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From Linearity Towards Chaos: Basic Studies of Relativistic Backward-Wave Oscillators
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Recent experimental studies have revealed for the first time some basic features of pulsed, relativistic
(300-600 keV) backward-wave oscillators such as starting current, axial mode locking, and multifre-
quency operation. Above a critical beam current a gradual degradation of the spectral purity of the
electromagnetic radiation is observed, culminating in the onset of stochastic oscillations.

PACS numbers: 41.75.Ht, 52.35.Hr, 85.10.Jz

Backward-wave oscillators (BWOs) driven by relativis-
tic electron beams are capable of efficiently producing
coherent electromagnetic radiation at centimeter and mil-
limeter wavelengths [1-3]. The bulk of past experimen-
tal work was performed using relativistic electron beams
with very large currents (thousands of amperes), since
the aim was to achieve very high peak microwave power
(10° W). Even though these studies described the char-
acteristics [4] of the BWO interaction, no systematic ex-
periments were conducted to study the basic features of
these devices over a wide range of beam currents. On the
other hand, theoretical models [5] indicate that there is a
critical beam current above which the oscillator will be
driven into a multifrequency regime. These models have
recently been generalized [6] and predict that due to
large end reflections the interaction frequency will be
locked to the eigenfrequency of an axial eigenmode over a
wide range of beam energy. In addition, these models in-
dicate that most of the previous experiments have operat-
ed above the critical current and in the multifrequency
regime. Motivated by these findings and by the lack of
basic experimental data, we performed for the first time a
series of BWO experiments with relativistic beams in or-
der to study some of these basic features. This Letter is
devoted to a report of the experimental findings of our in-
vestigations. Note that experimental investigations of the
basic features of nonrelativistic BWOs [7] and traveling-
wave amplifier [8] were performed in the past.

A relativistic BWO consists of a spatially periodic me-
tallic structure (slow-wave circuit) into which a magne-
tized, relativistic electron beam is injected. Figure 1(a)
shows the geometry and defines the notation for this
work. Our BWO was designed to operate in the TMy,
transverse mode at a frequency of 8.4 GHz [9] when
driven by a relativistic, annular electron beam.

We start with one of the most basic features of slow-
wave structures, namely, its dispersive characteristics.
Experimental measurements of slow-wave-structure dis-
persion have proven difficult and we developed a special
technique specifically for that purpose. The experimental
dispersion curve for the TMy, transverse mode is in excel-
lent agreement ( <0.5%) with the calculated one and is
plotted as a solid line in Fig. 1(b) [10,11]. However, a

1652

spatially periodic structure of finite length will be strong-
ly affected by end reflections. For large reflection
coefficient (R > 0.8), as in this work, the structure can be
regarded as a periodic circuit with N cells exhibiting
N+ 1 discrete resonances (corresponding to quantization
of the axial wave number), all closely spaced in frequen-
cy. In measurements taken on various slow-wave struc-
tures, all the discrete resonances were clearly identified.
The nine axial modes which correspond to our eight-
period relativistic BWO are shown as solid circles in Fig.
1(b).

The next important characteristic of the oscillator is its
starting current [5,12], which is defined as the minimum
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FIG. 1. (a) Geometry of the relativistic BWO (voltage
290-600 kV, current 60-2500 A, d=1.67 cm, h=04 cm,
r»=0.8 cm, ray=1.4 cm). (b) Dispersive characteristics of an
infinitely long (solid line) and an eight-period structure with
large reflections (dashed line).
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beam current needed to balance all losses, Ohmic and ra-
diation, in order to sustain steady-state oscillations.
Strictly speaking, this concept is valid when the beam
voltage and current are constant in time and the pulse is
infinitely long. In our high-voltage experiments the elec-
tron beam is produced by a pulsed, magnetically insulat-
ed field-emission gun. The beam voltage and current
wave forms in such guns are characterized by a finite rise
time (typically 20-30 ns), finite flattop duration (about
50-70 ns), and a rapid drop of about 20 ns. Since close
to the starting conditions the radiation buildup time is
large, we anticipate that for the pulsed BWO the ob-
served starting current will be higher than the steady-
state value. We found that this current is still too small
for conventional field-emission guns, which are most
effective for intense beam generation (kA and above).
For this reason a family of low-current, double-cathode
field-emission electron guns were developed allowing, for
the first time, measurements of the BWO start current.
We found that at 290 kV the measured starting current is
70+ 10 A. To measure the starting current we fixed the
sensitivity of our microwave detection system and then
gradually reduced the electron beam current to a point
where the detected power is down by 30 dB from its value
at saturation. In performing our nonlinear, time-de-
pendent calculations [6] we took into account the beam
voltage and current wave form, as well as the finite
reflection coefficient R. For this particular measurement
the simulation predicts a “time-dependent” start current
of about 65 A. In comparison, the starting current under
steady conditions is calculated to be 10 A.

Two effects contribute to the disparity of the time-
dependent and steady-state start currents. First, due to
the large reflections, the cavity Q is raised yielding an
Q/w decay time of about 20 ns. Second, due to the
discrete nature of the modes in the high Q cavity, the
start current becomes a sensitive function of beam volt-
age. Thus, oscillations in the operating mode cannot be-
gin until the voltage has reached a significant level, well
into the voltage pulse, and then the oscillations grow at a
reduced rate due to the relatively long cavity fill time.

