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beyond the X2-cuto� density sustained by O2-heating only
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Plasma densities well above 1020m−3 are desirable for achieving high fusion power and necessary
to access the collisionality regime for which the stellarator Wendelstein 7-X was optimized. 2nd

harmonic electron-cyclotron-resonance heating in X-mode polarization has a single path absorption
close to 100%, but allows heating only up to a cut-o� density of 1.2 · 1020m−3 in contrast to the
weakly absorbed O-mode with cut-o� at 2.4 · 1020m−3. Therefore, a triple-beam-path scenario was
designed and a magnetically con�ned high temperate, high density plasma sustained for the �rst
time beyond the X2-cut-o� by O2-mode heating only.

PACS numbers: ... May be entered using the environment PACS numbers.

I. INTRODUCTION

Fusion experiments need to operate at high plasma
density, n, because the fusion power is proportional to
n2 and the con�nement usually improves with increas-
ing n. In tokamaks, the achievable density is however
constrained by the so-called Greenwald limit [1], which
is proportional to the plasma current and therefore lim-
ited by instabilities. As a result, the highest-performance
tokamak plasmas [2�5] are forced to operate at relatively
low densities and high temperatures T far above the op-
timum (∼ 10 keV) for maximum fusion performance.
Stellarators are not subject to the Greenwald density

limit and bene�t from high-density operation thanks to
the positive density dependence in the empirical energy
con�nement time scaling, τE ∝ n0.6 [6]. The fusion triple
product, n · T · τE, thus has a more than linear depen-
dence on density. Although �rst-principle plasma the-
ory still cannot quantitatively explain these empirically
found energy con�nement times, it is well known that
neoclassical transport, induced by the binary Coulomb
collisions between the plasma particles, can cripple the
con�nement at high temperatures due to trapping par-
ticles in the helical ripple of a stellarator magnetic �eld.
In the relevant 1/ν -collisionality regime, the electron

transport scales as ε
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magnetic �eld B0 and the major radius R0 of the fu-
sion device [7]. Stellarator optimization addresses this is-
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sue by minimizing the e�ective helical ripple, εe�, which
describes the in�uence of the 3D magnetic �eld geom-
etry on the transport [8, 9]. The strong temperature
scaling nevertheless necessitates low-temperature, high-
density operation, which also has the advantage of re-
ducing the slowing-down time of fusion-produced alpha
particles, thereby minimizing possible losses and reduc-
ing the drive for energetic-particle instabilities [10].

Demonstrating stable high-density operation at fu-
sion relevant plasma parameters for 30 minutes is one
of the fundamental goals of the superconducting stel-
larator Wendelstein 7-X (W7-X) with a major radius of
R0 = 5.5m and a plasma volume of about 30m3 [11, 12].
In contrast to tokamaks, plasma con�nement of stellara-
tors is intrinsically steady state, since the high-precision
con�ning magnetic �eld is generated by external coils
[13]. The magnetic �eld structure of W7-X is based on
an optimized design aiming at overcoming the drawbacks
of earlier stellarators [14]. The minimization of internal
plasma currents already has been demonstrated at low
density values of about 2 · 1019m−3 [15]. This Letter ad-
dresses the �rst operation at high densities > 1020m−3 in
the 1/ν -collisionality regime for which W7-X was opti-
mized, which in conjunction with a steady-state heating
scenario is the pre-requisite for achieving the envisaged
30-minutes discharges [16].

