80%, W7-X is equipped with 
special in-vessel mirrors to facilitate efficient multi-pass 
absorption. Plasma densities beyond the O2 cut-off 

(ne > 2.410
20

 m
-3

) will require Bernstein wave heating. 

The main objective of W7-X will be development of an 
integrated steady-state scenario which demonstrates the reactor 
capability of the concept. This involves several aspects which 
combine the verification of the optimization criteria and issues 
not directly covered by the optimization such as density control 
and viable divertor performance: 

Confinement and stability. A central task is the verification 
of the neoclassical confinement optimization. According to 

theoretical predictions -values of 4% can be reached with 
15 MW of heating power [16]. A very interesting question is 

how neoclassical optimization of eff affects turbulent transport. 
3D-calculations of ion temperature gradient (ITG) driven 
turbulence suggest a critical gradient similar to tokamaks, but 
with much reduced temperature profile stiffness [20, 21]. An 
interesting question, which the W7-X results will have to 
answer, is whether an H-mode transport barrier [22] at the 
plasma edge will be required to achieve sufficiently good 
confinement. Regarding MHD stability, W7-X plasmas are 
predicted to be stable against pressure driven modes up to 

volume averaged -values of <>  5% [23]. To investigate 
this, however, the most recent numerical predictions show that 

the upgrades of the heating power including power supplies 
must have been completed.  

Fast ion confinement. With the availability of fast ion 
producing heating systems (NBI and ICRH), first fast ion 
studies can be started. However, to fully exploit the isodynamic 

effects on fast-ion confinement, -values above 3% and the 

corresponding heating power to reach those -values are 
required. Using NBI for fast-ion production has the intrinsic 
problem that with increasing density the NBI deposition moves 
to larger radii shifting the fast ion orbits into regions where 

they are less confined [24]. Because high  requires improved 
neoclassical confinement which in turn implies high density, 
NBI is not ideal to study fast-ion confinement. In contrast, the 
power deposition of ion-cyclotron minority heating is 
independent of the plasma density. However, at high plasma 
densities the production of a sufficiently large fast ion tail 
becomes more difficult. Here, dedicated studies are ongoing. A 
possibility to increase the efficiency of the ion-cyclotron 
resonance frequency absorption might be a new three-ion-
species plasma heating scheme which has been recently 
proposed [25]. While the problem to produce a fast-ion tail 
makes the demonstration of fast-ion confinement difficult in 
W7-X, this high-density feature of effective thermalization of 
fast-ion populations is of course a desired effect in a power 
plant. 

Density and impurity control. As elaborated above the full 
exploitation of the neoclassical confinement optimization (see 
equation (1)) requires high density. In addition, neoclassical 
transport predicts hollow density profiles, if the temperature 
profiles are sufficiently peaked [26, 27]. Therefore, a suitable 
fuelling scheme will have to be established. For this purpose, 
first pellet injection studies will be started in OP 1.2. To avoid 
hollow density profiles in plasmas of several keV central 
temperature steady-state high speed pellet injection might 
become necessary. Finally, strong density gradients in 
combination with good neoclassical confinement show a 
tendency of impurity accumulation [28]. At high density a 
negative electric field (ion-root confinement) is expected to 
cause impurity accumulation. This has in the past been avoided 
by suitable plasma scenarios such as the high density H-mode 
(HDH) discovered in Wendelstein 7-AS [29]. However, up to 
now a clear theoretical understanding of the HDH-mode is 
missing which makes it impossible to predict how it will scale 
to W7-X. 

Establishing equilibria for high power divertor operation. 
For its primary mode of operation the W7-X magnetic island 

divertor requires  = 1 and low magnetic shear at the plasma 
boundary. The bootstrap current is not negligible for all 
magnetic field configurations, which can be realized in W7-X. 
A finite bootstrap current has the effect that the plasma 
equilibrium and thus the divertor configuration and in 
particular the strike point positions evolve during the initial 
phase of a plasma pulse (on the L/R time scale which is on the 
order of 30 s). To avoid undue heat fluxes on the edges of the 
divertor tiles, which are not designed for 10 MW/m

2
, 

mitigation schemes have been proposed. These include a so-
called scraper element protecting these edges or electron 
cyclotron current drive [30, 31]. To test the mitigation schemes 
during OP 1.2., one of the ten divertor units will be equipped 



 

 

 

Fig. 3: Technical drawing of a HELIAS-5B power plant concept [Schauer 
et al.]. Shown are the plasma vessel, the five different coil types, the coil 
support structure, the magnet system support and the outer cryostat vessel. 
Horizontal and vertical ports are indicated to demonstrate that coils and 
coil support structure permit large-scale access to the plasma vessel. 

with such a scraper element. A possible upgrade for a later 
operational phase would be actively cooled scraper elements 
for the HHF divertor. Another issue, related to the divertor, is 
the balance between the power reaching the divertor target 
plates by heat conduction and convection and the radiated 
power fraction. In particular going to power levels above 
10 MW safe divertor operation is expected to require a high 
radiated power fraction with at least partial detachment. 

