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Oscillator Priming and Preoscillation
Noise 1n a Gyrotron

ALAN H. McCURDY anp CARTER M. ARMSTRONG

Abstract —Phase control is achieved in a pulsed gyrotron oscillator both
by applying an external priming signal directly to the oscillator and by
applying the signal to a prebunching cavity. A pulse-to-pulse phase jitter of
< 2.5° is achieved in the gyrotron at drive-to-oscillator power ratios of
—36.6 dB (drive signal-to-noise power ratio of 36 dB) in the direct
injection case and — 71 dB (drive signal-to-noise power ratio of 22 dB) in
the prebunched case. A lumped element theory is compared to the experi-
mental results. The theoretical description seems valid when the drive
frequency is within about 5 MHz of that of the oscillator. Preoscillation
noise in the gyrotron is ~ 1.0 pW, larger than expected from either shot
noise or thermal noise but in the vicinity of spontaneous cyclotron emis-
sion. Convective RF noise growth is investigated. No evidence of the
electrostatic cyclotron instability is seen. All growth observed can be
attributed to the gyroklystron amplification mechanism. However the noise
growth per unit length is not as large as that of a narrow-band drive signal.
Thus a prebuncing system is advantageous for achieving control over the
oscillation buildup in a pulsed gyrotron.

I. INTRODUCTION

HERE IS a need for coherent RF sources in the

millimeter and submillimeter wavelength range.
Though gyrotron oscillators (based on the cyclotron reso-
nance maser mechanism) have demonstrated high power
[11, [2] and high efficiency [3], many applications, including
RF particle acceleration and phase coherent radar, require
phase control, which the free oscillator cannot provide.
Oscillator priming [4], [5] is one method used to achieve
phase control in pulsed microwave devices. This method
involves injection of a small external signal into the oscilla-
tor during the oscillation buildup. The result is that each
output pulse of the oscillator starts up in phase with the
external signal.

Priming is to be distinguished from injection phase
locking in that the priming effect may occur at much lower
external signal levels and yields no frequency control over
the oscillator [6], [7]. It is possible that phase control of a
powerful (e.g. ~1 GW) millimeter wavelength oscillator
may be more easily accomplished via priming than by
phase locking. Since phase locking requires a relatively
large external signal (usually no smaller than 20 dB below
the oscillator power), a chain of phase-locked external
sources is needed. A simpler solution is to use a single
driver to prime the oscillator (typical priming powers for
2° pulse-to-pulse phase control are 20 to 30 dB below that
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Fig. 1. Three-cavity gyroklystron configuration.

for phase locking). Coupling the priming system to a
phase-locked loop [8] to provide intrapulse frequency con-
trol may yield the same degree of oscillator control as the
phase-locked system.

The generation of noise in the electron beam formed by
MIG guns in gyro-oscillators and amplifiers has not been
thoroughly investigated. Mechanisms of noise generation
and growth are important because noise compromises the
phase stability of amplifiers and the frequency stability of
oscillators. Once the mechanisms are recognized, the gun
and circuit designs can consider methods of noise suppres-
sion. In this work, preoscillation noise values are de-
termined from jitter measurements of oscillation startup
time in the gyrotron. These noise calculations are also
required for characterization of the priming phenomenon.

Two methods of priming the gyrotron are investigated:
(1) directly injecting the external signal into the cavity
oscillator and (2) injecting the signal into a premodulation
cavity and then allowing the bunched electron beam to
prime the oscillator. The systern used is a three-cavity
gyroklystron configuration [9], shown in Fig. 1. In this
system any of the cavities can be made to oscillate by
appropriate adjustment of the axial magnetostatic field
and cavity resonance.

The priming effect can be seen in Fig. 2. The three
signals shown in each oscilloscope photograph are (from
top), the gyrotron RF output signal, the external drive
signal, and a mixer signal that displays the relative phase
angle between the drive and gyrotron. If the drive signal is
not applied during the correct instant in the oscillation
buildup, then there is no pulse-to-pulse phase control, as
shown in (a) and (b) of Fig. 2. The widened drive pulse
and incoherent mixer output in Fig. 2(b) show that there is
no control of the steady-state oscillation by the drive
signal. In Fig. 2(c), where the drive pulse is slightly earlier
in time than in Fig. 2(b), the gyrotron is primed and each
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(a)

(b)

(c)

Fig. 2. Experimental observation of the priming phenomenon. The
three traces are, from top to bottom, gyrotron RF output, pulsed
external drive signal, and phase diagnostic output. In (a) the drive
pulse arrives too early. In (b) the drive pulse is widened but too late. In
(¢) the drive pulse arrives during the oscillation buildup and primes the
oscillation, as can be seen from the steady output of the phase
diagnostic.

oscillation pulse starts up in phase synchronism with the
drive signal. The continual, intrapulse phase slippage is
due to a frequency difference between the drive signal and
the gyrotron.

