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Abstract
Wendelstein 7-X (W7-X) nominally operates at a magnetic field of 2.5 T, but operation at a
lower magnetic field strength is desired. The electron cyclotron resonance heating (ECRH)
system of W7-X operates at 140GHz, corresponding to second harmonic (X2) heating at 2.5 T,
but also allows for heating at the third harmonic with a vacuum magnetic field around 1.7 T to
1.8 T. However, plasma start-up is not possible with X3-heating. Therefore one of the gyrotrons
was tuned down to 101GHz for an X2 breakdown of the plasma at 1.8 T on the magnetic axis.
The available power in the plasma vessel for this detuned gyrotron is only 250 kW with a pulse
length of the order of 50ms. For this reason a multi-pass scenario was designed with six passes
close to the magnetic axis to increase the effective power in the first few milliseconds during the
breakdown. During the short 101GHz gyrotron pulse, this X2 multi-pass scenario creates a
small plasma with temperatures up to several keV and line integrated densities around 8 ×
1018 m−2. It could also be shown that the multi-pass scenario is necessary to achieve plasma
breakdown within 50ms. The plasma can be taken over by two sources of the neutral beam
injection (NBI), starting at the same time as the detuned gyrotron to increase temperature and
density. After about 1.5 s at least 3MW of X3 ECRH are needed to take over from the NBI to
maintain a stable plasma. This enables the low field operation of W7-X.

a See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the
W7-X Team.
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1. Introduction

Wendelstein 7-X (W7-X) is designed to show several favor-
able properties of the stellarator concept on the way to a fusion
power plant [1]. Among them are the good confinement prop-
erties of fast ions in high plasma-< β > scenarios (< β >
is the ratio of kinetic and magnetic pressure). The necessary
plasma-< β > is difficult to achieve at the nominal magnetic
field of 2.5 T, since around 40MW of heating power are
required. At a magnetic field of 1.8 T it is expected that only
20MW of heating power are required to reach high plasma-
< β > values. With the foreseen upgrades of the ECRH (elec-
tron cyclotron resonance heating) system to an installed power
of 18MW [2], heating powers of this order can be reached
together with the NBI (neutral beam injection) [3].

The current ECRH system of W7-X consists of eleven
gyrotrons, with a maximum heating power of 8.5MW
delivered into the plasma vessel. Gyrotrons are high power
microwave sources, which emit a Gaussian microwave beam
with a power of the order 1MW. At W7-X, the beams are
transmitted through air via a quasi-optical multi-beam trans-
mission line, consisting of water cooled copper mirrors, to the
plasma vessel [4]. The standard heating scenarios at 2.5 T are
the X2- and O2-heating, where the ‘2’ refers to the second
harmonic of the electron cyclotron frequency and X and O
stand for the extraordinary and ordinary polarization of the
microwave beam respectively. The X2 polarized microwave
is used for plasma start-up and scenarios with densities up to
1× 1020 m−2 and has 100% absorption in the first pass through
the magnetic axis. The O2 polarization is used in high density
scenarios and has only about 70% absorption per pass through
the magnetic axis [5].

At lower magnetic field the 140GHz gyrotrons of the
ECRH system can be used to heat the electrons at the
third harmonic. Depending on the achieved plasma-< β >
values, the optimum magnetic field is between 1.7 T and
1.8 T. However, plasma start-up can not be performed with
X3-heating, because a minimum temperature of 0.5 keV is
needed for sufficient coupling between the electrons and the
microwave [6, 7]. Plasma start-up with only the NBI is also
not possible, because the interaction length is too short [8].
Instead one gyrotron can be tuned down to be resonant on the
magnetic axis at 1.8 T with X2-heating. This creates a small
target plasma for the NBI, for which the absorption of the NBI
increases with increasing electron density [8]. Such a plasma
start-up scenario with X2 and NBI at 1.8 T is developed and
verified in this paper.

For that several parameters during start-up were var-
ied, such as the prefill gas pressure or beam polarization.
Similar experiments were conducted on smaller machines
in preparation for the first operational campaign of W7-X.

The dependence of plasma breakdown time and the neutral
gas pressure were studied in Heliotron J, LHD and WEGA
[9–11]. Here it was found that the plasma breakdown time
shortens when the prefill gas pressure is reduced. For the
microwave beam power it was found on these three machines
that plasma breakdown time reduces with increasing beam
power. Additionally, polarization scans were performed at
CHS, Heliotron J and TJ-II [12, 13]. In these experiments
it was found that the shortest breakdown time is achieved
for pure X-mode polarization of the beam and increases with
increasing O-mode content of the beam. The breakdown time
behavior that was found in these machines with the prefill gas
pressure, power and polarization is also expected to be found
in W7-X in the low magnetic field scenario, since here only
a small amount of ECRH energy is available for plasma start-
up. At Heliotron J experiments with seed plasmas generated
by non-resonant 2.45GHz microwaves for the tangential NBI
were conducted [14, 15]. There the seed plasma with a density
of 10 × 1017m−3 to 10 × 1018 m−3 enabled a rapid plasma
start-up with the NBI.

The design of the start-up scenario for the low magnetic
field is presented in section 2, in section 3 the results of plasma
start-ups performed during the operational phase OP 2.2 are
shown and analyzed in regard to the optimal parameters for
successful start-up. Section 4 concludes this paper.

