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Abstract. Electron cyclotron resonance heating (ECRH) is the main heating mechanism in the Wendelstein 7-X
stellarator (W7-X). W7-X is equipped with ﬁve absolutely calibrated sniﬀer probes that are installed in each
of the ﬁve modules of the device. The sniﬀer probes monitor energy ﬂux of unabsorbed ECRH radiation in
the device and interlocks are fed with the sniﬀer probe signals. The stray radiation level in the device changes
signiﬁcantly during the start-up phase: plasma is a strong microwave absorber and during its formation the stray
radiation level in sniﬀer probes reduces by more than 95%.
In this paper, we discuss the inﬂuence of neutral gas pressure and gyrotron power on plasma breakdown processes.

1 Introduction
Wendelstein 7-X (W7-X) is an optimized stellarator with
n = 5 symmetry operating in Greifswald, Germany. Electron cyclotron resonance heating (ECRH) is the main heating mechanism in the device [1–3]. In its ﬁrst experimental
campaign, OP1.1, it was equipped with 4 MW of ECRH
power as a sole source of heating. Plasma was started also
by means of ECRH.
In the highly reﬂective vacuum vessel of W7-X, unabsorbed microwave radiation can reach high energy ﬂuxes
(up to 350 kW/m2 /MW [4]) when there is no plasma.
Therefore, studying the start-up processes is of high importance for the safety of the machine and its diagnostics.
Both helium and hydrogen were used as fueling gasses for
the experiments. The ﬁrst plasma was produced in helium
on 10.12.2015 and the fueling gas was changed to hydrogen on 03.02.2016. Plasma breakdown times for the two
gasses are discussed in this contribution.
In Section 2 plasma breakdown is deﬁned; the inﬂuence
of neutral gas density and power on the delay time and the
density evolution are shown in Section 3; Section 4 concludes the paper.

2 Deﬁnition of plasma start-up time
The plasma start-up time is usually deﬁned as time from
the beginning of heating, needed for theHα emission to
reach its maximum. It was shown [5] that the maximum
of the Hα emission corresponds to the moment when interferometer starts detecting ﬁrst plasma in the vessel and
a e-mail: dmitry.moseev@ipp.mpg.de

shows that the line integrated density is greater than zero.
This is often referred to as a delay time. An alternative approach is to deﬁne the plasma start-up time by the moment
when its capable of eﬃciently absorbing microwaves. We
identify this moment by the drop of sniﬀer signal in module 3 by 90% from its maximum value. The module three
is used in the analysis because of its location: it is the most
remote from the ECRH launchers located in modules 1 and
5. Therefore, it is not inﬂuenced by the directly reﬂected
ECRH beam. The two diﬀerent deﬁnitions are illustrated
in Fig. 1. There the time traces from 02.02.2016, 15:39
UTC show (from top to bottom) the total RF power injected into the vessel, stray radiation energy ﬂux in module
3, and line integrated density measured by interferometer.
The zero moment on time axis denotes the start of ECRH
operation. The left vertical bar shows the breakdown time
deﬁned by the plasma density and the right vertical bar
shows the breakdown time deﬁned by good microwave absorption.
In this contribution, we work with both of these deﬁnitions.

3 Inﬂuence of the input power and neutral
gas pressure on delay time and plasma
evolution
In Fig. 2 the plasma breakdown time, deﬁned by interferometer is plotted against neutral gas pressure in module
5, measured by a manometer [μA]. The ion current is
directly proportional to the neutral gas pressure. The
upper panel depicts the results for helium plasmas and
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Figure 1. Deﬁnition of plasma breakdown. The example takes time traces from the experiment conducted on 02.02.2016 at 15:39
UTC. The upper panel shows total RF power injected by the ECRH system [kW]; the middle panel shows the energy ﬂux of stray
microwave radiation in module 3 [kW/m2 ]; the lower panel shows line integrated density measured by interferometer [m−2 ]. Zero time
corresponds to the start of ECRH heating. The most left vertical bar indicates the plasma breakdown time deﬁned by interferometer,
when ﬁrst plasma appears in the vessel. The most right vertical bar deﬁnes the start-up time by good microwave absorption, when the
recorded stray radiation energy ﬂux drops by 90% from its maximum value.

