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An experimental study of a nanosecond pulsed regime in a THz gyrotron oscillator operating in a self-

consistent Q-switch regime has been carried out. The gyrotron is operated in the TE; , transverse mode
radiating at a frequency of 260.5 GHz. The 5 W nanosecond pulses are obtained in a self-consistent
Q-switch regime in which the cavity diffraction quality factor dynamically varies by nearly 2 orders of
magnitude on a subnanosecond time scale via the nonlinear interaction of different mode-locked

frequency-equidistant sidebands. The experimental results are in good agreement with numerical
simulations performed with the TWANG code based on a slow time scale formulation of the self-consistent
time-dependent nonlinear wave particle interaction equations.
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In optical lasers a very well known technique for gen-
erating high-power short pulses is based on an externally
controlled fast modulation of the cavity quality factor [1].
This technique is called Q switching and relies on the
phase locking of many longitudinal frequency-equidistant
modes supported by the laser cavity. The most common
Q-switch methods employed in optical lasers are based on
the transmissivity external control of one of the two mir-
rors forming the laser cavity and include techniques such
as rotating mirror, electro-optic, acousto-optic [1].

In this Letter we report on the first experimental obser-
vation of a nanosecond pulsed regime in a 260 GHz
gyrotron oscillator, interpreted as the consequence of a
self-consistent Q-switch effect in which the diffraction
quality factor is dynamically modulated by driving the
gyrotron in a strongly nonlinear regime where phase-locked
sidebands are excited. In this condition, the Q-switch
regime is therefore only a self-consistent result of the non-
linear dynamics and does not require any external control of
the system parameters. In the domain of coherent radiation
sources based on the interaction of an electron beam and a
fast wave, such as it occurs in gyrotrons, nonstationary
regimes characterized by the excitation of sidebands have
been studied in [2—4]. The mode-locking mechanism has
been theoretically and experimentally analyzed in [5,6].
The phase locking of an electron rf oscillator has been
proposed in a theoretical paper by Kuzikov and Savilov
[7]. For the case of slow-wave electron devices, the theo-
retical work by Levush et al. [8] reports on mode-locking
effects. The Q-switch regime has been theoretically studied
by Denisov et al. [9] for a slow-wave electron backward-
wave oscillator and has been experimentally observed in
free-electron lasers by Hosaka et al. [10].

The detailed description of the experimental setup on
which these results are based is presented in [2]. Based on
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the uncoupled dispersion relation in the w — k) diagram,
the operating point where the self-consistent Q-switch
(SQS) regime has been observed is shown in Fig. 1. The
main system parameters are summarized in the figure
caption. Compared to the results given in [2], a further
analysis of the electron beam properties with an electron
optics code and also a deeper analysis of the nonstationary
regimes [11] has confirmed that the pitch angle « is in
excess of 1.7-1.9, which is significantly higher than the
value given in [2]. We remind the reader that with the
triode magnetron injection gun configuration, an indepen-
dent control of the beam energy and the pitch angle is
possible. The studied operating point is indicated with the
large red dot in Fig. 1 and is characterized by a zero group
velocity corresponding to a zero normalized detuning [2].
Operating points with kj < 0 are in the gyro—backward-
wave-oscillator regime (gyro-BWO), characterized by a
negative group velocity, whereas points with &k > 0 are
in the gyro—traveling-wave-tube regime (gyro-TWT) with
a positive group velocity. The beam current is above the
threshold for the onset of nonstationary regimes character-
ized by the appearance of sidebands (automodulation)
[2,12]. A detailed characterization of the wide variety of
nonstationary regimes has been carried out and is presented
in [2,13]. As mentioned above, in this Letter we focus on a
specific operating point (see caption of Fig. 1) for which
the nanosecond pulsed regime has been observed in its
most evident manifestation. There are other neighboring
operating points in magnetic field for which the same
dynamics has been observed [11].