II. PRIMING THEORY

The theory of oscillator priming presented here is closely
related to the simple theory developed for magnetrons [4]
and more recently applied to lasers [10]. A lumped element
approximation is used so that the output of the gyrotron
can be represented by a complex voltage developed at a
suitable reference plane in the output waveguide. Fig. 3
shows the equivalent circuit for the gyrotron oscillator as
seen from the position of the detuned short. This represen-
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Fig. 3. Equivalent circuit of gyrotron oscillator. ¥, and Y; are the

beam and load admittances; G,,;;, C, and L are the cavity parameters
and Vyp is the voltage at the output reference plane.
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Fig. 4. Phasor diagram of voltage signals during initiation of oscilla-
tion. Noise varies randomly in phase and statistically in amplitude.
Drive signal constrains possible initial oscillation phase to + Ag.

tation is justified for analysis of the behavior of the
one-port gyrotron cavity near its resonant frequency (as-
suming that propagation effects are not dominant). In
addition, there is substantial spacing between cavity modes
so that the circuit parameters can be unambiguously de-
fined. The quantities G, C, and L model the empty
gyrotron cavity. The cold cavity resonant frequency is
given in terms of the energy storage elements as 1/VLC .
The cavity wall losses are represented by the shunt conduc-
tance G,,;. Y, is the electron beam admittance, which is
the current-to-voltage ratio excited at the reference plane
by the electron beam-—electromagnetic wave interaction.
Finally Y; is the external load admittance seen from the
reference plane. Since the gyrotron operates into a matched
load, the load admittance is related to the shunt wall
conductance by the coupling coefficient B of the iris
between the cavity and the output waveguide. The calcula-
tion is carried out by comparing voltages developed across
the wall conductance. Thus all RF power input through
the waveguide or measured across the output load must be
corrected by the coupling coefficient before being intro-
duced into the calculation.

The effect of the external drive signal on the oscillation
will be considered to be instantaneous. This assumption is
Justified because the external signal is very small compared
to the oscillation at all times except during the very earliest
part of the oscillation growth (steady-state oscillation am-
plitude > drive signal amplitude). Thus the drive signal
will be considered as merely modifying the initial condi-
tion from which the oscillation grows. Fig. 4 shows a
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phasor diagram that predicts the oscillator initial condi-
tion. In the absence of the external signal, the oscillator
starting voltage varies randomly in phase, as shown by the
circle, and statistically in amplitude from pulse to pulse.
The variation in amplitude V is assumed to be described
by the Rayleigh distribution:

V2

VZ

2V
P(V) dV=—;_—2exp av (1)

which has been shown to be applicable, with certain re-
strictions [11], to system containing a large number of
oscillators. The many gyrating electrons in the oscillator
cavity constitute the oscillator ensemble in the gyrotron

system. The mean square noise amplitude is given by V2
In the case where the drive signal is present, the oscillator
grows from the vector sum of the noise and drive signal. It
can be seen from Fig. 4 that this vector varies over a more
restricted range of phases (from — A¢ to + A¢) than in the
undriven case. As the drive signal becomes larger in size
relative to the noise, the pulse-to-pulse fluctuations in
initial amplitude and phase decrease. Since the oscillation
grows from the resultant amplitude, even within one
e-folding time ( ~ 35 ns), the oscillgtor component is twice
the drive. This strengthens our assumption that the drive
signal is of comparable size to the oscillation for only a
very brief period.

To calculate the effect of the drive signal on the oscilla-
tor, one must find the change in the probability distribu-
tion of starting phase angle as a function of drive power.
The probability density of the oscillation starting at a
particular phase ¢ in the driven case has been given by
David [4]:

P(o F)=i |4+ B|+|A - B|+exp L
’ 27 S?
7 sin®¢ 1
+ .,/ = cospexp| — ——||1—erf| =
N s5? s?
for0<¢p<7/2
where

sin® ¢ 1
A=exp| — e —exp —-?

