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Abstract
The electron cyclotron resonance heating (ECRH) system at the Wendelstein 7-X (W7–X)
stellarator is equipped with eleven megawatt-class gyrotrons that operate at a frequency of
140 GHz, designed for pulse durations of up to thirty minutes. For long-pulse detached-divertor
plasma experiments at W7–X, a stable total ECRH power delivered to the plasma is crucial,
because the radiated power at the plasma edge is preferably close to the heating power.
Consequently, the unexpected shutdown of only one gyrotron can cause a premature end of the
experiment due to radiation collapse of the plasma. This paper introduces a system-level
controller that dynamically redistributes power among gyrotrons to maintain total ECRH power,
improving reliability and enabling feedback control. The controller maintains a specified total
ECRH power output by adjusting the accelerating voltage of all gyrotrons. First implemented in
the operational phase (OP) 2.2, the system contributed to two major milestones of W7–X during
OP 2.3: highest long-pulse triple product for 43 s and highest energy turnover of 1.8 GJ during
360 s. In addition to reliability improvements, the controller enables the adjustment of the total
ECRH power for other control objectives, such as maintaining a desired line-integrated plasma
density to counteract the ECRH pump-out effect in high-performance scenarios. This paper also
presents the first proof-of-principle experiments demonstrating an ECRH-based density
feedback system.

Keywords: gyrotron, stellarator, electron cyclotron resonance heating (ECRH),
real-time control, Wendelstein 7-X, long-pulse operation
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1. Introduction

The Wendelstein 7-X (W7–X) stellarator is designed to
demonstrate the capabilities of optimized stellarator configu-
rations for steady-state plasma operation

with reactor-relevant performance [1, 2]. Achieving long-
pulse, high-performance plasmas requires reliable and pre-
cisely controlled heating systems. The heating systems atW7–
X are electron cyclotron resonance heating (ECRH) [3, 4],
neutral beam injection (NBI) [5] and ion cyclotron resonance
heating (ICRH) [6]. The ECRH system is the only continuous-
wave (CW) heating system and is designed to deliver 10 MW
of millimeter-wave power at 140 GHz for a pulse duration of
up to thirty minutes.

For steady-state operation, the total ECRH power deliv-
ered to the plasma must remain stable. In particular, during
detached-divertor plasma operation [7], the radiated power
at the plasma edge is typically adjusted slightly below the
absorbed power to minimize the heat flux onto the divertor.
For this purpose, a feedback control system keeps the radi-
ated power at a specified level with impurity seeding [8].
Fluctuations in ECRH power can therefore directly affect
plasma power balance and even lead to premature discharge
termination.

Real-time control of ECRH systems has been extensively
studied in various fusion devices. Early demonstrations of
deposition control in helical devices include the work by
Tsujimura et al on LHD [9]. Multi-beam ECRH/ECCD con-
trol for MHD stability was achieved on TCV by Felici et al
[10], while Galpertiet et al demonstrated a multinode ECRH
real-time control system on FTU [11]. Model-based observers
for density profile control were explored by Pastore et al [12],
and Blanken et al presented a real-time plasma state mon-
itoring and supervisory control system for TCV [13]. For
reactor-scale applications, Carannante et al outlined the sta-
tus of ITER’s ECRH&CD control system development [14].
While these studies focused on specific physics objectives (e.g.
deposition control, MHD stability, or density profiling), this
work introduces a system-level total power controller to ensure
reliability during long-pulse operation, a critical requirement
for steady-state fusion devices like W7–X.

The ECRH system at W7–X currently comprises eleven
gyrotrons with a total heating power of up to 8.5 MW.
Occasionally, interlocks are triggered by potential damaging
events such as arcing in the atmospheric transmission line,
mode loss, or excessive body current in the gyrotron [15] lead-
ing to an immediate shutdown of the gyrotron. Even brief
interruptions of a single gyrotron can cause a noticeable drop
in total heating power.

To address these challenges, several local recovery mea-
sures have been introduced in recent years to reduce the
frequency and duration of interlock events for individual
gyrotrons [16, 17]. While these developments have improved
the reliability of each gyrotron, maintaining stable total ECRH
power at the system-level remained an open issue. Crucially,
due to the cathode current boosting scheme required for
stable long-pulse operation, each gyrotron requires a five
second warm-up period before it generates millimeter-wave

power. Even with a spare unit available, the replacement
of an interlocked gyrotron inevitably leads to a transient
power loss of at least five seconds. This inherent delay lim-
its the effectiveness of hardware redundancy alone. Ensuring
uninterrupted power delivery requires a control approach
capable of dynamically redistributing power among the
remaining gyrotrons whenever one experiences a temporary
shutdown.