The key elements for the characterization of the
observed fast dynamics is the experimental setup shown
in Fig. 2. The fast Schottky diode has been specifically
developed by Virginia Diodes Inc. and has a bandwidth
from dc to 20 GHz. The intermediate frequency (IF) of the
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FIG. 1 (color online). Uncoupled dispersion relation in the
w — kj space for the operating point exhibiting the self-consistent
Q-switch regime. The beam line represents the Doppler shifted
electron beam dispersion relation w = Q. + kjv, with Q, k,
v)| being the relativistic cyclotron angular frequency, the parallel
wave vector, and parallel velocity, respectively. The beam energy
and pitch angle are 15.5 keV and 1.9, respectively. The cavity
magnetic field is By = 9.59 T and the beam current is [, =
75 mA. The filled dots on the rf-wave dispersion relation (TE;,
transverse mode) represent the discrete frequencies of longitudi-
nal modes considering a finite length cavity, L = 25 mm, with a
parallel wave number ky = gr/L, with g being the longitudinal
index. The large red dot is the SQS operating point.

heterodyne receiver has the same bandwidth as the
Schottky diode. The Schottky diode and the IF of the
heterodyne receiver time traces are acquired with a fast
oscilloscope (Tektronix, model TDS7404). The raw time
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FIG. 2 (color online).  Schematic diagram of the experimental
setup used for analyzing the THz radiation spectrum. The fast
Schottky diode signal is acquired with a fast oscilloscope
(10 Gs/s, 8 bit A/D converter) ensuring a time resolution of
100 ps. A low phase noise synthesized local oscillator (LO)
drives the harmonic mixer (n = 24, f;o = 10.8 GHz) of the
heterodyne receiver. The IF signal of the heterodyne receiver
is acquired at the same acquisition rate. This allows us to
perform fast spectroscopy (FFT) with a time resolution of
typically 100 ns. Using the beam splitter setup, an absolute
measurement of the average gyrotron rf power is made with a
Scientech calorimeter (model 360 401).

traces as well as the associated post-treated data for the
SQS regime are shown in Fig. 3. As shown in Fig. 3(a), the
FWHM of a single rf pulse measured with the Schottky
diode is 1.2 ns with a 4.2 ns repetition rate. The time
average rf power of (Py;) = 1.2 W is measured with the
calorimeter. Considering the duty cycle and the modulation
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FIG. 3 (color online). Experimental time traces of the SQS
regime. (a) In red, fast Schottky diode (dc 20 GHz bandwidth)
and, in blue, the IF of the heterodyne receiver. (b) Spectrogram
with a time resolution of 100 ns calculated from the IF signal
shown in (a). The vertical line indicates the time, t = 65 us, at
which the 30 ns time window shown in (a) has been taken.
(c) Frequency spectrum (FFT on a 100 ns time window) of the IF
signal at + = 65 ws. DNP 369 identifies the shot number in the
acquisition data base.
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depth of 90%, the rf peak power is as high as 5 W. The
spectrogram with a 100 ns resolution is shown in Fig. 3(b).
It is important to notice that the sidebands are exactly
equidistant in frequency with a separation of Afgg =
240 MHz [see Fig. 3(b)]. A slight variation of the sideband
frequency separation occurs on a slow time scale (7,,04c =
30 ws) associated with the anode-voltage fluctuation 6V,,.
With a relative fluctuation of the anode voltage of
8V,/V, = 0.3%, the corresponding relative fluctuation
of the pitch angle is /@ = 3%. The frequency spectrum
shown in Fig. 3(c) is calculated using fast Fourier trans-
form (FFT) on a 100 ns time window located at the time
shown on the spectrogram and highlights the fact that the
sidebands are exactly evenly separated. Using a numerical
homodyne detector on an experimentally acquired IF sig-
nal, we have determined that the relative phase between the
sidebands varies typically by less than 20" overa 5 us time
scale; therefore, the sidebands are mutually phase locked.
The pulsed regime shown on the 30 ns time window of
Fig. 3(a) is, within some small fluctuations, the same over
the full acquisition time window of 100 us.