7 sin’¢ cos ¢
B= /= cospexp| — — |erf| ——=
\/ S? S? S2

1 1
P(6:5) = o - 5

and

-|1—erf
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Fig. 5. Starting time jitter in gyrotron RF output. ¢ =0 1s the time at

which the MIG gun turns on. The CRM instability initiates at ¢, (also
time of priming). P, is an arbitrary power level. 7, is the time at
which the phase jitter measurement 1s made.

Here P is a function of the parameter S?, the mean square
noise-to-signal power ratio, and (1) has been used in terms
of power instead of amplitude (power being proportional
to the square of the amplitude). The degree of phase
control is related to the width of the distribution in (2).
The variance is a measure of this width and is calculated
by taking the square root of the dispersion:

02 = [ [~ 2] P(6,57) do

and using the fact that ¢, =0, since the distribution
P($,8?% is symmetric about ¢ =0. The variance can be
determined as soon as the mean noise power is known.
The noise power is not calculated here from first princi-
ples, but is approximately determined from experimental
measurements of the variation in startup time of the
oscillation from pulse to pulse [12]. The noise is to be
found at the time that the eleciron beam current and
voltage reach the threshold of the cyclotron resonance
maser instability. Through the small-signal regime, we
assume that the oscillation amplitude grows exponentially:

)

Here 7 is the growth rate, P is the noise power (propor-
tional to V') at t=t,, P, is an arbitrary small-signal
reference power level, and 7, is the time (as measured
from the leading edge of the flat-top portion of the high
voltage pulse to the electron gun) that the oscillation
reaches the reference power level (see Fig. 5). The time at
which the oscillation begins to grow (and is primed) is ¢,,. .
The oscillation startup time is defined to be ¢ ;. Applying
the temporal evolution of the noise voltage given by (3),
the fluctuations in initial amplitude, described by (1),

toes— 1
P = Pexp( Cf--—g).
T
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translate into fluctuations in oscillation starting time 7.
[13]:
Pref ( _(tref_tp))
eXpl —
TP, T

P .41
- == exp ( ( = p) ):I dtref (4)
P T

R

f(tref) dt

-eXp

where P, is the mean noise power. f(z ) is the probability
density of reaching P, between ¢, and ¢ + dt ;. It can
easily be shown that the width of this distribution is
independent of the mean noise power level and is a func-
tion only of the oscillation growth rate. Therefore (unlike
the calculation in [12]) we consider the variation in starting
times in the driven case to determine the mean noise
power. This new approach has the advantage of determin-
ing the noise power by comparing experiment with two
features of the theoretical distribution, the mean and the
width. In addition, relative measurements can be made by
changing the drive power. This allows for more points of
comparison.

When a driving signal is present during the early stages
of oscillation buildup, the distribution function describing
the initial oscillation amplitude is

V24 D2
72

av (5)

2V
P,(V) dV=ﬁexp I,

where D is the drive amplitude and I, is a modified Bessel
function. Equation (5) is the sum of the constant drive
vector (see Fig. 4) with the Rayleigh distributed noise [14].
V' is now the magnitude of the sum of the noise and drive
voltages at r =¢,. The translation of this amplitude varia-
tion into starting time variation follows with the use of (3)
(P being still proportional to V' ?):

(t.)d R ( ef—tp)
t t _e
Jaltrer) At = 52 Xp ,
o t
Rexp(— ! p)+1
T
i S?

where

The new distribution function f,(¢ ), analogous to (4) for
the undriven case, has a width and a mean that depend on
drive power. In principle, the noise power should be in-
ferred by using the complete distribution function f,(z ;).
However, we experimentally measure only two characteris-
tics of the distribution, the mean and the width.