This work presents the design, implementation, and exper-
imental validation of a total ECRH power controller that
actively regulates the combined output of all gyrotrons
at W7–X. The controller adjusts the accelerating volt-
age of each gyrotron to maintain a specified total power
level, thereby improving overall system reliability and
plasma stability. First implemented during operational phase
(OP) 2.2, this control scheme supported key milestones in
OP 2.3, including record plasma performance and energy
turnover.

Beyond enhancing reliability, total power control
enables new applications of ECRH in high-performance
plasmas. Since ECRH power influences plasma density
through the pump-out effect in NBI-fueled experiment
programs [18, 19], it can be used to stabilize plasma
density. A feedback controller using total ECRH power
to regulate the line-integrated plasma density has been
developed and demonstrated in first proof-of-principle
experiments.

This paper is organized as follows: section 2 describes
the ECRH system at W7–X and its operational character-
istics. Section 3 details the design and implementation of
the total power controller. Section 4 presents experimen-
tal results demonstrating power stabilization during long-
pulse operation. Section 5 discusses the first experiments
of ECRH-based density feedback control. Finally, section 6
summarizes the results and outlines perspectives for future
OPs.

2. ECRH system at W7–X

The ECRH system at W7–X comprises eleven megawatt-class
gyrotrons operating at a frequency of 140 GHz, corresponding
to the second harmonic of the electron cyclotron resonance
in a magnetic field of 2.5 T. The ECRH system is designed
for continuous operation of at least thirty minutes, and cur-
rently delivers up to 8.5 MW of millimeter-wave power to the
plasma [20].

Figure 1 shows an overview of the ECRH system. The
gyrotrons are installed in two dedicated halls, Hall 1 and Hall
5, adjacent to W7–X modules 1 and 5. Each hall accommo-
dates up to six gyrotrons, with individual positions labeled
alphabetically from A to F, combined with the hall number
(e.g. A1, B1 … F5).

Of the eleven gyrotrons, ten were manufactured by
Thales (France) company and are designated TH1507, devel-
oped by the Institute for Pulsed Power and Microwave
Technology (IHM) at the Karlsruhe Institute of Technology
(KIT) [21]. The remaining gyrotron is a VGT8141A produced
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Figure 1. Overview of the ECRH system at W7–X. The gyrotrons labeled with their serial number are located in two gyrotron halls. Each
mm-wave beam is represented with a different color. The mm-wave beams are transmitted fully quasi-optical to the plasma vessel.

by Communications & Power Industries (CPI, USA) [22]. The
gyrotrons are all designed for an output power of 1MW, except
for the TH1507U (D5) gyrotron, which is designed for an
output power of 1.5 MW [23].

The millimeter-wave power from each gyrotron is transmit-
ted to the plasma via a fully quasi-optical system [24], includ-
ing beam-shaping optics, polarizers, and multi-beam combin-
ing sections, which deliver the power to the plasma through
front-steering launchers.

The mm-wave power from each gyrotron is measured at the
first mirror, where a small fraction of the Gaussian beam is
directed either through coupling holes or via a diffractive grat-
ing surface to a millimeter-wave Schottky diode power detec-
tor. The diode detectors are cross-validated against calorimet-
ric measurements. The calibration uses a second-order poly-
nomial to model the nonlinear relationship between the diode
signal and the actual power, ensuring accurate power measure-
ments within the operational range. This calibration is per-
formed before each operational campaign to account for drift
or aging effects in the diodes.

Each gyrotron is powered by a high-voltage system pro-
viding both the accelerating voltage (up to ∼83 kV) and the
beam current (up to∼50A) [25]. Together, these determine the
gyrotron output power. The gyrotrons are operated in a single-
depressed collector scheme, where the collector is at ground
potential. The high-voltage system comprises two main com-
ponents:

• Cathode-voltage supply: implemented as a pulse-step mod-
ulator (PSM), delivering up to −64 kV and providing the
electron beam current.

• Body-voltage supply: provides up to 30 kV to the gyrotron
body.

