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This paper presents the experimental observation of the effect of an aftercavity interaction 共ACI兲 in
a depressed collector gyrotron oscillator. The gyrotron generates an output power of 1.5 MW at
110 GHz in 3  s pulses with a 96 kV and 40 A electron beam and has a single-stage depressed
collector. The ACI arises from an unintended cyclotron resonant interaction between the microwave
beam traveling out from the cavity and the gyrating electron beam. The interaction occurs in the
uptaper of the launcher, immediately downstream from the cavity, where the magnetic ﬁeld is
slightly lower than its value in the cavity region. The ACI results in a reduction in efﬁciency since
the electron beam tends to extract power from the wave. There is also a broadening of the spent
beam energy proﬁle, which reduces the effectiveness of the depressed collector and in turn limits the
overall efﬁciency of a gyrotron. Measurements of the maximum depression voltage of the collector
vs beam current at 96 kV are compared with simulations from the MAGY code 关M. Botton et al.,
IEEE Trans. Plasma Sci. 26, 882 共1998兲兴. Excellent agreement is obtained between theory and
experiment but only if the ACI is included. In the present experiment, it is estimated that the
observed efﬁciency of 50% would have been about 60% in the absence of the ACI. These results
verify the role of the ACI in reducing the efﬁciency of the gyrotron interaction. © 2007 American
Institute of Physics. 关DOI: 10.1063/1.2776911兴
I. INTRODUCTION

Gyrotrons convert rotational energy of electrons to microwave energy. This intrinsically limits the gyrotron overall
efﬁciency because the parallel energy of electrons is not depleted in the interaction mechanism. A depressed collector
recovers the unused parallel kinetic energy of electrons by
means of a retarding potential in the collector with respect to
the main body, so that the spent electron beam can be decelerated. Thus, depressed collectors allow a major efﬁciency
enhancement in gyrotrons.1,2 In theory, multistage depressed
collectors are possible, but have not yet been demonstrated
experimentally in gyrotrons.3–5 Depressed collectors cannot
only enhance the overall efﬁciency greatly but also reduce
the power loading on the collector, which facilitates longpulse operation of gyrotrons and reduces the possibility of
collector failure due to metal fatigue. By reducing the voltage on the collector with respect to the body, the electrons
are decelerated and the deposited thermal energy on the collector is also reduced. The depressed collector scheme has
been extensively studied in conventional microwave tubes,
however, there are relatively few comprehensive studies of
depressed collectors in gyrotrons.
The total efﬁciency relationship of the gyrotron with a
depressed collector can be expressed by

total =

imcint
Prf
,
=
Pbeam − Precover 1 − coll共1 − int兲

共1兲

where int, imc, and coll designate the interaction efﬁciency,
the internal mode converter efﬁciency, and the collector efﬁciency, respectively, and Prf, Pbeam, and Precover represent
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the generated rf power, beam power, and recovered power,
respectively. int, imc, and coll can be expressed as
Prf / Pbeam, Pout / Prf, and Precover / 共Pbeam − Prf兲, respectively,
where Pout is the rf output power which includes the internal
rf power losses.
Figure 1 is a plot of the efﬁciency relationship. The overall efﬁciency is plotted as a function of interaction efﬁciency
and collector efﬁciency. At a ﬁxed interaction efﬁciency, an
increase of ten percentage points in collector efﬁciency leads
to almost ﬁve percentage points enhancement in the overall
efﬁciency. Therefore the depressed collector can greatly increase the overall efﬁciency.
The efﬁciency of a single-stage depressed collector is
strongly dependent on the energy distribution of the spent
beam after the interaction in the cavity. In a single-stage
depressed collector, the depression voltage of the collector is
passively determined from the energy distribution of the
spent beam. However, multistage depressed collectors can
actively control the depression voltages at each stage by sorting the spent beam at each of the collector plates.
The collector can be depressed until the onset of body
current which occurs when some of the electrons are reﬂected back towards the cavity. The maximum depression
voltage, Vdep, that can be applied is approximately equal to
the minimum energy of the spent beam. The power that is
recovered by a single-stage depressed collector is VdepIcoll,
where Icoll is the collector current.
Recently it has been reported by Zapevalov et al. that the
interaction between a beam and a wave can occur at the
region after a cavity, which they designated the “aftercavity
interaction.”6,7 Generally, the interaction of an electron beam
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 − n⍀c ⬇ kzvz ,

共2兲

where  is the wave frequency, ⍀c is the electron cyclotron
frequency, n is the harmonic number, kz is the axial wavenumber of the wave, and vz is the axial electron velocity. The
interaction efﬁciency can be expressed as

int =

FIG. 1. 共Color online兲 Efﬁciency relationship plot.

