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High power and high efficiency operation of 77 GHz gyrotrons was achieved by the stepwise raising of
the anode voltage. In particular, a stable MOU output power of 1.8 MW was obtained for 1s. The effect of
beam-charge neutralization on the oscillation characteristics was examined. The intended beam acceleration
voltage was not initially reached due to the space-charge effect but was achieved over time through the charge
neutralization process. By applying the stepped anode voltage, the gyrotron operational parameters were able to
be optimized for the sufficiently accelerated electron beam, leading to the improvement of the output power and

the electric efficiency.
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Since 2006, the installation of triode-type 77 GHz gy-
rotrons with an output power of over 1 MW each has pro-
gressed in the Large Helical Device (LHD) in collaboration
with University of Tsukuba [1,2]. At present, three 77 GHz
gyrotrons are operational for plasma experiments [3]. The
total injection power of ECRH to the plasma has signifi-
cantly increased due to the installation of the 77 GHz tubes
and has reached a value of 3.7 MW.

An active control of operational parameters is a key
for an improvement of oscillation efficiency on gyrotrons.
In JAEA, high efficiency operations in the hard excitation
region have been achieved on 110/170-GHz gyrotrons by
the active control of the anode voltage and the cavity field
during the oscillations [4, 5].

On the 77 GHz gyrotrons, the anode voltage (V) can
be adjusted and the improvement of the output power and
the electric efficiency were successfully achieved by the
stepwise raising of V. Figure 1 shows the time evolu-
tion of (a) the applied voltage for collector V¢, for body
Vg and for anode Vj, (b) the beam current /¢, the anode
current /5 and the body current /g and (c) the MOU out-
put power for the most recently installed 77 GHz gyrotron.
In Fig. 1 (c), the MOU output power is represented as the
averaged power over the oscillation of 1s evaluated from
the temperature change of the cooling water of a dummy
load and the Schottky-diode signal is also attached as the
reference data. In the first step period of V,, a small volt-
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age (~27kV) was applied for 100 ms, in which 60 A of
the electron beam flowed inside the tube but RF was not
generated. After that, VA was increased to ~40kV to start
oscillation. In this operation, a stable MOU output power
of 1.8 MW (the window output of 1.9 MW) was obtained
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Fig. 1 The time evolution of (a) the applied voltage for collec-
tor V¢, for body Vg and for anode V,, (b) the beam cur-
rent Ic, the anode current /, and the body current /g and
(c) the MOU output power Pyoy for the oscillation of
1.8MW / 1s.
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Fig. 2 The dependence of Pyoy on (a) Vg and (b) the duration
of the first step in the stepped V.
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Fig. 3 The dependence of Pyou and nyou on Ic for the opera-
tion with stepped Va (circles) and rectangular V, (trian-
gles).

for 1s even though the beam current Ic decreased from
76 A to 70 A. The averaged value of I¢, Ix and Ig during
the oscillation were 72 A, 2.3 mA and 1.4 mA, respectively.
The collector voltage was set at 65 kV and the electric effi-
ciency nvou was evaluated as 38% (ywindow = 40%). A
higher output power was obtained by a further increase
of Ic. Although the pulse duration was short, the oscil-
lation with Pyou = 1.9 MW/100 ms (mvmou = 37%) was
achieved at the time-averaged Ic of 77 A (Pyjindow = 2 MW,
Nwindow = 39%).

In the operation with the stepped Vj, the charge neu-
tralization phenomenon of the gyrotron electron beam [6]
is considered to be critical for the improvement of the out-
put power and the electric efficiency. Figure 2 shows the
dependence of the MOU output power on (a) Vg and (b)
T,, where Vg corresponds to the beam acceleration volt-
age and T denotes the duration of the first step in the
waveform of the stepped V. The circles and triangles in

Fig. 2 (a) represent the output power for the operations with
the stepped V4 and the regular V4 (rectangular waveform),
respectively. T; was fixed at 100 ms for the operation in
Fig.2 (a). In the series of operations shown in Figs.?2 (a)
and (b), the oscillation duration 7}, was set at 10ms and
the gyrotron operational parameters, such as the strength
of the magnetic field of the cavity/gun coils, the value of
the applied high voltages and the cathode heating condi-
tion were not changed except for Vi or 7. As can be seen
from Fig. 2 (a), the operation with the regular V required
5 ~ 6kV higher Vp to generate an output power similar
to that of the stepwise Va case. This shows that the ac-
celeration voltage, which influences the electron beam in
the tube, became lower than the set value due to the space
charge effect. Although such a drop in the voltage might
arise in both operations, the voltage recovered in the case
of stepped V. Charge neutralization of the electron beam
is a possible explanation of this result. The electron beam
collided with the molecules of the residual gas inside the
tube and ionized them in the first step phase of V5. Then
the electron beam was partially neutralized due to the pres-
ence of the ions and the acceleration voltage influencing
the beam was considered to increase. Figure 2 (b) shows
that the output power increased with the extension of the
duration of the first step and was saturated for a duration
longer than 50 ms, implying that the space charge was suf-
ficiently neutralized for ~50 ms in the operation.

The operation using the stepped V, with adequate T
has the advantage that the gyrotron operational parameters
are able to be optimized for the sufficiently accelerated
electron beam, leading to the improvement of the output
power and the electric efficiency. Figure 3 shows the de-
pendence of the MOU output power and the electric effi-
ciency on the beam current. The triangles correspond to the
data for the rectangular V4 case and the circles are those for
the stepped Va case with 71 = 100 ms. In both operations,
the gyrotron operational parameters were optimized to ob-
tain high power and high efficiency at each beam current.
As can be seen from Fig. 3, the electric efficiency was im-
proved by 10 to 16% for Ic > 33 A by applying the stepped
Va. In particular, for the operation at I ~48 A, the SC coil
current for the cavity could be decreased by 0.5 A and the
anode voltage could be increased by 1.3 kV in comparison
with regular V, operation. Consequently, high power and
high efficiency (Pmou = 1.4 MW, nvou = 49%) operation
was successfully achieved with a pulse duration of 1 s.

This work was supported by NIFS grants,
NIFS10UJRROO1, 10ULRRO02 and NIFS11ULRR701.

[1] H. Takahashi et al., Fusion Sci. Technol. 57, 19 (2010).

[2] T. Kariya et al., J. Infrared Millim. Terahertz Waves 32, 295
(2011).

[3] T. Shimozuma et al., Fusion Sci. Technol. 58, 530 (2010).

[4] K. Sakamoto et al., Nat. Phys. 3, 411 (2007).

[5] T. Kobayashi et al., Nucl. Fusion 51, 103037 (2011).

[6] G.S. Nusinovich et al., Phys. Plasmas 13, 083106 (2006).

1205154-2