2. Start-up design

2.1. Gyrotron characteristics

All but one of the 1MW-class gyrotrons installed at W7-X are
manufactured by Thales [16], while the remaining gyrotron
is a dual frequency gyrotron manufactured by CPI [17]. The
transverse electromagnetic mode excited in the gyrotrons at
140GHz are the TE28,8 and the TE28,7 for the Thales and CPI
gyrotron respectively. The microwave is coupled out of the
gyrotron through a chemical vapor deposition diamond win-
dow, which is resonant with the microwave only at specific
frequencies depending on its thickness. For the windows of
the W7-X gyrotrons the resonance frequency is at 140GHz,
but also at 105GHz.

Two gyrotrons were tuned down to 101GHz, one of the
Thales gyrotrons (called C1) and the CPI gyrotron (called
E5). The frequencies of the gyrotrons are 100.9GHz and
101.25GHz (TE21,5 mode) for the C1 (Thales TH1507 SN001)
and E5 (CPI VGT-8141A S/N 003) respectively. The import-
ant difference for the 101GHz operation between the gyro-
trons is in their internal optical elements. The launcher mirror,
which converts the microwave into a Gaussian beam, is only
optimized for 140GHz in the C1 gyrotron, but in the E5 gyro-
tron this mirror is optimized for 140GHz and 104GHz. This
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Figure 1. Averaged power output for repetitive pulsed operation of
the two gyrotrons at 101GHz measured in a calorimetric load close
to the gyrotron. The pulse length and the duty cycle for the
gyrotrons are as follows: C1 20 ms with 1:250, E5 50ms with 1:300.

leads to a higher Gaussian content in the E5 beam, reducing
the losses in the transmission line.

Another effect of the different launcher mirrors is in the
emitted power of the gyrotron. The power output for the E5
gyrotron is 300 kW, while the C1 gyrotron emits only 100 kW
(see figure 1), both measured close to the gyrotron window.
The pulse length is limited to 70 ms for the E5 gyrotron,
because the gas production of the spent electron beam at the
collector deteriorates the vacuum. This is also the reason for
the oscillating power signal, the duty cycle is 1:300, which
means that 21 s are between shots, so the gas can be pumped
out. The power signal has to be averaged over multiple cycles
to get the emitted power. The C1 can be fired for 20 ms, after
that the 101GHz mode is lost and no power is emitted. The
duty cycle for the C1 is 1:250, so there are only 5 s between
shots and thus no oscillation in the power signal. The drop
in the power signal after 270 s is because the gyrotron was
switched off and was then restarted at 310 s. An additional lim-
itation for the pulse length stems from the reflection of the
microwave on the diamond window of the gyrotron. About
10.5% of the power of the microwave get reflected back into
the gyrotron, because the frequency of 101GHz is not exactly
in the resonance of the window, which is at 105GHz. The
back-scattered microwave can heat up and damage compon-
ents inside the gyrotron if the gyrotron is operated for too long.
Additionally, the back-scattered microwave could be reflected
back into the cavity and disturb the excited mode, leading to
the loss of the excited mode [18].

It is therefore favorable to use the E5 gyrotron for low field
start-up, but the C1 can be used as assistance if necessary, since
the injection geometry into the plasma vessel is identical for
both beamlines.

2.2. Multi-pass scenario

Due to losses in the transmission line (6%) and on the torus
window (10.5%) a power of 300 kW at the gyrotron corres-
ponds to about 250 kW delivered to the plasma vessel, which
is low compared to the standard start-up scenario at 2.5 T,
which uses 1MW to 2MW of power for plasma start-up.
Additionally, the time for plasma generation is limited, due to

the limited pulse length of the gyrotron, demanding an efficient
initial start-up scenario. To start the ionization avalanche faster
a multi-pass scenario can be employed to increase the effective
power in the first few milliseconds. Multi-pass scenarios are
already routinely used at W7-X for O2-heating at high densit-
ies at 2.5 T, but are limited to three passes due to the refractive
nature of the plasma at high densities.

In amulti-pass scenario the beam is reflectedmultiple times
through the plasma vessel, via the reflector tiles on the high
field side wall and a polished stainless steel panel between two
ECRH ports at the low field side, which are nearly parallel to
each other. When a beam is injected into this poloidal plane,
it can reflect multiple times nearly perpendicularly between
the tiles and the panel, but it would have to be injected with
a high incidence angle. However, a reflector tile with a holo-
graphic grating can reflect the beam in an arbitrary direction
[19], whichmeans that all tiles can be considered when search-
ing for a suitable scenario, because with a holographic grating
the beam can be redirected to nearly perpendicular incidence.

The raytracing code TRAVIS [20] calculates the absorption
and beam path of Gaussian microwave beams in a magnetic-
ally confined plasma. It is used here to design the multi-pass
scenario by comparing the absorption efficiency of different
beam paths of different gyrotrons. For all gyrotrons several
possible scenarios with three or more passes close to the mag-
netic axis were investigated. Since refraction effects can be
neglected during the start-up phase, due to the low density,
more than three passes through the plasma vessel can be safely
realized at W7-X.

It has to be noted that TRAVIS can not take into account
the ionization of neutral gas. To avoid numerical problems due
to too low absorption the density and temperature were set to
7.35 × 1017m−3 and 400 eV respectively for a comparison
between the scenarios. The profiles fall off to zero at r/a≈ 0.3
and can be interpreted as a snapshot during a typical start-up.
The calculated absorption with these parameters is about 12%
per pass through the plasma, which leaves enough power for
subsequent passes. The scenario which promised the highest
absolute power absorption, when also considering the injected
power from the respective gyrotron, was selected.