For the experimental operating point discussed above,
the numerical simulations using the time-dependent self-
consistent monomode code TWANG [14] are shown in
Fig. 4. In Figs. 4(a)-4(d) the following time traces are
represented: the cavity stored energy W, the electronic
efficiency 7)., the radiation power Py, and the loaded
diffraction quality factor (not taking into account the
Ohmic Q) Qgir- The time-dependent loaded diffraction
quality factor is calculated as Qg () = woW(£)/ Py ()
with the time dependence of W(r) and Pg;¢(2) derived from
the time evolution of the rf-field envelope oscillating at the
reference frequency w, corresponding to the eigenfre-
quency of the cold-cavity eigenmode TE;, ;. One clearly
observes a deep dynamic modulation of the integral quan-
tities such as W and 7 over time scales of the order of the
inverse of the sideband frequency separation, 7., =
1/Afgg =4 ns. For the two local quantities, Py and
Quisr> an even faster time scale variation is observed. In
particular, one notices that in the time window spanning
from £ to t,, Qg varies by nearly 2 orders of magnitude
on a subnanosecond time scale. As a reference, the
unloaded (cold-cavity) diffractive quality factor for the
TE;, mode is Qiff-coa = 11800, and the corresponding
total cold-cavity quality factor including diffractive and
Ohmic losses is Q,,; = 5100. Based on these quantities, the
cavity filling time is 7 = 2Q,o/® = 6.3 ns. On a time
scale much faster than 7 one notices that in the SQS
regime the self-consistent quality factor Qg dynamically
varies between a maximum an order of magnitude higher
and a minimum also one order of magnitude lower than the
cold-cavity quality factor. Associated with this fast modu-
lation of Qg;, one observes a fast modulation of the
radiated power Py with the maxima and minima indi-
cated by the times #; and #, shown in Figs. 4(a)-4(d). These
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FIG. 4 (color online). Simulation results of the SQS regime
calculated with TWANG. The system parameters are the same
as for the experiment, and a cavity wall conductivity of o4, =
2.9 X 107 [S/m] has been considered. From top to bottom are
the time traces of (a) cavity stored rf energy, (b) electronic
efficiency, (c) radiated rf power measured at the cavity exit,
(d) self-consistent diffraction quality factor. (e) rf-field profile
at the times #; and f, for which the maximum and minimum
radiated rf power is predicted. (f) Radiation frequency power
spectrum relative to a reference frequency of 260.53 GHz.
This spectrum is computed at the exit of the interaction
space.

205101-3



PRL 111, 205101 (2013)

PHYSICAL REVIEW LETTERS

week ending
15 NOVEMBER 2013

two effects suggest that the observed dynamics is to be
associated with a SQS mechanism. The corresponding rf-
field profiles calculated at #; and ¢, are shown in Fig. 4(e).

Moreover, it has to be noted that the electronic efficiency
is strongly modulated during nearly half of the period with a
positive efficiency and the second half exhibiting a negative
efficiency and, therefore, associated with a situation in
which the particles absorb energy from the wave. For the
case shown in Fig. 4, it is interesting to note that the strong
SQS dynamics occurs during the negative efficiency half-
period. The low-order transverse mode TE; ; together with
the high rf radiation frequency makes that the Ohmically
dissipated power (4. = 2.9 X 107 [S/m]) is also dynami-
cally varying with the same time dependence as the cavity
stored energy. The peak Ohmic power, corresponding to the
peak cavity stored energy, is as high as 38 W.