For plasma generation and heating in W7-X, a
steady-state-capable electron-cyclotron-resonance heat-
ing (ECRH) system at 140GHz was developed [17].
ECRH is the only method which allows highly localized
power deposition without issues of plasma coupling and
wave propagation, at least below the relevant cut-o� den-
sities. Moreover, the direct heating of the plasma elec-
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trons mimics the conditions in a burning plasma, where
the energetic alpha particles primarily transfer their en-
ergy to the electrons. In this Letter we also demon-
strate that temperature equilibration between electrons
and ions has been achieved in W7-X applying only ECRH
in plasmas of su�ciently high density � similar to that of
burning fusion plasmas. To propagate inside the plasma,
the frequency of the electromagnetic waves must be above
the plasma frequency. For the magnetic �eld of W7-X
(B0 = 2.5T) and the plasma densities envisaged, this
means that the design of the ECRH system had to be
based on 2nd harmonic heating at f = 140GHz [17]. Be-
cause the incident microwave beams with a diameter of
about 10 cm are fully absorbed at the resonance layer,
X-mode polarization (X2-heating) is applied for plasma
break-down and plasma heating below the X2 cut-o� den-
sity (< 1.2 · 1020m−3). Approaching this cut-o�, the po-
larization is changed to O-mode, which allows densities
up to ∼ 1.8 · 1020m−3 to be attained. Since an O-mode
polarized microwave beam is not fully absorbed during
a single passage through the plasma, an elaborate multi-
pass absorption scheme for all ten microwave beams was
developed and tested, demonstrating for the �rst time
pure O2-heating beyond the X2 cut-o�, giving access to
the envisaged high density, Te = Ti regime of W7-X.

II. DESIGN OF THE HEATING SCENARIO

The design analysis needed to be conducted for only
�ve of the ten ECRH-beamlines because of their symmet-
ric arrangement with respect to the magnetic �eld of W7-
X [17]. The design calculations were made with the ray-
tracing code TRAVIS which includes the 3D-geometry of
the magnetic �eld structure and allows to analyse the re-
fraction of the beam as well as the radial distribution
of the power deposition within the plasma [18]. The
target plasma parameters chosen for the design analysis
base on the �rst O2-heating tests during the �rst opera-
tional campaign with densities up to ne = 0.4 · 1020m−3
[19, 20]. In case of on-axis heating, the electron temper-
ature pro�le is peaked with Te = 3 keV in the plasma
center and the density pro�le is expected to be �at with
ne = 1.2 · 1020m−3, not considering possible e�ects of
plasma fuelling with frozen hydrogen pellets [21]. Fig. 1a
shows the absorption of the �ve individual O2-polarized
beams (called Alpha, Bravo, Charly, Delta, Echo) as a
function of the toroidal incidence angle, φ0, between the
beams and the normal of the magnetic axis. A maxi-
mum of about 80 % is predicted around |φ0| = 17° which
ideally should be achieved also for all subsequent beam
passes through the plasma axis.
However, the steering capabilities of the ECRH-

launchers and the plasma facing wall limit the possibility
to use the optimal incidence angle. In W7-X the plasma
facing wall opposite to the ECRH-launchers consists of
graphite tiles with a size of typically 10 cm×10 cm which
are mounted on an actively cooled CuCrZ-structure. A

number of measures had to be implemented to make a
multi-beam path layout steady-state capable. Firstly, the
non-absorbed (shine-through) power after the �rst path
has to centrally hit the tile to maximize the redirected
power into the second path. Secondly, for graphite tiles
the shine-through power after the �rst path is too high.
With a microwave-absorption coe�cient of 3 − 5% [22]
the tile would heat up to above 1000◦ in steady-state op-
eration. Therefore, a molybdenum alloy (TZM) coated
with tungsten is used as material, providing a very low
absorption (0.3%) and a good heat conductivity.
For two beamlines (Delta, Bravo) the shape of its par-

ticular re�ector tile following the contour of the plasma-
facing wall already directs the second path through the
plasma axis and ends on a broad curved stainless steel
panel located between the two ECRH launchers of the
particular W7-X module. The large polished surface
guarantees the re�ection of the residual shine-through
power into a third beam path for all �ve beams, even
though beam refraction changes during plasma opera-
tion. The other three beams (Alpha, Charly, Echo) need
special tiles for their �rst re�ection on the inner side of
the plasma facing wall. Providing the tiles with holo-
graphic grids on their re�ecting surfaces, di�ering angles
of incidence and re�ection can be realized, directing also
these beams through the magnetic axis again. This tech-
nique was �rst used at the tokamak ASDEX Upgrade to
realize a two beam path O2-heating scenario. In con-
trast to the results reported here, they needed neutral
beam injection in addition to the O2 ECRH to sustain
the plasma at the desired densities [23].
The �nally achieved angles φ0 of the �rst paths are in-