This is a scenario with six passes close to the magnetic axis
for the E5/C1 beamlines, a visualization of the scenario for
the C1 with TRAVIS is shown in figure 2. With this scen-
ario the available power to start the ionization avalanche is in
the range of the nominal start-up powers used at 2.5 T. For
the realization of this multi-pass scenario two tiles had to be
redesigned and newly manufactured. The tile which is first hit
by themicrowave is fittedwith a holographic grating. The grat-
ing is in this case designed to reflect the beam onto a path with
near perpendicular incidence on the magnetic axis after the
very oblique first pass. After reflecting on the steel panel the
beam hits a tile above the holographic tile. This tile also needs
a modification to reflect the beam back onto the magnetic axis
and on a good position on the steel panel to allow for two fur-
ther passes. In this case slanting the surface by 1.9◦ in the
poloidal direction and 0.6◦ in the toroidal direction is enough
to redirect the beam onto the magnetic axis. The surface of the
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Figure 2. Multi-pass scenario designed with the raytracing code
TRAVIS. Six passes are close to the magnetic axis. Two new tiles
have to be designed and manufactured.

Figure 3. The two new tiles for the multi-pass scenario installed for
the C1 beam line. The black tile is the holographic tile
manufactured from graphite. The whitish tile is the tile with the step
structure manufactured from graphite, coated with tungsten.

tile is equipped with a step structure in order to create no lead-
ing edges, with the step height being half the wavelength to
mitigate interference losses. The tiles installed in the machine
can be seen in figure 3, where the black tile is the holographic
tile and the whitish one above, the tile with the step structure.

The oblique angle in the first pass, causes a high mode con-
version rate in the first reflection of 18.7%, subsequent reflec-
tions have significantly less mode conversion (below 1% for
the 2nd and 3rd reflection and 10% for the 4th reflection), so
the back conversion from O- to X-mode is small. The power

Figure 4. Microwave beam on the holographic tile (left image) and
tile with step structure (right image) for the C1 beamline. The
relevant spot on the right image is the top one, the lower beam spot
is another reflection of the panel, which is caused by the orientation
of the PVC target. On both tiles the beam is slightly below center,
but was corrected accordingly, so the beam moves to the center.

that is converted to O2-mode will not get absorbed and there-
fore can not contribute to plasma start-up. So the polarization
should be adjusted to 100% X2-mode in the second pass. This
way the O2-mode content after the six passes is 30% lower
than for the case with 100% X2-mode polarization in the first
pass.

The beam path was verified in the plasma vessel by
observing PVC targets, placed on the tiles and steel panel,
with an IR camera. The PVC targets heat up when hit by
the microwave. The optimal position of the steerable plasma
facing mirror inside the plasma vessel could also be found in
these measurements. When the beam is pointed at the middle
of the holographic tile it hits the tile with the step structure in
the middle as well, as designed. The corresponding IR images
are shown in figure 4. Additionally the calculated beam radii
for all passes at the location of the magnetic axis are shown
in table 1. The focal point of the beam that is injected into the
plasma vessel lies 70mm after the reflection at the steel panel.
After the focal point it diverges again, but in poloidal direc-
tion it gets refocused with every reflection at the steel panel,
because the steel panel has a curvature radius of 1435mm in
poloidal direction. In the toroidal direction the steel panel is
flat (this can also be seen in figure 2).

3. Start-up results

3.1. Prediction of start-up parameters

Looking at past start-upswith comparatively low power atW7-
X (see figure 5), the achievable plasma parameters can be pre-
dicted. There were nine successful start-ups with 400 kW of
power and one successful start-up with 600 kW.
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Table 1. The beam radii at the location of the magnetic axis for each
pass.

Pass Pol. radius (mm) Tor. radius (mm)

1 49.3 49.3
2 37.3 37.3
3 18.9 35.7
4 39.9 45.3
5 49.6 60.8
6 31.0 78.2

Figure 5. Start-ups with low power from previous campaigns with
600 kW and 400 kW. Panel (a) shows the ECRH power, panel (b)
the line integrated density and panel (c) the electron temperature. In
panel (d) the data from the sniffer probes are shown and panel (e)
shows the neutral gas pressure.

In program 20180808.3 600 kW of ECRH power with one
pass through the resonance layer in the plasma center, a second
pass crossed the resonance layer at r/a≈ 0.4, and a hydrogen
prefill of 50ms from one valve is used for plasma start-up, the
resulting neutral gas pressure measured by the neutral pressure
gauges, which are hot cathode ionization gauges [21], can be
seen in panel ‘(e)’ of figure 5. However, the neutral gas pres-
sure is subject to an error of up to a factor of two. To evaluate
the density evolution during plasma start-up, post-processed
data from the integral-electron density dispersion interfero-
meter (IEDDI) were used [22]. Most of the programs were
evaluated using a recently developed neural network based
evaluation scheme with a high bandwidth, 20µs time delay
and a systematic error of roughly 5× 1017 m−2 [23]. The elec-
tron temperature is measured by the ECE (electron cyclotron
emission) system [24] and is usually underestimated at these
plasma parameters, because the plasma is not optically thick.
The measured radiation temperature Trad is in general lower
than the real electron temperature Te. The optical thickness

increases with electron density and temperature. For an elec-
tron density of ne = 2× 1019m−3 and electron temperature Te
of 0.15 keV to 0.4 keV, a ratio of radiation temperature to elec-
tron temperature of about Trad = 0.66 ·Te to Trad = 0.95 ·Te
is expected. The density and temperature start to rise after
12ms (panel ‘(b)’ and ‘(c)’ in figure 5). The density reaches
3×1019 m−2 after another 30ms, at that point Trad = 0.55 keV.