III. EXPERIMENTAL

A. System Description

The gyroklystron configuration, Fig. 1, consists of three
rectangular TE,;; mode cavities separated by drift sections
that are cut off to the 4.5 GHz oscillation frequency. The
first two cavities are identical in construction and are
about 20 percent shorter than the last cavity. The electron
gun supplies a current of 6 A at a voltage of 30 kV in 4.0
ps pulses at a 60 Hz repetition rate. The perpendicular-to-
parallel velocity ratio « of the electron beam is between 1.0
and 1.5, depending on the magnetic field near the electron
gun. Simulations of the electron gun predict the electron
guiding centers to be approximately uniformly distributed
on a circle ~ 0.94 cm in radius. The output RF power is
near 2 kW when either of the first two cavities is used as
the gyrotron oscillator and near 20 kW when the third
cavity is used. Direct injection experiments are performed
using an oscillation in the second cavity with an external
signal launched through its output waveguide. A sweep
oscillator with a 20 W TWT amplifier comprise the exter-
nal signal source. Special care is taken to ensure that no
oscillator output feeds back into the external source. Circu-
lators are used to provide >80 dB isolation. Since very
small drive powers are required to prime an oscillator,
even very small feedback signals from the oscillator are
comparable in size to the drive signal and may effect
source performance. The problem is avoided in this experi-
ment by operating the driver at a high output power ( ~ 5
W) and attenuating the drive signal by 50 or 60 dB before
injection into the gyrotron. This method has the added
benefit of providing more isolation between the driver and
the oscillator.

The premodulation experiments are carried out by in-
jecting the external signal into the first cavity of the
gyroklystron configuration and priming an oscillation in
the third cavity. The isolation between oscillator and driver
is not as severe in this case since each of the drift sections
provide ~ 30 dB isolation at 4.5 GHz.

B. Noise Power Measurement

The gyrotron noise power is inferred from a measure-
ment of pulse-to-pulse jitter in gyrotron oscillator starting
time (time at which the oscillation reaches P,;). This
measurement is made by enveloping the voltage signal of a
crystal diode that monitors the gyrotron output power.
Typical results of this measurement are shown in Fig. 6 for
an experiment using one prebunching cavity. The reduc-
tion in thickness of the oscillation front edge is a clear
indication of a reduction in starting time jitter due to the
injected signal. Since 100 waveforms are saved on the
oscilloscope, the width of the front edge is approximately
that between the 0.5 percent and 99.5 percent points of the
distribution function f,(z). It is assumed here that only
1/100, or 1 percent, of the distribution remains unsam-
pled.

The mean starting time is measured by averaging the
crystal diode output over 100 waveforms. The averages for
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(b)

(<)

Fig. 6. Reduction of starting time jitter by priming. (a) free oscillation.
(1) Pyive /Pose = —72.7 dB. (¢) Pdrlve / Py = —65.8 dB. Beam voltage
=271 kV; beam current=4.9 A; output power =800 W; drive
frequency = oscillation frequency. ‘

three different drive power levels are also shown in the
oscillographs of Fig. 6 as the bright lines inside the en-
velopes. As the drive power is increased, the average
position of the oscillation front edge moves to the left (to
earlier times). This corresponds to a decrease in the mean
starting time with an increase in drive power.

C. Interpretation of the Phase Diagnostic

The priming phenomenon, as has been described, is one
of degree as opposed to the discontinuous phenomenon of
phase locking. There is no threshold for the onset of
priming. Our measure of “goodness” of priming is the
variance of P(¢,S 2) The smaller this variance, the less
pulse-to-pulse phase jitter expected. The relative phase is
measured by mixing the drive signal and the gyrotron
output in phase quadrature [15]. The mixer IF. signal is
displayed directly on a digital oscilloscope. The variation
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in relative phase is measured about 200 ns after the
gyrotron oscillation reaches steady state. A system con-
troller automatically records the relative phase of each
pulse and does the statistical analysis.

Several effects must be taken into account to deduce the
phase jitter from the raw data provided by the mixer phase
diagnostic. Compensation must be made for the line lengths
to the LO and RF mixer ports and for the time delay
between the start of the pulse and the time of the measure-
ment. Since these effects do not vary from pulse to pulse,
they can be compensated for by an appropriately adjusted
phase shifter in one of the lines to the mixer input ports.
However the pulse-to-pulse starting time jitter and pulse-
to-pulse variations in gyrotron oscillator frequency pro-
duce a phase jitter which is not correctable. Finally, the
output of the phase diagnostic is actually the sine of the
relative phase angle between the drive signal and gyrotron
instead of the angle itself.