Next, we performed a series of experiments dealing
with the phenomena of axial mode locking [11,13]. It is
expected from Fig. 1(b) that locking to a single axial
mode will prevent any appreciable frequency change until
a certain beam voltage threshold has been reached. Fig-
ure 2(a) displays the measured dependence of the radia-
tion frequency on beam voltage. For comparison, the cal-
culated interaction frequency for the beam in an infinitely
long slow-wave structure (N =o0, R =0) is superimposed
in Fig. 2(a). Indeed, over a wide voltage range (300-600
kV) the frequency was unchanged. Most of the change
occurred at the extremes of this range, where a transition
to the neighboring axial mode is expected. The frequency
was accurately measured (10 MHz) by a heterodyning
technique. The measured relative linewidth df/f=0.003
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FIG. 2. (a) Measured interaction frequency of an eight-
period BWO (solid line) and calculated interaction frequency
for the beam in an infinitely long structure (dashed line), as a
function of beam energy. The results of the simulation are also
shown (circles). (b) Measured and calculated peak efficiency
as a function of beam energy.

indicates a high spectral purity. The spectral broadening
is mostly due to finite pulse duration. We conclude that
locking to a single axial mode was achieved, as expected
from a finite-length device with high end reflection
operating in the single-frequency regime. In Fig. 2(b),
the measured efficiency is shown as a function of the
beam energy. The efficiency is defined as the ratio of the
peak microwave radiation output power to the maximum
beam power. The efficiency peaks to about 15% at 400
kV and decreases above and below this value. This be-
havior is related to the fact that over a considerable volt-
age range the device is locked to a single axial mode.
This mode is characterized by a phase velocity which is
independent of the beam voltage, contrary to the case of
an infinitely long structure (zero end reflections). Fur-
ther, the efficiency of the interaction depends strongly on
the difference between the beam velocity and the phase
velocity (so-called detuning parameter). For some detun-
ing parameter the nonlinear efficiency has a maximum.
Finally, the last topic is the degradation of the spectral
characteristics of the microwave radiation with increasing
beam current. It is convenient to describe the regions of
operation of coherent sources of electromagnetic radia-
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FIG. 3. (a) Detected radiation envelope as a function of time
for a few values of beam current. (b) Degradation of the spec-
tral characteristics at large currents: ratio of the first sideband
power to the carrier power as a function of beam current.

tion in terms of the ratio of the beam current to that of
the start oscillation current, y =1/I. In a pulsed system,
Iy is the observed time-dependent start current. For
| < y < xor the device is expected [5-7] to operate in the
single-frequency regime. The value of . is different for
different situations, but for our relativistic BWO it is typ-
ically between 2.5 and 4.5. When y > y., a transition to
a multifrequency regime is expected accompanied by a
gradual degradation of the spectral characteristics. The
transition to a multifrequency regime would therefore in-
volve the length of the beam pulse. Stochastic oscilla-
tions will occur at sufficiently large values of y. As the
beam current in the experiment was raised, we indeed ob-
served a gradual degradation of the spectral purity, as
evidenced by an amplitude modulation of the radiation
envelope. In Fig. 3(a) we show the detected radiation en-
velope for a few values of beam currents. Figure 3(b) il-
lustrates the spectral broadening by displaying the ratio
of the power in the first sideband to that in the carrier
(calculated by applying a fast Fourier transform to the
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detected radiation envelope). As the beam current is in-
creased, a larger and larger fraction of the power resides
in the first sideband (the power in other neighboring side-
bands is also going up). The experimentally measured
frequency separation between the carrier and the first
sideband is 140-200 M Hz, depending on the value of the
beam current. Simulation of the device, including the
time dependence of the voltage and current, showed mul-
tifrequency operation at about 240 A (which corresponds
to the lowest current in Fig. 3). The frequency separa-
tion of the lower sideband in the simulation was about
300 MHz. For higher values of current, the simulation
indicated that particles were being reflected by the rf field
and, due to numerical reasons, the simulations were halt-
ed. The cause of the discrepancy between the simulated
and measured sideband separation is an open question. A
number of effects not properly included in the model, but
which may be important, are the role of reflected parti-
cles, higher-harmonic space-charge waves, and the phase
of the reflection coefficient R.

It is clear that if single-frequency operation is desired,
high power coherent oscillators should be characterized
not only by large beam currents but also by large starting
currents in such a manner that their ratio (y) does not
exceed 3-4. Simultaneously satisfying these conditions is
necessary for coherent operation at high power levels. In
addition, the observed value of the start current in a
pulsed device is considerably higher than the correspond-
ing steady-state value. Also, as the beam current is in-
creased, more power is observed in the neighboring side-
bands, culminating in the onset of stochastic oscillations
(for large ). This is a dynamic property of the system
and not caused by amplification of small fluctuations.
We observed such behavior in our simulations. Full in-
terpretation of the experimental results will be left for a
future publication dealing with operation in the vicinity
of the passband upper cutoff. Finally, the average
efficiency of operation in the multifrequency regime is not
necessarily lower, and sometimes may even be higher,
than that in the single-frequency regime. The peak
efficiency can reach approximately 40%.
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