One of the programs with 400 kW for plasma start-up is
used as an example (program 20 230 216.65). Here the beam
passed twice through the resonance layer. In this program a
hydrogen prefill of 25ms from two valves is used. The dens-
ity and temperature rise after 20 ms (panel ‘(b)’ and ‘(c)’ in
figure 5), the density reaches 2×1019 m−2 after another 25ms,
where Trad = 0.1 keV. Additionally in panel ‘(d)’ of figure 5
the sniffer probe signal is shown, measuring the stray radiation
[25]. The sniffer probe supports the measurements of the ECE
and the interferometer and also suggests a longer plasma start-
up time for the 400 kW example than for the 600 kW program.

From this it can be inferred that without a multi-pass the E5
would take longer than 20 ms to establish a plasma. However,
with the multi-pass scenario, it should take less than 10 ms,
which is the typical start-up time for 1MW to 2MW.

Additionally, a first estimation of the plasma parameters
with a heating power of 250 kW can be done by simple down-
scaling of the presented program examples. For that both pro-
grams were analyzed with TRAVIS using the experimental
data as input to TRAVIS. The temperature and density were
updated in 1ms steps and the deposition profile of the ECRH
was calculated for each time step. This was done until 250 kW
of power were absorbed. This will give an estimation of the
plasma parameters which can be reached with the 250 kW
101GHz beam at 1.8 T.

In program 20 180 808.3 after 17ms 250 kW of the beam
power are absorbed and the plasma parameters at this time
point are

´
ndl = 1.1 × 1019m−2, Trad = 0.2 keV. In pro-

gram 20 230 216.65 after 48ms 250 kW of the microwave are
absorbed with

´
ndl= 2.1× 1019m−2 and Trad = 0.12 keV. The

underestimation of the temperature gives a lower limit of the
electron temperature.

From this data a plasma with a density above 1× 1019 m−2

with a temperature below 0.2 keV is expected. This is not suf-
ficient for direct X3 take-over. Instead the plasma first has to
be taken over by the NBI to increase density and temperat-
ure before the X3 can take over. An NBI take-over with two
sources should be possible, one source might suffice. This can
be inferred from previous work by Gradic et al [8], where it is
shown that, for 1.7MW of NBI power, a pre-ionization of the
neutral gas can reduce the NBI plasma start-up time signific-
antly, if the density is high enough (ne > 1017 m−3).

3.2. Initial start-up phase with ECRH only

Important diagnostics for the analysis of the start-up attempts
are the IEDDI measuring the line integrated density, which
can be used for quantitative comparisons between the scen-
arios, but cannot be used exclusively for the success of take-
over attempts analyzed later in the paper. The core electron
temperature measured by the newly commissioned W-band
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Figure 6. Results of the magnetic field scan programs, the ECRH
was running from 0 ms to 70 ms, the gas prefill was 15 ms. (a)
shows the line integrated density, for program 20 241 015.6 the
real-time data is shown3 and (b) shows the neutral gas pressure. For
these programs no temperature measurements are available.

ECE radiometer, an upgrade to the ECE diagnostic at W7-X to
measure the second harmonic ECE at low magnetic field oper-
ation, can be only be used as a lower limit of the actual elec-
tron temperature, since most of the plasmas without NBI are
optically thin. The diamagnetic loops [26] are measuring the
diamagnetic energy. They are an important tool to assess the
success of NBI take-over, but the sensitivity is limited. Finally,
the stray radiation measurements by the sniffer probe are an
important tool to assess ECRH absorption. The sniffer probe
used in the following experiments measures the stray radiation
at 101GHz and was installed specifically for the observation
of plasma start-up experiments, because the 140GHz sniffer
probes are too insensitive at 101GHz.

In a series of start-up attempts the magnetic field strength
on-axis, neutral gas pressure, ECRH power, polarization of the
beam and aiming position of the beam were varied, to find the
optimal conditions for plasma start-up.

For the magnetic field scan (shown in figure 6) the E5 was
operated for 70 ms and the C1 for 20 ms, both starting at t =
0ms. Magnetic field strengths on the magnetic axis of 1.80 T,
1.81 T and 1.815 T were tested. The optimal magnetic field
strength is around 1.81 T to 1.815 T. In the experiment the dif-
ference in the achieved line integrated density (measured by
the IEDDI), between the field strengths of 1.81 T and 1.815 T,
is in the order of 10% (panel ‘(a)’ in figure 6). The density
rises from the zero-level after 11ms to densities above 2 ×
1019 m−2 within 30ms for both programs, while for the pro-
gram performed at 1.80 T the rise from zero-level starts after
15 ms and it takes an additional 55ms to reach 2 × 1019 m−2.
As an additional quantity to assess start-up performance the
neutral gas pressure can be used as a proxy for the ionization
rate. Since there was no calibration of the neutral gas pres-
sure gauges performed for helium at the reduced field, the
measured ion current is given, which is proportional to the
neutral gas pressure. Even though the neutral gas pressure for

3 For this program only the real-time density data was available, which has a
significant systematic differential error for this measurement regime. In addi-
tion the real-time data is automatically filtered with a strong low-pass filter
with a time constant of roughly 7.5 ms, explaining the 15 ms time delay
with respect to the unfiltered data. Nonetheless the real-time data qualitatively
agrees with the unfiltered data.