The interpretation of the diagnostic output follows. The
relative phase between the gyrotron oscillator and the
drive signal at the mixer is

Pret = Py +(""_wd)(tobs—— (7)

tp) topgtPpr

* where ¢, is the phase jitter due to the noise from which the

oscillation grows, ¢pg is the phase shifter contribution,
and ¢p is the shift due to path length effects. The time of
measurement is ?.,, f, is the time that the gyrotron
oscillation starts to grow (the time that the initial condi-
tion is imposed), and » and w, are the gyrotron oscillator
and drive signal frequencies. Time is measured, as before,
from the leading edge of the high voltage pulse (see Fig. 5).
Pulse-to-pulse variations in the high voltage startup were
orders of magnitude below that of the oscillation. The

. frequency-dependent term in (7) represents the- phase shift

due to a change in oscillation frequency. We arrive at this
term after a calculation of the total elapsed phase in the
gyrotron oscillator and drive signal from ¢ = 0. The oscilla-
tor phase changes by

¢0(toi>s) =wdtp+w(tobs_tp)+¢n (8)

between ¢=t¢,, and t=0. Here we assume that the
gyrotron oscillator output changes frequency from w, to @
at the time of priming. This instantaneous frequency change
is consistent with our assumption that the oscillation expe-
riences rapid growth and soon dominates the drive signal
The phase of the oscillator at the instant of priming is ¢,.
The phase of the drive signal at =1 is

b4 (Zops) = 94t obs 9)

where the initial phase of the drive signal has been taken
to be zero. The difference between (8) and (9) gives the
relative phase between the gyrotron oscillation and drive
signal at ¢ =t and is just the first two terms of (7)..

The phase shifter is adjusted to compensate for all phase
shifts which do not vary from pulse to pulse. This leayes a
small phase angle which varies about zero. Thus -
tp) —dpr. (10)

- (wmean_ wd)(lobs_

$pg. =
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and the remaining jitter phase is

Prey = P, + (tobs - tp)(“J - wmean)‘ (11)
Here w

mean 1S the mean free oscillation frequency. The
phase shifter is adjusted as either the drive frequency or
the drive power is changed. The drive power level enters
(10) through ¢ .. Since the measurement is always made
~ 200 ns into the saturated part of the RF pulse, 7., must
be changed as drive power changes cause the oscillation
startup time to vary. The time at which the oscillator is
primed can be seen from Fig. 2 to be about 300 ns before
the oscillation saturates. The uncertainty in this measure-
ment is perhaps as large as 50 ns but the priming results
are not very sensitive to z,,.
The actual mixer output is the sine of the relative phase
angle. Hence the dispersion of the output of the mixer is

= [ [ 1= X (60,5760 db dos
where

(12)

X =Sin¢,g.

Using (11), the dispersion of x becomes
X7 = (sin, )y c0? [At(wpean = )],

+ <coszq>n>4,<sin2 [A#(@mean — @)] >w.

Here the abbreviations

<J>¢ = fjﬂP(‘i’n:E-z)Jd‘i’n

(13)

<J>w=jf;G(w)de

Ao =y —w, and Ar=t,. -1,

have been used. The distribution in oscillation frequency is
assumed to be Gaussian:

G() = VZ_;Tmexp[— %(“’—:}%)2} (14)

In the limit where the fluctuations in phase ¢, and
frequency (w,.,, — «) are very small, (13) becomes

?: <¢3>¢ + <At2(wmean_ w)2>w

where the sine and cosine terms have been expanded to
first order in the small terms. In this limit the variables ¢,
and Af(wg., — @) are uncorrelated. The error introduced
due to the neglect of pulse-to-pulse variations in oscillation
amplitude is found to be only a fraction of a percent. It
can be shown that if the gyrotron oscillation and drive
signals are completely unrelated in phase, then the vari-
ance of the diagnostic output will be 0.707.

IV. RESULTS AND DISCUSSION

A. Noise Power in the Gyrotron

The noise power generated by the electron beam as
oscillation is approached is evaluated in this experiment
using oscillations in each of the three cavities and using
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Fig. 7. Distribution function of free oscillation starting times. Solid line
indicates Rayleigh distribution with T = 75 ns.

two- and three-cavity systems. This investigation is made
to determine several critical features of the beam noise.
These include the distribution function characterizing the
noise amplitude, noise sources, frequency dependencies,
and convective noise growth.