dicated in Fig. 1a by vertical lines. Especially the limit-
ing steering capabilities are very restrictive for the Alpha
beam as only an absorption of < 50% can be expected
after the �rst pass at B0 = 2.5T. An additional way to
optimise the absorption of ECRH power is to operate at
higher magnetic �eld.

Figure 1. a) O2-absorption of the �ve individual beam-
lines versus the incidence angle φ0 on the magnetic axis with
B0 = 2.5T in the bean shaped plane. The dashed vertical
lines indicate the chosen incidence angles being a compro-
mise between mirror steering and �rst wall geometry. b) O2-
absorption of the 1st path versus the central magnetic �eld
B0. Dashed lines indicate the absorption by passing particles
and dotted lines by trapped particles.
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Due to the increase of the magnetic �eld B towards
the inboard side of a toroidal con�nement device and the
relativistic e�ect (γ = 1/

√
1− v2/c2) in the cyclotron

resonance condition, 2πf − k||v||−n · e ·B/meγ = 0 [24],
the energy of resonant electrons, Eres, is also increasing
towards the inboard side involving cyclotron interaction
of the Maxwellian tail of the electron distribution func-
tion. In case of a perpendicular wave vector to the mag-
netic �eld lines (k|| = 0) the resonance condition can be

simpli�ed to Eres = (n · eB/2πmef − 1)mec
2. However,

the closer Eres is to the bulk electron temperature Te, the
higher the local absorption of the wave (necessary condi-
tion Eres/Te < 9 [25]). In case of incomplete single-pass
absorption and a peaked temperature pro�le, an increase
of B0 allows to maximize Eres by shifting the the end of
the resonant path length to the plasma center and thus
to higher Te. Fig. 1b shows the absorption of the �rst
beam path as a function of the central magnetic �eld.
The optimum is reached at B0 = 2.6T, whereas the ab-
sorption is shifted towards the less well con�ned trapped
particles. This will only have a small e�ect on the con-
�nement, as the electron-electron energy relaxation time
is τ eeE ≈ 1ms � τE for an electron with 9 times higher
energy compared to the bulk temperature.
To specify the overall absorption after three beam

paths, the mode purity after redirecting the beams into
the second and third path has to be taken into account.
The holographic tiles in its present con�guration preserve
the polarization of the incoming wave. For this reason,
the orientation of the tiles leads to a re�ected wave which
also has X-mode parts. However, after re�ection at the
cuto�-layer inside the plasma the X-mode part is again
re�ected at the high �eld side wall with about 50% of
the power turned back into O-mode, which can be con-
sidered as indirect absorption. For this reason, an overall
absorption of about 93% is expected, even though the
overall direct O-mode absorption is only 88%. As conse-
quence, all W7-X diagnostics and other in-vessel plugins
must be able to withstand a stray radiation level which
corresponds to approximately 10% of the total heating
power. Assuming 10MW as the reference power, all in-
vessel components were designed to withstand a station-
ary stray-radiation level of 50 kW/m2 [17]. If this level
of non-absorbed power turned out to be too high, a fur-
ther upgrade could be polarization correcting holographic
tiles to reduce the not absorbed power to about 2% of
the input beam power.

III. EXPERIMENTAL RESULTS

Fig. 2 shows a plasma achieving an extended phase
of more than �ve energy con�nement times above the
X2-cuto� density only sustained by O2-heating and only
limited by the capability of the pellet injector which was
required to reach such high plasma densities. The main
ingredients of this plasma were a carefully designed and
tailored heating scenario, su�ciently high ECRH power,

a higher magnetic �eld to maximize O2-absorption and
pellet injection to reach high enough central plasma den-
sities.