The output voltage of both power supplies is controlled
by a digital input signal allowing arbitrary waveforms at a
bandwidth in the order of several kHz. A dedicated field
programmable gate array (FPGA) based controller of each
gyrotron transmits the setpoints for cathode and body volt-
ages to the respective power supplies. Accelerating voltage
setpoints can be updated on the sub-millisecond timescale,
enabling rapid adjustments of the gyrotron output power.

In addition to the high-voltage and high-power operating
conditions, the gyrotrons at W7–X employ a cathode current
boosting scheme to maintain stable beam current during long-
pulse operation. This scheme compensates the cathode cool-
ing at the start of a pulse, ensuring consistent output power.
However, this stabilization mechanism requires a five sec-
ond warm-up period before the gyrotron generates millimeter-
wave power. As a result, when a gyrotron is interlocked and
must be replaced by a spare unit, the system experiences amin-
imum five second power outage, even if the spare gyrotron
is ready to operate. Consequently, direct replacement of an
interlocked gyrotron cannot restore full ECRH power instan-
taneously. This inherent limitation underscores the need for
a system-level control strategy capable of dynamically redis-
tributing power among the remaining active gyrotrons in real
time, thereby minimizing the impact of individual gyrotron
failures and enabling seamless long-pulse operation.

The total power controller presented in this work exploits
the rapid control of the accelerating voltage. By adjusting
the setpoints of all active gyrotrons in real time, the con-
troller maintains a specified total ECRH power injected into
the plasma. In this context, the high-voltage power supplies
operate as the actuators of the control loop and are central to
achieving reliable, system-level regulation of the ECRH out-
put power.

3. Design and implementation of the total power
controller

The output power of a gyrotron depends primarily on its accel-
erating voltage and electron beam current. For the gyrotrons
at W7–X, the beam current is typically held constant during
long-pulse operation and can only be adjusted on a timescale
of tens of seconds. Therefore, the fastest control parameter is
the accelerating voltage.

The typical output power Pgyro increases monotonically
with the accelerating voltage Uacc until the gyrotron enters
the mode-cutoff regime, where it loses the mode excitation
and thus its output power. To characterize this relationship,
a dedicated calibration is performed before each operational
campaign, where Pgyro is measured at discrete Uacc setpoints
(typically from 70 kV to 82 kV). As shown in figure 2 for the
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Figure 2. Measured output power (crosses) vs accelerating voltage
for the B5 gyrotron. The line shows the linear approximation used
for control design, with slope Kgyro. The linear approximation is
performed before each operational campaign.

B5 gyrotron, the Pgyro vs Uacc curve is approximately linear in
the operational range. This relationship is linearized around a
nominal operating point using a first-order Taylor expansion:

Pgyro ≈ P0 +Kgyro (Uacc −U0) ,

where P0 is the nominal output power at the nominal voltage
U0 andKgyro is the local slope of the power-voltage curve (gain
of the gyrotron).

This linearization is used to calculate the required accel-
erating voltage for a requested power. Moreover, for the total
power controller, it allows to treat each gyrotron as a control-
lable gain section in the system-level control loop.

In long-pulse operation, the main objective is to maintain
a specified total ECRH power injected into the plasma. The
total power is the sum of the powers of all individual gyrotrons
Pgyro,n:

Ptot =
N∑
n=0

Pgyro,n.

Fluctuations of an individual gyrotron output, e.g. due to
interlocks, can cause deviations of Ptot from the total power
setpoint Ptot,set. To compensate, a system-level feedback con-
troller calculates a correction factor based on the total power
error:

∆P= Ptot,set −Ptot.

The total power error ∆P serves as the input to a
Proportional-Integral (PI) controller, which computes a cor-
rection factor Ccorr. This factor is a dynamic control signal that
scales the nominal accelerating voltage setpoints of all active
gyrotrons:

Uacc,n = Unom
acc,n (1+Ccorr) ,

where Unom
acc,n is the nominal operating voltage of gyrotron n.

The PI controller adjusts Ccorr in real-time to minimize ∆P,

Figure 3. Control diagram for the total power feedback system. The
correction factor Ccorr is the output of the PI controller and is
applied to the accelerating voltage setpoints of all gyrotrons.

thereby maintaining the total ECRH power at the desired set-
point. Due to the feedback loop, the total power controller
effectively redistributes power among all active gyrotrons by
scaling their accelerating voltage with Ccorr. The correspond-
ing control diagram is shown in figure 3.