The exact distribution function of oscillation starting
time is measured using an oscillation in the first cavity and
no external drive signal. A digitizing oscilloscope displays
the gyrotron output as monitored by a crystal diode. A
system controller locates a given reference power level on
the oscilloscope trace and records the time elapsed from
the start of the flat-top portion of the electron beam high
voltage pulse. Data gathered from 2000 pulses are dis-
played on the histogram of Fig. 7. Also drawn on this
figure is the distribution f(z,;) from (4). The growth rate
is obtained from the oscillation e-folding time on the
crystal diode signal. As mentioned previously, the noise
power does not affect the shape of the distribution in the
undriven case. Hence for this comparison the noise power
level need not be known. There is some statistical noise
apparent in the data due to the selected bin size (10 ns bins
with a 2 ns digitizer resolution), and there is some drifting
in the gyrotron oscillation parameters over the time of
measurement ( ~ 20 minutes). The agreement between the
theory and experiment is nevertheless reasonable. Since the
distribution function in (4) comes directly from transfor-
mation of the Rayleigh distribution in noise amplitude into
the time domain, we can interpret the agreement in Fig. 7
as a confirmation of our assumption that the Rayleigh
distribution applies to the free gyrotron oscillator preoscil-
lation noise.

Measurements of the exact starting time distribution
function are made as a function of drive power using
oscillations in each of the first two cavities. The effect of
the external drive on this distribution can be seen in Fig. 8
for an oscillation in the second cavity. The distribution
both sharpens and moves toward earlier times as the drive
power increases. These trends are also seen in the theory.
Similar results were obtained for the first cavity.
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Fig. 9. Decrease in gyrotron oscillation starting time by application of
an external signal.

To get a more accurate measure of the preoscillation
noise power, the enveloping and averaging techniques out-
lined previously are used. Though less detailed, these mea-
surements are rapid and hence less susceptible to error
through oscillator drift. The only other appreciable error
source is the 2 ns resolution limit of the digitizing oscillo-
scope. A set of these data is shown in Figs. 9 and 10 for an
oscillation in the third cavity. The procedure for determin-
ing noise power is to simultaneously fit the average start-
ing time and distribution width as a function of drive
power. Fig. 9 shows the decrease in oscillation starting
time due to the external signal. Also shown are three
theoretical curves (from (6)), assuming different noise
power levels. The best fit is for a noise power of 3.0 uW.
The width of the distribution (between 0.5 percent and
99.5 percent points) is shown in Fig. 10. Again we see the
narrowing of the distribution as more drive power is
applied. The best fit to the experimental points is again for
a noise power of 3.0 uW. The uncertainty in this value is
shown by the error bars on the two figures. Preoscillation
noise measurements using oscillations in each of the first
two cavities (other cavities mechanically tuned far from
resonance) result in values near 1.0 pW.

The preoscillation noise power measured here is some-
what larger than expected from common noncollective
noise mechanisms. Previous noise measurements in mag-
netrons have come to the same conclusion (noise power
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Fig. 10. Reduction in starting time jitter due to application of an
external signal.

> 200 mW in [12]). Some common noncollective noise
mechansisms are thermal noise, the shot effect, and
cyclotron emission.

Noise due to the thermal motion of electrons (Johnson
noise) is found in all microwave devices. Using the familiar
expression

P,=kTE

where k is the Boltzmann constant, T is absolute tempera-
ture, and B is bandwidth, one obtains a value of 2.8 x 1014
W over a bandwidth of 7 MHz. The bandwidth is set by
the cavities; thus the thermal noise in the third cavity is
about a factor of two larger than stated above. In either
case, this thermal noise is over 75 dB below that measured
in the experiment.

The noise current at the temperature-limited cathode
surface due to the shot effect is [17]

ifms = 2610Af

where [/ is the dc beam current, ¢ is the electronic charge,
and Af is the frequency band over which the measurement
is made. The gyrotron cavity filters the possible noise
frequencies so that Af is approximately the cavity band-
width. The noise power is dissipated in the cavity wall and
load impedances (1/G,, and the real part of 1/Y;, respec-
tively). These quantities are found from measurements of
the loaded and unloaded cavity quality factors and the
coupling coefficient between the cavity and the load. As-
suming a beam-—cavity coupling coefficient of 1, and ne-
glecting the effect on the beam of noise fields excited in
the external RF circuit, a noise power of ~1.0X107° W is
obtained in the cavity wall resistance. Thus shot noise is
about 30 dB below the noise level we experimentally
measure. ‘