Figure 7. Power density of the 101GHz microwave beam for
different magnetic fields.

Figure 8. Results of the helium prefill scan, the ECRH was running
from 0 ms to 70 ms. (a) shows the density, (b) shows the
temperature measured by the W-band ECE system, which was only
available for the shorter prefill durations. Panel (c) displays the
diamagnetic energy, panel (d) the sniffer signal.

1.815 T is only slightly smaller than for 1.81 T (panel ‘(b)’
in figure 6), the rest of the parameter optimization was con-
ducted at 1.815 T, if not otherwise specified. The increase of
the neutral gas pressure after the switch off of the gyrotron
is due to recombination. The difference in start-up perform-
ance stems most likely from the different resonance positions
of the 101GHz microwave at the different magnetic fields and
therefore different power deposition (see figure 7). The max-
imum of the power deposition for 1.815 T, 1.81 T and 1.80 T
is at r

a = 0, r
a = 0.042 and r

a = 0.085 respectively. For the
volume of a torus the minor radius enters squared, so when
moving from 1.81 T to 1.80 T, the volume, that is heated by
the same amount of heating power, quadruples.

The neutral gas pressure was varied by varying the length
of the helium prefill (see figure 8), with only the E5 active
for 70 ms. The prefill durations were 15 ms, 10 ms and 5 ms.
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Experiments with longer prefill duration were conducted as
well, but with even longer prefills worse results were achieved,
as will be seen in section 3.3 NBI take-over phase. The gas
prefill of all experiments presented in this paper starts 95 ms
before the program start. For a prefill duration of 15 ms no
complete plasma breakdownwas achieved. Although the dens-
ity rises to more than 2 × 1019m−2 (panel ‘(a)’ in figure 8),
the diamagnetic energy stays at its noise level (panel ‘(c)’ in
figure 8). The plasma is only generated in a small tube around
the magnetic axis and decays exponentially after heating shut-
off. Electron temperature data is not available here. For the
other two prefill durations, a plasma, which fills out the com-
plete plasma vessel of W7-X (visible in the video camera dia-
gnostic), could be formed. The densities reach around 8 ×
1018m−2. The core electron temperature measured by the W-
band ECE is about 1.35 keV for the 10 ms prefill and reaches
up to 3.8 keV for the 5 ms prefill (panel ‘(b)’ in figure 8). The
measured temperature is close to the actual electron temperat-
ure for the 10 ms and 5 ms cases, since the sniffer is close
to zero, which means the plasma is optically thick for the
microwave. The temperature is higher for the shorter prefill,
because the same power of the microwave beam is transferred
to a smaller number of electrons. The significantly higher tem-
perature leads to a higher diamagnetic energy for the shorter
prefill of 5 ms. It should be noted that the diamagnetic energy
can have an error of up to 2 kJ. In this case however, the
slightly higher diamagnetic energy for the 5 ms prefill is plaus-
ible, since the densities are comparable, but the temperature
is higher by nearly a factor of 2.8 in the plasma center. This
ratio decreases towards 1 when moving away from the plasma
center, which explains why the diamagnetic energies are still
comparable. The higher temperatures for the shorter prefills of
10 ms and 5 ms are most likely also the reason for the delayed
collapse of the plasma, because the higher temperatures are
preventing recombination. Whereas for the 15 ms prefill case
the temperature is close to zero when the gyrotron is switched
off and the recombination process starts immediately. The fur-
ther expansion of the hot plasma up to the last closed flux
surface in the 10 ms and 5 ms cases leads to further ioniza-
tion and an increase in the line integrated density. The sniffer
signal (panel ‘(d)’ in figure 8) shows that the stray radiation
goes down for both programs, although it does not reach zero
completely, the absorption is close to 100%. This is further
supported by TRAVIS calculations, which suggest that more
than 98% of the microwave is absorbed in the first pass in both
cases at the end of the gyrotron pulse for the present plasma
conditions.

A program with 10 ms prefill (identical to 20 241 015.17)
was performed with the C1 firing as well between 0 ms and
20 ms (see 20 241 015.15). The density that was reached is the
same as without the C1, but the diamagnetic energy is higher,
which suggests that the temperature was higher as well, but
lower than for program 20 241 015.22. However, a temper-
ature measurement was not available for this program. The
difference in diamagnetic energy between the two programs
20 241 015.17 and 20 241 015.15 is within the errors, but a
higher electron temperature is plausible, because the density
is the same but the injected energy by the ECRH is higher.

Figure 9. Results of the change of polarization and mirror settings,
the ECRH was running from 0 ms to 70 ms. (a) shows the density,
in panel (b) the electron temperature measured by the W-band ECE
system can be seen, in panel (c) the diamagnetic energy is
presented, panel (d) shows the sniffer signal.

Since the temperature reached by the E5 alone is more than
sufficient for the NBI take-over and the C1 is more efficiently
used for the later X3-take-over at 140GHz, for the rest of the
experiments only the E5 was used, as well as a helium prefill
of 10 ms, if not otherwise specified.