Figure 4(f) shows the frequency spectrum calculated at the
exit of the interaction space. The frequency axis is referenced
to areference frequency of 260.53 GHz, corresponding to the
resonant frequency of the first longitudinal mode, g = 1, of
the empty cavity. As shown in [2], the reflection coefficient
computed at the radiation boundary remains well below 1%
over the entire instability bandwidth. One clearly observes
that the sidebands are equidistant in frequency and, for the
specific operating point, the simulated sideband separation is
in excellent agreement with the measured one. It is important
to remember that the cold-cavity longitudinal modes are

not equidistant since they obey the following equation: f, =

1/27y w2, + (cky)?, where @, is the cutoff angular fre-

quency for the TE;, mode and c is the speed of light.
Therefore, the different experimentally observed and simu-
lated spectral lines cannot be associated with the excitation of
different cold-cavity longitudinal modes.

The sideband frequency separation is estimated in [4] by
Afsp-pwo = 1/(7,, + 7;,) for the gyro-BWO case (k; < 0)
and by Afgg-rwr = 1/(27,) for the gyro-TWT case
(k; > 0), where 7, is the wave transit time at the group
velocity and 7, is the electron transit time. These estima-
tions are not derived from first-principles arguments and
their applicability strongly depends on the evaluation of the
wave group velocity as well as the interaction length L.
When applied to our experimental conditions (7, =
0.8-1.2 ns, 7, = 0.7 ns) the abovementioned estimations
give a A fgp three times larger than the measured value. In
Fig. 5 the measured Afgg versus B, is compared to the
value predicted by TWANG. One observes that there is a
good quantitative agreement between the experiment for a
magnetic field region around the operating point of 9.59 T.
The points calculated with TWANG below a magnetic field
of 9.57 T are not shown since no sidebands are predicted by
the code. A significant difference between the simulated
and measured Afgg is observed at higher magnetic field
values corresponding to the operation in the gyro-BWO
regime. It is to be mentioned that, for the gyro-BWO

500
TWANG L

400 | \ °
N 300} .
E [ ] ° ® . °
2 ° °
=" 200 o R °

L] L]
100 Experiment
0

9.54 9.56 9.58 9.60 9.62 9.64
B(T]

FIG. 5 (color online). For the same electron beam parameters
as considered before, but only varying the cavity magnetic field
the experiment-theory comparison of the sideband frequency
separation is shown. The experimental points are indicated in
blue. The theoretical points have been calculated using the
TWANG code.

regimes, in which self-consistent effects are dominant,
the modeling is often quantitatively less accurate than for
the case of the gyrotron oscillators operated in the gyro-
TWT regime. Despite the excellent qualitative and often
also quantitative agreement between experiment and simu-
lations, it has to be stressed that the underlying model used
in the TWANG code is based on the commonly adopted
assumption that the electron time of flight in the interaction
region 7, is significantly shorter than the time scale of the
electromagnetic field amplitude variation. Under this as-
sumption, the time scale separation allows us to consider
that the rf electric field is constant during the electron
transit time [15]. From the numerical point of view this
allows us to solve independently the electrons’ equations
of motion and the wave equation at each time step of the
time evolution. For a stationary single-frequency operation
of the gyrotron, the abovementioned time scale separation
can always be satisfied by properly selecting the arbitrary
chosen reference frequency as close as possible to the self-
consistent frequency. If the spectrum exhibits sidebands
(automodulation), this assumption is often violated as is
the case for this experiment. With the considered experi-
mental beam parameters, the electron time of flight is
7, = 0.7 ns, which is comparable to the time scale of
the cavity rf-field variation [see Figs. 3(a) and 4(a)—4(d)].
With a particle-in-cell numerical approach, the self-
consistent wave particle system of equations would be
solved simultaneously at each time step of the evolution
and would allow us to properly handle all the relevant time
scales.

In summary, we have presented the first experimental
demonstration of high-power nanosecond pulses (5 W) in
a THz gyrotron oscillator. Based on a theoretical inter-
pretation this pulsed regime is interpreted as a self-
consistent O switch in the presence of mode-locked

205101-4



PRL 111, 205101 (2013)

PHYSICAL REVIEW LETTERS

week ending
15 NOVEMBER 2013

sidebands. This novel regime may open up new applica-
tions for gyrotrons.
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