␥0 − ␥ f
,
␥0 − 1

where ␥0, the initial Lorentz factor of electrons, is 1
+ Vk共keV兲 / 511共keV兲 and ␥ f , the ﬁnal Lorentz factor of the
spent beam, is 共1 − ␤2f 兲−1/2 where ␤ f is v f / c. With a given
initial ␣0 and ␤z0, ␤⬜0 can be obtained from ␣0 = ␤⬜0 / ␤z0
where ␤ = v / c. ␤⬜f is now calculated from ␤ f . Therefore,
after the interaction in the cavity between the electron beam
and the wave, the perpendicular and parallel velocities of the
spent beam are expressed in accordance with the adiabatic
invariant as follows:

␤⬜ = ␤⬜f
with a wave 共a certain waveguide mode兲 takes place in the
region of a cavity where the oscillation frequency  is close
to the cutoff frequency of the waveguide. In the region after
the cavity, the wave becomes a traveling wave and the interaction stops. Therefore, in most gyrotrons, the efﬁciency
does not change after the electrons pass through the cavity.
However, there may be an interaction between the traveling
wave and the spent electron beam after the cavity region if
the output transition has a small taper, as is the case in most
high power gyrotrons with an internal mode converter system. The interaction that occurs after the cavity can be a
serious problem causing efﬁciency degradation for two reasons. First, due to the aftercavity interaction 共ACI兲, some of
the energy of the wave is reabsorbed by the electron beam.
Secondly, the ACI broadens the energy spectrum of the spent
beam, which results in a reduction of the maximum depression voltage that can be applied at the collector, thus limiting
the energy recovery process by the depressed collector.
Zapevalov et al. predicted that in their 170 GHz gyrotron
operating in a TE25,10 mode the reduction in efﬁciency due to
the ACI can be 8–10 percentage points.6
The analytic estimation for the condition of synchronism
between the rf wave and the electron beam can be calculated
from the following equation:6

共3兲

冑

B共z兲
,
B0,max

2
␤z = 冑␤2 − ␤⬜
,

共4兲

where B共z兲 is the tapered magnetic ﬁeld and B0,max is the
maximum magnetic ﬁeld which occurs at the center of the
cavity. The cyclotron frequency, ⍀c, can now be expressed
for a tapered magnetic ﬁeld and geometry as
⍀c = 共 − ⌬⍀c兲

冉 冊冉 冊
␥0
␥f

B共z兲
B0,max

共5兲

using ⍀ = ⍀0共␥0 / ␥ f 兲共B共z兲 / B0,max兲 and ⍀0 = ⍀ − ⌬⍀c. Using
Eqs. 共4兲 and 共5兲, the cyclotron resonance condition, Eq. 共2兲,
is written as

冉

1− 1−

⌬⍀c


冊冉 冊冉 冊 冉 冉 冊 冊
␥0
␥f

B共z兲
rc
= ␤z 1 −
B0,max
r共z兲

2 1/2

, 共6兲

where rc is the cavity radius and r共z兲 deﬁnes the geometry of
the section downstream from the cavity.
II. EXPERIMENTAL RESULTS

Figure 2 is the schematic of the experimental gyrotron
with a single-stage depressed collector. The magnetron injection gun 共MIG兲, which generates an electron beam at 96 kV
with a beam current of 40 A, has been used in previous
experiments.8 The internal mode converter consists of a
launcher that transforms a TE22,6 cavity mode into a

FIG. 2. Schematic of the single-stage
depressed collector 1.5 MW, 110 GHz
gyrotron.
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FIG. 3. Power, efﬁciency, and body current measurements as a function of
depression voltage of the collector for operation at a voltage of 96.6 kV and
a current of 42 A. Solid circles: output power; open squares: efﬁciency;
open triangles: body current.

Gaussian-type beam and 4 mirrors that focus and guide the
Gaussian-type beam to the window. The single-stage depressed collector is a copper cylinder whose diameter is
13.7 cm and length is 19.7 cm. It is isolated from the tube
body by a ceramic insulating break rated up to 45 kV.
In Fig. 3, power, efﬁciency, and body current are plotted
as a function of collector depression voltage. The output
power is stable at 1.5 MW up to a depression voltage of
25 kV without an appearance of body current. The achieved
efﬁciency at a depression voltage of 25 kV is 50%. As the
depression voltage exceeds 25 kV, there is an onset of body
current and the output power begins to decrease. The efﬁciency increases up to 55% at a depression voltage of 40 kV,
but the power drops to 1.3 MW and the body current increases to 30 mA. Operation at a voltage depression above
25 kV would not be viable for a long pulse or CW gyrotron
due to the ﬁnite body current interception.
The applicable critical 共threshold兲 depression voltages
共Vdep兲 were measured as a function of beam current 共Ibeam兲 at
a ﬁxed beam voltage of 96.6 kV and are shown in Fig. 4.
Also shown are simulation results obtained with the MAGY
code, a gyrotron and gyroklystron code widely used for designing and analyzing gyrotron cavities.9 The simulation was
done with the experimental cavity geometry and the experimental magnetic ﬁeld proﬁle. The launcher geometry after
the cavity region was not included in these simulations,
which means that the ACI is not included in this ﬁrst analysis. The effect of the ACI will be considered later in this
section. The applicable critical 共threshold兲 depression voltages were determined by noting the onset of body current.
Experimentally, a depression voltage of 25 kV could be
achieved at 42 A at 96.6 kV, whereas the simulation predicts
37.5 kV. Operation with a depression voltage of 37.5 kV
would raise the overall efﬁciency from 50% to 60%. Thus,
agreement between theory and experiment without the ACI
is poor.
In order to include the ACI, we ﬁrst consider the location
where the synchronism condition is satisﬁed after the cavity.
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FIG. 4. 共Color online兲 The voltage threshold of collector depression as a
function of beam current at a ﬁxed beam voltage of 96.6 kV. Triangles with
error bars represent experimental measurements and crossed-circles represent the simulation results.