The results of the variation of polarization and mirror posi-
tion are shown in figure 9. The program 20 241 015.17 is used
as a reference for the optimum that was found so far. In the
program 20 241 015.28 the polarization was switched to 100%
X2-mode in the first pass. Although plasma breakdown is also
achieved here and the density is comparable (panel ‘(a)’ in
figure 9), the temperature is lower at about 0.33 keV in its max-
imum (panel ‘(b)’ in figure 9). The sniffer for these two pro-
grams is at a low level, which means that the plasma is optic-
ally thick and themeasured temperatures are close to the actual
electron temperature. In program 20 241 015.33 the mirrors
were set to perpendicular incidence (only one pass through the
vessel), as in the standard X2 start-up scenario at 2.5 T, and
the polarization was set to 100% X2-mode in the first pass.
No plasma was created, density and diamagnetic energy stay
at zero and the stray radiation is at a high level and does not
get less over time, which can be seen in the signal of the sniffer
probe (panel ‘(d)’ in figure 9). That means that there is only
very little absorption in this case.

Taking a closer look at the neutral gas pressure during the
program 20 241 015.33 with only one pass through the mag-
netic axis, there is ionization happening. A small dip in the
neutral gas pressure (panel ‘(a)’ in figure 10) at the end of the
ECRH pulse suggests that the power of 250 kW is enough to
ionize neutral gas. However, with only one pass through the
plasma the absorbed power is lower than for the multi-pass.
The losses by recombination and plasma expansion are then
making up a higher fraction of the absorbed power, which pro-
longs the onset time of the ionization avalanche. With a longer
ECRH pulse the ionization avalanche should be triggered, but
a longer ECRH pulse is not possible with the pulse length
limitation of the detuned gyrotrons.
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Figure 10. A closer look at the program 20 241 015.33 with only
one pass through the magnetic axis, shows that there is only very
little ionization, as can be seen in the neutral gas pressure in
panel (a).

Additionally one can estimate the energy gain of an elec-
tron at the very start of the ionization phase with the equation
derived by Farina [27]

Wmax
∼= 2.1 · P1/2

fw
(
1−N2

||

)1/2
(1)

where Wmax is the energy gain, P the microwave power,
f the microwave frequency, w the beam width and N|| the
parallel refractive index. Inserting the values of the experi-
ment (P= 0.25MW, f = 101.25GHz, w= 0.098m and N|| =
0) one obtains a maximum energy gain of 105.82 eV, this is
much larger than the ionization energy of 24.6 eV of Helium.

Therefore the multi-pass scenario needs to be employed, so
that the effective power available in the first few milliseconds
is increased, to start the ionization avalanche faster. When
additionally the polarization is adjusted for 100% X2-mode in
the second pass the electron temperature is four times higher
than for a 100% X2-mode polarized beam in the first pass.

In OP 2.2 (at the end of 2024) start-up was performed only
in helium. However, in OP 2.3 (at the beginning of 2025) the
prefill gas type was changed to hydrogen and plasma start-up
also worked good. Unfortunately no identical programs were
run in helium and hydrogen, so no direct comparison between
the two can be made, but figure 11 shows a comparison of
plasma start-ups in helium and in hydrogen. The differences
between the two programs, except for the working gas, are that
the E5 gyrotron was operated for 70 ms in the 2024 program
and for 50ms in the 2025 program, additionally the magnetic
field strength is different, 1.815 T in 2024 and 1.80 T in 2025.
For both prefill gases the plasma fills out the whole plasma
volume (visible in the video cameras). The density (panel ‘(b)’
in figure 11) shows similar behavior for both prefill gases as
well, with the ionization avalanche starting after 10 ms. The
stray radiation signal (panel ‘(c)’ of figure 11) indicates for
both programs that nearly all of the gyrotron power is absorbed
towards the end of the pulse, because the stray radiation goes
down to zero at a similar speed. Start-up is therefore possible
in both gases giving flexibility in the scenario.

3.3. NBI take-over phase

NBI take-over attempts were performed on several experiment
days with different NBI timing, gas prefill durations and NBI
power.

Figure 11. Comparison of start-ups in helium and hydrogen. In
panel (a) the ECRH power is displayed. Panel (b) shows the line
integrated density and panel (c) the stray radiation.

Figure 12. Results of the NBI timing experiments, the ECRH was
running from 0 ms to 40ms and the gas prefill was 40ms. Panel (a)
shows the NBI pulse and panel (b) the density.

In the foreseen scenario, the NBI starts at the end of the
ECRH pulse. However, in the experiment this timing showed
the worst results. For all three programs a suboptimal gas pre-
fill of 40ms and a magnetic field of 1.80 T was used, this is
because these experiments were performed before the optimal
values were determined. In figure 12 three different timings
of the NBI are shown, at the end of the ECRH, NBI start-
ing 50ms before the ECRH and simultaneous start with the
ECRH. To find the best timing the smallest relative drop in
density (panel ‘(b)’ in figure 12), after the ECRH is switched
off, is desired. For that the density at 39ms is compared to
the density at 42ms. The highest ratio between the densities
is reached for the simultaneous start of ECRH and NBI, the
density after the switch-off is 66% of that before the switch-
off. The largest relative drop in density is observed when the
NBI is switched on at the end of the ECRH pulse, here the
density is only 42% of that before the switch-off of the gyro-
tron. For the NBI start before the ECRH switch-on, the ratio
is 54%. Therefore from here on, the timing of the NBI was set
to a simultaneous start with the ECRH.