observe the dependence of the density derivative over time
as a function of power, as it is shown in Fig. 6.
Previously it was shown, that the upper estimate for the
start-up time in W7-X should not exceed several tens milliseconds [6]. The results from the OP1.1 experimental
campaign show that the plasma breakdown needs less than
the estimated upper limit.

the lower panel shows the start-up times for hydrogen
plasmas. Diﬀerent power levels of ECRH are symboland color-coded. Counter-intuitively, the start-up times
for helium plasmas are on average much longer than the
corresponding start-up time for hydrogen. This is most
likely due to poor conditioning of W7-X in the beginning
of the OP1.1 campaign. A lot of impurities, particularly
hydrogen and oxygen, were diagnosed spectroscopically
in the beginning of the operational phase, and cleaning
by means of the glow discharge was unavailable. The
typical time traces of ﬁve experiments in helium (red)
and ﬁve experiments in hydrogen plasmas are displayed
in Fig. 3. One can clearly see, that the hydrogen plasma
starts earlier and the state of good microwave absorption
is achieved earlier as well.
Another interesting observation is that no dependence
of plasma breakdown time on neutral density can be
identiﬁed.

4 Conclusions
In total more than 800 experiments were conducted in the
ﬁrst experimental campaign OP1.1 at W7-X. Albeit poor
conditioning, the ECRH plasma start-up proved to be very
reliable. The delay time was always shorter than 30 ms and
typically less than 15 ms for hydrogen plasma. We did not
observe the dependence of the delay time on neutral gas
pressure. However, the breakdown time deﬁned by good
microwave absorption is inversely proportional to the neutral gas pressure. It should be noted that the dependence is
not very strong. No signiﬁcant impact of the ECRH power
is seen on the start-up process. The line integrated density
evolves faster when the neutral gas pressure is higher, and
yet again no eﬀect of the ECRH is visible. These all might
indicate that the power eﬀect is saturated at lower values.

However, when the plasma start-up time is deﬁned
by good microwave absorption, the negative trend in the
breakdown time versus neutral gas pressure in the launcher
module is clearly visible. The corresponding graph for hydrogen plasmas is shown in Fig. 4. This behavior shows
no impact of input ECRH power on the breakdown time
which might indicate that the power dependence is saturated.
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The dependence of density evolution on the neutral gas
pressure in the launching module is positive and shown
in Fig. 5. In this ﬁgure, the derivative of line integrated
good.abs
/(τgood.abs − τbreakdown ). In acdensity is deﬁned as ne
cordance with the results for the start-up time, we do not
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Figure 2. Plasma breakdown time, deﬁned by the interferometer, is plotted against the manometer readings in module 5 of W7-X,
where the ECRH launcher is located. The upper panel shows the start-up time for helium and the lower panel depicts start-up time for
hydrogen plasmas. Power levels are symbol- and color-coded.
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Figure 4. Plasma breakdown time in hydrogen plasmas, deﬁned
by good microwave absorption, is plotted against the manometer readings in module 5 of W7-X, where the ECRH launcher is
located. Power levels are symbol- and color-coded.

Figure 3. Time traces showing typical experiments in hydrogen
plasmas (blue) and helium plasmas (red). Upper panel depicts
temporal evolution of stray radiation energy ﬂux in module 3; the
lower panel shows temporally resolved line integrated density.
Zero on time axis corresponds to the start of ECRH.
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Figure 5. Derivative of the line integrated density in the period
between plasma breakdown and the moment of good absorption
for hydrogen plasmas plotted as a function of the average neutral
gas in the launching module.
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Figure 6. Derivative of the line integrated density in the period
between plasma breakdown and the moment of good absorption
for hydrogen plasmas plotted as a function of the ECRH power
injected into the vessel.
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