An important consideration in the control design is the
dynamic nature of the ECRH system’s total gain, which
depends on the individual gains Kgyro,n of each gyrotron and
thus, on the number of active gyrotronsN. For example, when a
gyrotron unexpectedly shuts down (e.g. due to an interlock), N
decreases, and the total gain drops accordingly. This reduction
in total gain affects the system response to the correction fac-
tor, as fewer gyrotrons are available to compensate for power
deviations. To ensure stable control performance, the PI con-
troller gain is scaled in real-time by the ratio of the initial total
gain to the current total gain, accounting for changes in the
number of active gyrotrons and their individual gains Kgyro,n.
This allows robust performance across all operational scenar-
ios, including transient failures.

Furthermore, to ensure safe operation, the accelerating volt-
age of each gyrotron is limited to an individual maximum
value, preventing it from entering the mode-cutoff regime.

One drawback of this control scheme is that gyrotrons can-
not operate at their maximum output power. To ensure that the
controller can compensate for gyrotron failures, each gyrotron
must operate below its maximum power to provide headroom
for redistribution. If i out of N gyrotrons fail simultaneously,
the remaining gyrotrons must increase their output to main-
tain the total power Ptot. For simplicity, it is assumed that all
gyrotrons have the same the maximum output power Pmax.
Under this assumption, the nominal operating power Pnom for
each gyrotron is derived from the requirement that the total
power remains constant:

Ptot = NPnom = (N− i)Pmax .

Solving for Pnom results in

Pnom =
(N− i)
N

Pmax.

The reserve power per gyrotron is then

Pres =
i
N
Pmax.
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Figure 4. Implementation of the total power controller.

This reserve ensures that the system can maintain Ptot even
if up to i gyrotrons fail simultaneously. This trade-off reduces
the maximum available total ECRH power but improves reli-
ability, which is critical for long-pulse operation.

The implementation of the total power control system is
shown in figure 4. The total power controller is implemented
as a distributed control system with the following architecture:

• Gyrotron-level controllers ‘Controller 1… N’: each
gyrotron is controlled by a dedicated FPGA, which handles
the setpoints for the cathode and body voltages (summing
up to Uacc,1,...N), monitors interlocks, and reads the actual
gyrotron power Pgyro,1,...N. The gyrotron millimeter-wave
power is measured using a calibrated diode detector. The
‘W7–X central control’ sends the respective power setpoint
Pset,1,...N. to the corresponding gyrotron controller. Each
gyrotron controller multiplies the nominal accelerating volt-
age setpoint of its gyrotron by the received correction factor
to update the applied accelerating voltage.

• ‘Total power controller’: the system-level control loop runs
on a Raspberry Pi with a real-time Linux operating system.
The power controller calculates the correction factor Ccorr

based on the total power error ∆P. The control loop oper-
ates with a 1 ms update rate, enabling rapid compensation
for fluctuations in total power while keeping each gyrotron
within its safe operating regime

• Data communication: Control data (including the set and
actual power of each gyrotron Pgyro,1,...N, and the computed
correction factor Ccorr) are transmitted via local area net-
work (LAN) between the Raspberry Pi and the gyrotron con-
trollers.

The total power controller is integrated into theW7-X segment
control system [26]. Within this system, power control can be
activated for each gyrotron, and the respective power setpoint
can be specified. Furthermore, the time window during which
the controller should be enabled can also be specified.

This distributed implementation allows real-time control of
the total ECRH power, fast response to individual gyrotron
disturbances, and flexibility for future extensions, such as
ECRH-based density feedback control.

4. Experimental results

The total ECRH power controller was successfully used in OP
2.2. and OP 2.3 for plasma pulses longer than 15 s. Its capa-
bility was demonstrated in a 360 s detached-divertor experi-
mental program (ID 20 250 520.011). Detached plasma oper-
ation minimizes heat loads on the divertor through enhanced
radiation at the plasma edge. Nine gyrotrons were used in
the program with a set total power of 4.9 MW. Accordingly,
the total radiated power was feedback controlled at a level
of Prad,set = 4.5 MW using the divertor gas inlet as actu-
ator. To prevent a radiative plasma collapse, the absorbed
ECRH power must be higher than the radiated power. Since
the radiated power is only slightly below the set total ECRH
power, the shutdown of a single gyrotron longer than the
plasma energy confinement time (in the range of hundreds
of milliseconds [27]) will lead to a premature end of the
plasma program. During the experiment, multiple gyrotrons
had a temporary shutdown for durations longer than ten
seconds.