Cyclotron emission occurs when charges enter a region
of magnetic field with a component of velocity perpendicu-
lar to the field. The total power radiated by a mildly
relativistic rotating electron into the fundamental harmonic
can be written [18]

2(.02

7

b

PcyclotronE GE—C—'B‘%' 1+B”2 - gIBJZ_ 4+ ..
0



898

where w, = eB,/m is the cyclotron angular frequency, B,
is the magnetic field, m is the electron mass, B and 8,
are the ratios of the axial and perpendicular electron
velocities to the speed of light, respectively, and ¢, is the
permittivity of free space. Using a beam voltage of 30 kV,
a perpendicular-to-parallel beam velocity ratio of 1.5, a
beam current of 6 A, and a cyclotron frequency of 4.5x10°
Hz, the total power obtained from incoherent cyclotron
emission, by linearly adding the power from all electrons
in the cavity at a given instant, is 1.2 gW. This calculation
neglects reabsorbtion of radiation by the electrons and
coupling losses in the circuit. A crude measurement of
cyclotron emission from the first cavity (tuned so as not to
oscillate) using a sensitive power meter (100 pW sensitiv-
ity) indicated a noise level 10 dB below the calculated
value. Thus cyclotron emission seems to be reasonably
close to the preoscillation noise observed in the experi-
ment. :

Two potential mechanisms of noise growth along the
tube are investigated. One is due to the regular gyrokly-
stron amplification mechanism. This mechanism is ex-
pected to predominate when the cavities and magnetic
fields are tuned so that a beam cyclotron wave can interact
with the standing electromagnetic wave in each of the
cavities. In addition, it has recently been pointed out that
electrostatic beam modes can form and become unstable in
gyrating electron beams without interaction with an exter-
nal RF circuit [19], [20]. These modes, though not yet
experimentally observed, should be able to grow both in
drift regions and cavities at a rate that can be comparable
to that of the electron cyclotron maser instability. This
mechanism is then expected to predominate when the
cavities are tuned away from the Doppler-shifted relativis-
tic cyclotron frequency of the electron beam.

It is found experimentally that the preoscillation noise
power grows along the tube by the gyroklystron mecha-
nism. In the measurements described previously, all cavi-
ties but the oscillator were mechanically tuned away from
the frequency of interaction. When cavities upstream of
the oscillator are tuned to the correct frequency for gyro-
klystron operation, it is found that the noise power in-
creases. Experiments are done using oscillations in the
second cavity (one prebunching cavity) and in the third
cavity (two prebunching cavities). The effective small-sig-
nal gain is determined in two ways. One is by using the
proven numerical gyroklystron code written by Ganguly
et al. [16]. The other is to experimentally compare the
effect on the oscillation of an external signal injected
directly into the oscillator with that of a signal into a
prebunching cavity. A signal in the prebunching cavity is
enhanced by the gyroklystron gain before reaching the
oscillator. Because the effects of the small drive signal are
felt only during the very early stages of oscillation buildup,
it is appropriate to use the full gyroklystron gain up to and
including the oscillator cavity. The signal from the pre-
bunching cavity should be more capable of reducing the
mean and variance of the oscillator starting time character-
istics than the directly injected signal (since the cavities are
tuned to provide gyroklystron gain in both cases).
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TABLEI
dnive signal {exp) dnive signal (theo) noise_power
2-cavity experiment 20dB 19dB (o=15) 15 5dB
3-cavity experniment 32dB 32dB (e=10) 20 dB

The gain in the noise power can be determined by
inferring noise via direct injection into the cavity oscillator
and comparing it with the 1.0 pW noise power measured in
the first cavity. Table I shows these results for typical
magnetic field profiles and cavity tuning. As expected, the
numerical code predicts the two- and three-cavity signal
gain quite well. However the gain of the noise power is not
as large. Two possible effects contribute to this smaller
gain. One is that the noise power contains all frequencies
within the cavity bandwidth. The gyroklystron gain is a
function of frequency and drops by about a factor of two
near the edges of the cavity band. The other reason is that
the preoscillation noise is probably somewhat of an over-
estimate of the noise present in the beam in the absence of
a growing electromagnetic oscillation (for example collec-
tive cyclotron emission might occur as the oscillation be-
gins and the electrons begin to bunch in response to the
cyclotron radiation field). Evidence for this difference is
the noise power measured by Ferguson et a/. [21] on a
gyrotron TWT device using the same MIG gun as in our
experiment. Their noise power, measured by shorting the
amplifier input and monitoring the output, is about 20 dB
below what we measure.