The region can be calculated analytically using Eq. 共6兲. The
accelerating beam voltage is 96 kV and therefore ␥0 is
1.1879. With ␣0 = 1.3, ␤⬜0 and ␤z0 are found to be 0.4278
and 0.3291, respectively. With the geometries of the cavity
and the launcher and the tapered magnetic ﬁeld shown in the
ﬁrst graph in Fig. 5, the location where the synchronism
condition is satisﬁed is z ⯝ 11 cm.
Figure 5 shows an example of a simulation of the ACI in
MAGY. The mode conversion was checked for our launcher
geometry by using the CASCADE code, which calculates
coupled-mode equations for a given geometry.10 CASCADE
predicts that there is no signiﬁcant mode conversion after the
cavity region. In the ACI, the net result is that the electron
beam extracts power from the wave and some electrons will
be accelerated. The electric ﬁeld amplitude of the TE22,6
mode and its phase are plotted. The varying phase after the

FIG. 5. 共Color online兲 Geometry, main magnetic ﬁeld, output power, longitudinal ﬁeld distribution of the TE22,6 mode and phase plots in the cavity and
the launcher simulated from MAGY.
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FIG. 6. 共Color online兲 The simulated energy distribution of the spent beam
from MAGY at z = 9.82 cm 共the position of the cavity end兲.

cavity shows a traveling wave. The middle plot of Fig. 5 is
the output power as a function of z. The power starts to drop
at z ⯝ 11– 13 cm from 1.58 MW to 1.44 MW, corresponding
to a reduction in efﬁciency from 39% to 36%. The location
of the drop in efﬁciency from MAGY calculation is in agreement with the location of the synchronism condition at
z = 11 cm calculated analytically.
The resultant energy distribution of the spent electron
beam without including the ACI, which means the simulation
is stopped before the launcher begins, is plotted in Fig. 6.
The simulations were done with 81 beamlets, at a voltage of
96 kV, with a beam current of 42 A, alpha of 1.3, velocity
spread of 7%, and output power of 1.58 MW. The minimum
energy of the spent beam is 37.5 keV as shown in Fig. 6,
which is also plotted for comparison with the result of the
experiment in Fig. 4. When the ACI is considered by including the tapered launcher, the energy distribution of the spent
beam is in fact changed as shown in Fig. 7. It is broader than

FIG. 8. 共Color online兲 The voltage threshold of collector depression as a
function of beam current at 96.6 kV beam voltage. Triangles with error bars
represent experimental measurements and crossed-circles and squares represent the simulated results without the ACI and with the ACI, respectively.

the distribution without the ACI and the minimum energy of
the spent beam is reduced to 28.5 kV. The ﬁnal results for
the voltage threshold are plotted in Fig. 8 with and without
inclusion of the ACI. As seen in Fig. 8, the simulation results
that include the ACI, which are represented as cross-squares,
show excellent agreement with the experimental results at all
beam current values. This strongly indicates that the ACI is a
major effect in degrading the overall efﬁciency.
III. DISCUSSION AND CONCLUSIONS

A single-stage depressed collector experiment in a
1.5 MW, 110 GHz gyrotron has been successfully performed. The maximum efﬁciency is 50% at an output power
of 1.5 MW with a single-stage collector depressed by 25 kV.
The efﬁciency of the single-stage depressed collector is 41%.
The discrepancy between theory and experiment in terms of
the critical depression voltage, which essentially is determined by the minimum energy of the spent beam, is explained by considering the aftercavity interaction 共ACI兲.
From this study, it emerges that a cavity tapered section and
an internal mode converter have to be designed with great
care in order to prevent the degradation of efﬁciency due to
the ACI. In fact, if the ACI were completely avoided, an
overall efﬁciency of about 60% could have been achieved in
this experiment. The ACI between the traveling wave and the
spent beam was observed in the MAGY simulation in our
geometry. Since the ACI occurs in a region that is not far
from the end of the cavity, it may be difﬁcult to eliminate it
in most cases. Experiments should be designed from the outset so as to produce the correct magnetic ﬁeld or waveguide
taper to avoid the ACI.
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