Plasma formation and the initial density rise were facil-
itated by helium, as increasing the density with helium
turned out to be more reliable in W7-X divertor plas-
mas. The reasons are still not clear, however, for the
presented ECRH scenario it is not relevant whether he-
lium or hydrogen or a mixture of both are used. Plasma
breakdown required X-polarization, in particular for the
higher magnetic �eld, because the cold resonance was
located o�-axis at re�/a ≈ 0.25. After plasma forma-
tion, a rather quick transition to O-mode polarization
was required because of the limited cooling capacity of
the divertor, limiting the injected energy

∫
Pdt to less

than 80MJ. At an average power of 5MW this cor-
responds to a maximum plasma duration of 16 s. At
t = 0.2 s the density feedback system and six gyrotrons
in O-mode polarization were activated. Even though the
single path O2-absorption is only 20%, the generated X-

Figure 2. O2-heating scenario conducted at B0 = 2.62T. The
both top traces indicate the total power and the polarization
state of the 3 startup gyrotrons followed by the total power
of the additional 6 gyrotrons operated exclusively in O-mode.
The fourth timetrace shows the fuelling by gas pu�ng and
pellets as well as the resultant line integrated density. The
achieved electron and the ion temperatures in the �fth time-
trace is overlaid with the ECE radiation temperature at 141
GHz indicating the X2-cuto� between t = 2.9 − 4.3 s. The
two bottom time traces show the plasma energy, the ECRH
stray radiation in module 2, 3 and 4 as well as the evaluated
overall absorption.
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mode part after the �rst and second re�ection is fully
absorbed. Even if the holographic tiles would perfectly
convert the re�ected power to O-mode (as planned for a
later upgrade of the tiles), after the second beam path the
stainless steel panel would re�ect enough shine-through
power in X-mode polarization to increase Te, so that O2-
absorption dominates for t > 0.25 s. The main reason is
the strong temperature dependence of the O2-mode ab-
sorption, which scales like ne(1 − ne/nO-cuto�)

3/2T 2
e (in

comparison to neTe for an X2-polarized beam). More-
over, each ECRH beam is focused about 1.6m behind
its particular front steering mirror. As a result, the O-
mode polarized shine-through power after the third path
can be observed as footprint on the graphite tiles dur-
ing this transient phase (shown in Fig. 3). Three abso-
lutely calibrated stray radiation probes are utilized for
the evaluation of the absorbed power in the vicinity of
the ECRH launchers (see [26]). During the �rst 2 s of
the density ramp-up phase the resulting overall absorp-
tion of the six gyrotrons, launching the microwaves in
O-mode in a plasma below the X2-cuto� and considering
the �rst four beam paths, is up to 99%.

The initial density feedback was adjusted to a mod-
erate increase of 3 · 1019m−3s−1. During this period,
there was enough time to turn the X-mode gyrotrons o�,
change the polarizers to O-mode, and turn them on again

Figure 3. On the right side: 3D-visualization of the calculated
triple pass of the Delta beam through the plasma in module 1.
The plasma is visualized by its last closed �uxsurface (LCFS).
On the left side: Infrared measurement at the end of an O2-
heated discharge. In this example, the beam refraction was
not accurately corrected because of an unexpected high den-
sity. For this reason, some graphite tiles around the re�ector
tiles heat up during the discharge. Furthermore, the relatively
high shinethrough power of 2%. of the Delta-beam even after
the third path produces a clear infra-red footprint.