Figure 5 shows the output power of the individual gyrotrons
and the resulting total ECRH power during the 360 s plasma
program. Despite the shutdown of multiple gyrotrons, the
total power remained stable and above the set radiated
power.

The first shutdown occurred for gyrotron A5 after 78 s, trig-
gered by an interlock due to cathode overcurrent. The con-
troller reacted and increased the output power of the other
gyrotrons. The total power reaches its nominal power within
100 ms, which is faster than the energy confinement time
as shown in figure 5(b). After the interlock was manually
checked and resolved, the A5 gyrotron was restarted after
35 s and emitted at its nominal power. The controller noticed
the increased total power and decreased the output power
of the other gyrotrons. A similar event occurred at 160 s,
where gyrotron E1 experienced an interlock due to body
overcurrent.

After 265 s, multiple gyrotrons had to shutdown due to
mode loss, overcurrent and arcing in the transmission line.
The gyrotrons were manually restarted after several tens of
seconds. Figure 5(c) shows how many gyrotrons were down
simultaneously. The controller managed to keep the requested
total power for up to two simultaneous gyrotron shutdowns.
For three simultaneous shutdowns, the total power could be
kept above the set radiation power. A drop in total power is
noticeable, since the remaining gyrotrons are running at their
maximum output power. With four simultaneous shutdowns,
the total power drops below the set radiated power. Up until
365 s, the total power controller prevented plasma decay and
the plasma programwas not interrupted. At 365 s, all gyrotrons
were shutdown, because the maximum allowed temperature of
the gyrotron cooling water inlet was reached.

The experiment demonstrates the ability of the controller
to redistribute power among active gyrotrons while respecting
individual operating limits. Each gyrotron accelerating voltage
was automatically adjusted, and saturation at the predefined
maximum accelerating voltage prevented operation beyond
safe voltages.
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Figure 5. Total ECRH power and individual gyrotron output power
during experiment ID 20 250 520.011. (a) Full 360 s discharge, (b)
zoom on gyrotron A5 failure at 78 s, (c) zoom on multiple gyrotron
failures after 265 s. The total power (black line) remains stable
despite individual gyrotron shutdowns.

The experiment demonstrates that system-level total power
control is essential for reliable, high-performance, long-pulse
operation at W7-X, particularly under conditions where mul-
tiple gyrotrons may be unavailable for extended periods. The
reliability of the total power controller was validated in multi-
ple long-pulse experiments. Key observations include:

• Stability: the controller maintained the total ECRH power at
its setpoint during steady-state operation, evenwith transient
gyrotron failures.

Figure 6. Control diagram for the ECRH density feedback system.

• Robustness: the chosen PI gains prevented closed-loop
instability, resulting in stable, oscillation-free operation.

• Actuator limits: the controller respected the maximum
accelerating voltage limits for each gyrotron, preventing
operation in the mode-cutoff regime. When a gyrotron
reached its limit (e.g. during compensation for a gyrotron
failure), the remaining gyrotrons continued to redistribute
power until the reserve was exhausted.

• Failure handling: the system gracefully handled hardware
interlocks (e.g. arcing, mode loss) by excluding failed
gyrotrons from the control loop and redistributing their
power among the remaining units.

5. ECRH density feedback

Beyond stabilizing the total injected power, the system-level
controller enables new applications in plasma-performance
optimization. One promising application is the regulation of
the plasma density using the ECRH pump-out effect. In high-
performance plasma scenarios at W7-X with a combination of
NBI and ECRH [28], the central fueling capabilities of NBI
allows generating peaked density profiles which can be con-
trolled or even destroyed by central ECR heating. Within a
specific ratio of NBI and ECRH power [29], the line-integrated
density follows the central density and can be used as con-
trol parameter for the ECRH power to keep the plasma in
the optimal operation regime. If the ECRH power is too high,
the plasma loses density over time; conversely, if the ECRH
power is too low, the plasma density increases further due to
the continuous NBI fueling. For each plasma scenario with a
different NBI power or different magnetic field configuration,
there exists a specific ECRH power level that maintains a con-
stant density. Until now, the ECRH power has been set feed-
forward, but even small mismatches between the prescribed
and required power lead to a slow drift of the plasma density.
A feedback system can compensate such drifts by continu-
ously adjusting the ECRH power in response to the measured
density.