The provided NBI power is also an important parameter.
One NBI source is not enough for the take-over of the plasma,
this can be seen in figure 13, where for both programs a gas
prefill of 10 ms was used. Here in the program where only
one NBI source fired, the program was aborted due to a too
low diamagnetic energy (panel ‘(d)’ in figure 13). The dens-
ity (panel ‘(b)’ in figure 13) rises only very slowly while the
temperature (panel ‘(c)’ in figure 13), measured by Thomson
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Figure 13. Results with different NBI power, the ECRH was
running from 0 ms to 70 ms and the gas prefill was 10 ms. (a) shows
the NBI power. In panel (b) the density is displayed. The
temperature measured by Thomson scattering is shown in panel (c),
the diamagnetic energy is shown in panel (d), in panel (e) the sniffer
signal is displayed.

scattering [28], decreases after the ECRH is switched off
at 70 ms. This initially also happens when using two NBI
sources, but the density increases at a faster rate and the tem-
perature recovers and starts to rise as well after 350ms to
400ms. This increases the diamagnetic energy, so the take-
over is successful and does not get aborted by a safety inter-
lock. This is suspected to be due to the number of fast ions gen-
erated by the NBI, which are twice as many for two sources.
Since there is nearly 100% shine through of the NBI beam at
these low densities [29], the number of fast ions generated by
the small absorbed fraction of power is important. For both
programs the sniffer signal does decrease to zero (panel ‘(e)’
in figure 13), which means that in both cases close to 100%
absorption of the ECRH is achieved, which was cross-checked
with TRAVIS calculations for the plasma conditions in these
cases yielding theoretically more than 99% absorption for the
first pass, so the successful take-over is determined by the NBI
power.

The results of the gas prefill duration, which plays a sig-
nificant role in the NBI take-over as well, can be seen in
figure 14. The NBI can not sustain the plasma, if the gas prefill
is too long. This is most likely due to a lower electron temper-
ature of the plasma created by the E5 gyrotron. A prefill dur-
ation of 15 ms, 40ms and 10 ms was tested. ECRH and NBI
get switched on simultaneously at 0 ms and the density (panel
‘(b)’ in figure 14) starts to rise at the same time as well. The
densities reached are also of the same order. However, when
the ECRH gets switched off at 70 ms, the NBI can only sus-
tain the plasma with the 10 ms prefill. For the other two pro-
grams the density slowly decreases after the ECRH switch-off,
but does not fall to zero as fast as for ECRH only (compare to
panel ‘(a)’ in figure 6). Although no temperature measurement

Figure 14. Results of the gas prefill variation for the NBI take-over,
the ECRH was running from 0 ms to 70 ms. Panel (a) shows the NBI
power. In panel (b) the density is presented, the diamagnetic energy
is shown in panel (c), in panel (d) the sniffer signal is displayed.

is available for these programs, one can infer from the diamag-
netic energy (panel ‘(c)’ in figure 14) that the temperature was
low, because the diamagnetic energy does not rise above the
zero level. But the temperature seems to be the important para-
meter for the success of the take-over here, because the dens-
ities are the same for the start-up phase, where the ECRH is
running as well. That the electron temperature plays a signi-
ficant role was shown in an earlier work by Gradic et al [8],
because the reaction rate increases by five orders of magnitude
when going from a few eV to 100 eV, after that the reaction
rate drops again but only by one order of magnitude. Finally
one can infer from the sniffer signal (shown in panel ‘(d)’ of
figure 14) that for the longer prefill durations of 15 ms and
40ms the ECRH absorption is poor, because the stray radi-
ation level does not go down, compared to the successful NBI
take-over, with 10 ms prefill, where the stray radiation reduces
to zero within 30ms.

In conclusion the NBI ideally starts at the same time as the
ECRH and two NBI sources are needed for a successful take-
over. The optimal gas prefill for the successful take-over is a
prefill of 10 ms, the same as for ECRH only, where a prefill of
10 ms also performed very good (compare to figure 8) and was
only outperformed by a prefill of 5 ms, which was not tested
together with the NBI.

3.4. X3 take-over phase

Finally, the NBI plasma has to be taken over by the X3 ECRH.
The timing of the X3 ECRH, as well as the ECRH power
were varied (the results are presented in figure 15). In program
20 240 925.36 the X3 ECRH was switched on at the end of the
NBI pulse and in programs 20 241 015.23 and 20 241 015.35
there is an overlap of 150ms between X3 ECRH and NBI.
The short increase in NBI power in program 20 241 015.23
is due to a third source blipping for charge exchange recom-
bination spectroscopy. The ECRH power was varied between
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Figure 15. Results of the X3 take-over. Panel (a) shows the NBI
power, panel (b) shows the ECRH power and panel (c) the density.
The temperature measured by Thomson scattering is displayed in
panel (d), the diamagnetic energy in panel (e) and in panel (f ) the
sniffer signal is shown.

3MW and 1.5MW. When switching on the X3 ECRH (panel
‘(b)’ in figure 15) after the NBI pulse (panel ‘(a)’ in figure 15),
the ECRH can not take over the plasma. The same applies for
only 1.5MW of power with an overlap between ECRH and
NBI. The density (panel ‘(c)’ in figure 15) goes down, after
the NBI is switched off, for all three programs, this is to be
expected, because the particle fuelling stops. For all three pro-
grams the temperature (panel ‘(d)’ in figure 15) rises slowly
in the beginning of the ECRH pulse. But only for 3MW of
ECRH overlapping with the NBI, the temperature as well as
the diamagnetic energy show a drastic increase almost imme-
diately with ECRH start and the stray radiation measured by
the sniffer reduces significantly. The sniffer signal can be seen
in panel ‘(f )’ of figure 15. It does not go down for the other
two programs. For the 3MW ECRH, which is switched on
150ms before the end of the NBI pulse, the sniffer signal
does decrease to a low level after about 100ms and stays close
to zero even in the ECRH only phase. Here the temperature
increases significantly and the diamagnetic energy (panel ‘(e)’
in figure 15) is constant at a high level. From this point on the
X3 ECRH pulse can be prolonged to at least several seconds
with stable plasma parameters when the density feedback is
used.