(at t = 3 s). One gyrotron was kept operating during the
polarization change to identify possible issues with arc-
ing on the grooved polarizer mirrors. Once all polarizers
were in O-mode, hydrogen pellet injection was applied
to push the density above the X2-cuto�. The resulting
density increase was accompanied by a drop of the cen-
tral electron temperature to Te < 3 keV (measured by the
Thomson scattering diagnostic). The evolution of the ra-
diation temperature Trad of the second harmonic X-mode
polarized electron cyclotron emission (ECE) near the gy-
rotron frequency clearly indicates the X2-cuto� in the
plasma centre. As shown in Fig. 2 by the ECE channel
at 141GHz, at t ≈ 2.9 s the Trad drops to values close
to zero when the cuto� is reached. At the same time
the stray radiation level starts to increase (as indicated
by the three stray radiation probes), caused by a combi-
nation of electron temperature decrease and the loss of
the absorption of the X-mode contributions, originating
from the microwave beam re�ections of the multi-pass
absorption scheme.

Even though the overall ECRH power was eventually
increased to 5.6MW (at t = 3 s) by again turning on the
two start-up gyrotrons, the electron temperature could
not be increased to electron temperatures above 3 keV.
As indicated by the grey shaded areas in Fig. 2 the max-
imum central density of ne = 1.3 · 1020m−3 (see Fig. 4)
could be sustained for just about one second. Once the
hydrogen pellets were spent and the density started to
drop, the electron temperature increased again. Remain-
ing in cut-o�, the overall absorption increases from 70%
to 90% as a result of the central Te increasing to 3 keV
(blue shaded area in Fig. 2). This value agrees very well
with the predicted overall heating e�ciency of at least
88%. Although the goal is an absorption above 90%, in
the case shown here the absolute stray-radiation level al-
ways remained below the critical design value for W7-X
in-vessel components of 50 kW/m2.

Figure 4. Radial pro�les of electron density ne, electron tem-
perature Te and ion temperature Ti measured during the pe-
riod t = 3.17 − 3.47 s by Thomson Scattering, XICS (X-ray
Imaging Crystal Spectrometer) and Electron Cyclotron Emis-
sion (ECE). The gray shaded area indicates the cuto�-region
which is not accessible for an X2-polarized ECRH-beam.
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A remarkable result of this O2-heating experiment is
the full coupling of the electrons to the ions for electron
densities ne > 1020m−3 as indicated by the synchronous
increase of the central Te and Ti measured by two inde-
pendent diagnostics in the time window of t = 3.6−4.4 s.
Moreover, peaked density pro�les could be achieved by
pellet fueling as shown in Fig. 4 for the density �attop
phase.

IV. SUMMARY AND CONCLUSIONS

For the �rst time a high temperature plasma above
the X2 density cuto� was sustained purely by O2-ECRH.
Only by carefully designing the heating scenario and tai-
loring the plasma parameters, this demonstration could
be achieved. This type of heating scenario is crucial for
giving access to the 1/ν collisionality regime for which
W7-X was optimized. The high plasma densities, asso-
ciated with this regime, lead to an equilibration of ion
and electron temperatures, as already demonstrated by
the example shown here. This means that ECRH alone,
directly only heating the electrons, is su�cient to reach
fusion relevant plasma parameters.
The underlying heating scenario utilized a multi-pass

absorption scheme, based on three pre-de�ned beam
paths. Compared to a simpler double beam path sce-

nario, the main advantage is the low stray radiation
level even in transient phases with low single path O2-
absorption. The calculated beam propagation as well as
the stray radiation levels are in good agreement with the
experiment.

Increasing the ECRH power in the future will certainly
help to access and reliably sustain the O2-heating above
the X2-cuto�. Extending this phase will also depend on
the availability of a new hydrogen pellet injector, capa-
ble of delivering more pellets over a longer period of time.
The overall beam absorption can be improved by further
optimizing the holographic re�ector tiles, also correct-
ing the polarization of the re�ected beams. In addition,
realizing a fourth beam path, by replacing the a�ected
carbon tiles by tungsten covered TZM tiles, would lead
to improving the heating e�ciency even further.
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