An integrated steady-state plasma scenario that 
simultaneously addresses all these issues will have to be 
developed. Concerning reactor-relevant plasma facing 
materials an upgrade to an all-metal wall will become 
necessary at a later stage (after OP 2). For OP2 all plasma 
facing components are either made of stainless steel, 
amorphous carbon or CFC.  This selection was chosen because 
experience with an all-metal wall in stellarators is missing and 
impurity accumulation has been an issue in previous 
experiments. A stepwise coverage with tungsten, similar to the 
approach realized in ASDEX Upgrade [32], is envisaged when 
sufficient experience with plasma-wall interaction and impurity 
transport has been gained with the OP2 first wall configuration. 

Concerning further upgrades of the steady-state heating power, 
ECRH launchers, parts of the transmission optics and the 
gyrotron building already foresee two additional gyrotrons, 
increasing the number of microwave beams from 10 to 12. 
Combined with developing new gyrotrons, which, similar to 
the ITER gyrotrons, are designed for a power of 1.5 MW, this 
would increase the power level by almost a factor of two. 

IV. EXTRAPOLATION TO A POWER PLANT 

A direct extrapolation from W7-X to a power plant is the 
Helical Advanced Stellarator (HELIAS) [33, 34]. Recent 
studies focus on the HELIAS-5B [35, 36, 37] which like W7-X 
has fivefold symmetry (figure 3). The aspect ratio is similar as 
in W7-X, the major radius is 22 m and the average minor 

radius 1.8 m. The average magnetic field lies in the range of 5 
to 6 T with a maximum at the coils ranging from 10 to 12 T. 
From the engineering point of view 6 T on axis seem feasible. 
However, to ease the requirements for the support structure and 
to save costs lower values are desirable. The size of the coils 
and the magnetic field are similar to the ITER values, enabling 
the use of the ITER coil technology [38] including the 
superconductor material and the magnetic field values. Bolted 
panels between the coils form the coil support structure [39]. 
For the further improvement of the fast-ion confinement 
stronger coil shaping might become necessary. Considering the 
space constraints a possible solution could be a conductor with 
a higher current density. Staying at the moderate magnetic field 
strength of such a stellarator, a conductor with a higher current 
density would result in a reduced cross-section of the coil. 

With regard to  no extrapolation is necessary from W7-X to 

the HELIAS-5B. Both are designed for <>  5%. The fusion 
power is approximately 3 GW. For the blanket and shield 
1.3 m between plasma and coils has been reserved. First 
studies of a maintenance concept indicate sufficient 
accessibility between the coils and the coils support structure 
[36]. Neutronic analysis and studies of the blanket concept 
have been started (in collaboration with the Karlsruhe Institute 
of Technology). 

Considering that the HELIAS has the features of a power 
plant, an important question is how to bridge the gap from 
W7-X to such a power plant. Representing the Wendelstein 
line (W7-AS, W7-X and HELIAS) in dimensionless 
engineering parameters [40] as was done before for ITER-like 
tokamaks [41], it becomes clear that the gap from W7-X to a 
HELIAS might need to be bridged by a stellarator burning-
plasma experiment. The main objective of such an experiment 

would be to demonstrate significant -heating without undue 

-losses, requiring a birth profile that is consistent with regions 

of good -confinement. The final step to a commercial power 
plant would then rely on the parallel development of the 
tokamak line and in particular on the transfer of the 
technologies of a tokamak demonstration power plant (DEMO) 
to a HELIAS. 

The decision to go forward with such an experiment will 
await the results of W7-X high power steady-state operation. 
Another factor influencing such a decision is the expected 
improvement of the capability to make theoretical predictions 
and extrapolations. 

V. SUMMARY AND CONCLUSIONS 

The scientific programme of W7-X is determined by the 
completion of the plasma facing components. Starting with a 
limiter configuration, plasma commissioning in 2015 is aiming 
at the integral commissioning of the device including plasma 
heating with ECRH and the first set of plasma diagnostics. The 
second step is a divertor configuration without water cooling. 
In this phase plasma pulses are limited to 10 s at 8 MW of 
heating power. The main goal is the preparation of the steady-
state phase. Having reached the full steady-state capability in 
2019, the main objective of W7-X is to demonstrate the power 
plant capability of the stellarator concept. This combines high 

performance steady-state operation (high nTE) and the 

development of fully integrated plasma scenarios at high  for 



 

 

the extrapolation to a power plant. Upgrades introducing a 
tungsten wall and extending the steady-state heating power are 
envisaged. 

In the European Roadmap to the Realization of Fusion 
Energy [40, 43], the role of W7-X is to provide the input for 
the decision on a burning-plasma stellarator which, in parallel 
to the tokamak DEMO, forms the basis for the development of 
a commercial fusion power plant.  
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