Figure 6 shows the new control diagram, where the feed-
back variable is the line-integrated density n̄l, which is avail-
able as a real-time measurement. Apart from this new input,
the overall control architecture is identical to the one shown in
figure 3, with the total power controller operating as the actu-
ator for the density-feedback loop.
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Figure 7. Experiment ID 20 250 424.042 with ECRH density
feedback.

A dedicated proof-of-principle experiment (ID
20 250 424.042) was carried out in OP 2.3 to evaluate whether
the total ECRH power could serve as an effective actuator for
controlling the line-integrated plasma density. In this experi-
mental program, both NBI and ECRH were applied simulta-
neously. Figure 7 shows the behavior of the controller. During
the first 4 s, the target plasma is initialized and stabilized at
an ECRH power of 2 MW. Between 4.3 s and 4.9 s three
cryogenic hydrogen pellets are injected to rapidly generate a
peaked density profile which is maintained afterwards by NBI
fueling starting at 5.5 s. At 6.0 s, the ECRH power was set
feedforward to 2.5 MW, which is a predefined level aimed to
achieve the set density of n̄l = 14 ·1019 m−2.

The ECRH density feedback is enabled at 6.5 s. Upon acti-
vation, the actual density was higher than the setpoint, and the
controller slightly increased the ECRH power to decrease the
density. By t = 7.0 s, the density reached the setpoint, but
continued to decrease because of finite plasma response time,
prompting the controller to correspondingly reduce the ECRH
power after 7.5 s. At 8 s, the actual density increases and
crosses the set density at 9 s, where the controller increases the
ECRH power again to keep the density at its setpoint, and the
cycle repeats itself. The feedback system consistently attempts
to steer the line-integrated density toward the prescribed set-
point. However, due to the delay of the density response, the
system does not converge to a steady equilibrium but instead
produces bounded oscillations around the target value. For
safety reasons, the maximumECRH power was set to 3.2MW.

This experiment demonstrates that the controller reacts cor-
rectly to deviations in line-integrated density and that the
plasma responds to the commanded changes in total ECRH
power with the expected sign and timescale. While the present
controller gains and operational constraints do not yet yield
stable regulation, these initial results confirm that total ECRH
power is a viable actuator for density control. Future exper-
iments will focus on optimizing controller parameters to
achieve fully stable density regulation.

6. Conclusion and outlook

In this work, a new system-level controller for the W7-
X ECRH system was developed and successfully deployed
during OP 2.2 and OP 2.3. The controller provides a
framework for regulating the total injected ECRH power
while respecting actuator limits, interlocks, and operational
constraints. By coordinating all gyrotrons through a com-
mon control law, the system ensures stable power deliv-
ery even during transient events such as gyrotron fail-
ures. During OP 2.2 and OP 2.3, the controller success-
fully maintained a constant total power output, even when
two gyrotrons experienced interlocks simultaneously. When
three gyrotrons failed simultaneously, a noticeable drop in
total power occurred, but the output power still remained
above the radiated power. These capabilities significantly
improve the robustness and flexibility of ECRH operation
and form the basis for more advanced plasma-performance
control.

A key implication of this control scheme is the trade-off
between reliability and maximum power output. To compen-
sate for up to i simultaneous gyrotron failures, each gyrotron
must operate below its maximum power, holding a fraction
of its capacity in reserve. While this reduces the total avail-
able power, it ensures uninterrupted operation during tran-
sient failures, which is a critical requirement for long-pulse
experiments. In future devices like ITER or DEMO, where
N is larger, the fractional reserve could be reduced, depend-
ing on how many simultaneous gyrotron failures need to be
compensated.

Beyond power stabilization, the new controller enables the
use of the total ECRH power as an actuator for higher-level
physics objectives. As a first demonstration of this capability,
a proof-of-principle experiment was conducted in which the
line-integrated plasma density was regulated using the ECRH
pump-out effect. The experiment confirmed that the plasma
density responds reliably and with the expected sign to mod-
ulation of the total ECRH power commanded by the feedback
system. Although the initial controller parameters did not yet
permit stable regulation, the experiment validates the funda-
mental principle and establishes the feasibility of density con-
trol using ECRH.
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