3.5. The role of the machine condition

Typically, at the beginning of each experiment session at W7-
X, wall cleaning discharges are run, which consist of a large

Figure 16. Several programs with similar settings to demonstrate
the impact of ECRH cleaning of the machine, the ECRH was
running from 0 ms to 50ms. Panel (a) shows the NBI power and
panel (b) displays the density.

number of 100ms ECRH pulses. This is not possible at the
reduced field of 1.8 T because of the non-absorption of the X3
ECRH when there is no plasma present. Before the experi-
ment session with the first start-up experiments on 24 and 25
September 2024 there were pulse trains run. But before the
experiment session on 8 October 2024 there were no cleaning
discharges run. This had a strong impact on start-up success
(see figure 16). This can be seen in the densities in panel ‘(b)’
of figure 16. The first program of the session with NBI had
a much lower density (factor 2) than expected from the ses-
sion before and the plasma was gone before the NBI switched
off. This was the fastest density decay seen in any low-field
start-up program. Over time, just by continuing plasma start-
up attempts, the machine was cleaned gradually. The density
rises earlier after 12ms and a plasma can be maintained for
150ms longer. After that the magnetic field of the machine
was ramped up to 2.5 T, two ECRH cleaning pulse trains were
run and the magnetic field reduced back to 1.8 T. After that
two programs with identical settings as the programs before
the cleaning were run. The difference in start-up performance
is clearly visible. The density can be maintained longer and at
a higher level.

Before the experiment session on 15 October 2024, again
two ECRH cleaning pulse trains were run and the start-up
attempts in that session were successful, when using the same
settings as on 8 October 2024. The available ECRH power at
101GHz, in addition to the maximum pulse length of the E5
gyrotron, makes good machine conditions necessary for suc-
cessful start-up.

4. Conclusion

A plasma start-up scenario with minimal ECRH power for the
low magnetic field operation of W7-X at 1.8 T was designed
and verified. For that two gyrotrons were tuned down to
101GHz, with one of those having a power output of 300 kW,
of which 250 kW are delivered into the plasma vessel. Amulti-
pass scenario with six passes close to the magnetic axis was
designed, utilizing two modified first-wall reflection tiles. One
of those tiles is fitted with a holographic grating, reflecting the
beam in the desired direction. The surface of the second tile is
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slanted slightly and equipped with a step structure, redirecting
the beam onto the magnetic axis. The multi-pass scenario was
then verified with PVC targets and an IR camera in the plasma
vessel during the maintenance phase.

In the experimental campaign OP 2.2, the start-up scenario
was experimentally verified and careful optimizations of mag-
netic field, gas prefill, beam polarization as well as the timing
and power of NBI andX3 ECRHwere performed. In programs
with only the start-up gyrotron the optimal parameters for an
initial start-up with ECRH were found to be a magnetic field
strength on the axis of 1.81 T to 1.815 T, a gas prefill of 5 ms
to 10 ms and a polarization of 100% X2-mode in the second
pass. With these parameters an electron temperature of several
keV and a density above 5 × 1018 m−2 were reached. This is
a much higher temperature than predicted beforehand (up to a
factor of 10), but the densities are lower, which is caused by a
shorter gas prefill. The gas type of the prefill can be helium or
hydrogen. Plasma start-up works in both gases.

The NBI take-over is successful when X2 ECRH and NBI
start simultaneously and at least twoNBI sources are used. The
NBI is usually operated for 1.5 s to allow the plasma to expand
into the whole plasma vessel and to increase the density to
7.5 × 1019 m−2 and the temperature to 1.5 keV.

The NBI plasma can be taken over by the X3 ECRH when
the X3 is switched on 100ms to 150ms before the NBI pulse
ends. An ECRHpower of at least 3MW is necessary, because a
lower power does not increase the plasma-< β > fast enough.
At the end of a 450ms X3 only phase the central electron tem-
perature is at 4 keV and the density at 5 × 1019 m−2, because
no density feedback was used. The sniffer signal goes down
close to zero, which means that the X3 phase can be prolonged
to several seconds.

An important parameter for the success of plasma start-up
is the machine condition. If the machine walls are potentially
contaminated with impurities, the plasma build-up cannot be
sustained and start-up fails. ECRH cleaning pulse trains are
therefore necessary before the 1.80 T operation.

The plasma start-up scenario developed here was routinely
used in several sessions of low magnetic field operation in OP
2.3 at the beginning of 2025. During the experimental cam-
paign the start-up scenario was optimized further. The mag-
netic field was changed to 1.80 T, to move the X3 heating res-
onance closer to the magnetic axis, and the X3 take-over from
the NBI was performed after already 1 s of NBI operation.
The prefill gas was changed to hydrogen with no degradation
in performance. Different magnetic field configurations were
run, without problems in the start-up phase.

The numerical values presented here for the important
parameters for plasma start-up, such as the gas prefill length
or heating timings, are specific to the situation at W7-X.
However, themethodology of the scenario design and optimiz-
ation of parameters for successful plasma start-up can be trans-
ferred to other machines. Furthermore, the multi-pass scenario
could be adapted in general for low ECRH power plasma start-
ups, as it was shown that multiple passes reduce the time for
the onset of the ionization avalanche.
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