Noise growth due to the electrostatic cyclotron instabil-
ity (ESCI) is also examined. Our experiment satisfies both
of the conditions for instability set forth in [19, egs. (20)
and (22)]. Under the approximations of a cold beam, no dc
space charge effects, interaction at the fundamental elec-
tron cyclotron frequency, and zero axial wavenumber, the
growth rate of the ESCI can be written

ljl(k_LrL)l

=8 w
€L
k r

z P
where B8, is the beam perpendicular velocity normalized
by the speed of light, w, is the plasma frequency, k, is
the perpendicular wavenumber, and r, is the electron
Larmor radius. Using the same beam parameters as before,
with an annular beam thickness of two Larmor radii, we
obtain a gain per unit length of 0.44 dB/cm. The noise
should then grow by 6.6 dB from the electron gun to the
first cavity, 13.7 dB to the second cavity, and 20.7 dB by
the last cavity.

In this experiment all but one of the cavities are tuned
away from resonance with the local magnetic field. This
effectively decouples the beam from the electrodynamic
structure. An important characteristic of the ESCI is that
the instability can be totally driven by the beam. By
measuring the noise power in the one cavity tuned to
resonance, we are able to establish the noise at three
locations along the tube. It is found that the noise in the
first two cavities is about 1.0 yW while that in the third is
3.0 pW. This does not agree with the 6 dB intercavity gain
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Fig. 11. Phase control of gyrotron by direct injection priming. Experi-

ment compared to theory at three different drive power levels (P, =
3.83 mW).

predicted by the theory. Uncertainties in the comparison
with theory are that our measurement requires the onset of
an oscillation and that some changes in magnetic field
profile have to be made to prevent multiple cavity oscilla-
tion as the location of the jitter measurement is changed.
In addition, the theory only approximately treats the ac-
tual experimental conditions of a hollow, cylindrical, con-
fined beam with axial velocity spread. There'is uncertainty
about the actual coupling strength of the instability to the
surrounding circuit as well as about the level at which
saturation terminates the instability growth. In the experi-
ment, the instability cannot be simply one dimensional.
The effect of nonzero values of axial and azimuthal wave
vectors is to increase the RF coupling to the external
circuit but may also decrease the growth rate.

B. Direct Injection Priming

Now that the noise power has been determined, the
primed gyrotron performance can be predicted. Equations
(2) and (14) are used in (12) to evaluate the expected
variance in the relative phase angle between the gyrotron
and drive signals. Fig. 11 shows the results of direct
injection priming of a gyrotron using only the second
cavity in the gyroklystron circuit. Due to the tuning of the
first cavity and magnetic field, the preoscillation noise
power is about 0.1 mW (20 dB above that of the single
cavity result). The degree of coherence between the
gyrotron and the drive signal is shown on the ordinate as

arcsin(\/x72 ). Perfect phase control appears as 0.0 on the
ordinate while complete randomness between the two sig-
nals is 45°. The general feature exhibited by both the
experimental points and the theoretical curves is that of
less gyrotron phase control as either the drive power is
lowered or the drive frequency is varied from the steady-
state gyrotron oscillation frequency. In the theory, the
change in phase control with frequency separation occurs
because less drive power enters the system, due to the
resonance width of the cavity. The theoretical predictions
are close to the experimental observations for drive fre-
quencies near that of the gyrotron. The theory, however,
overestimates the degree of phase control for frequency
separations on the order of the cavity bandwidth. A possi-
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Fig. 12. Dependence of preoscillation noise power measurement on the

frequency of the drive signal.

ble reason for this discrepancy is the failure of the instan-
taneous priming approximation at large frequency sep-
aration.

The instantaneous priming approximation will fail if the
external signal is not near the center of the cavity reso-
nance band. This is because for large frquency separations
there are large phase slippages between the drive and the
oscillator on the time scale for significant growth of the
oscillation amplitude. This means that the external signal
affects the dynamics of the oscillation buildup rather than
merely specifying an initial condition. Using the measured
growth time of 43 ns for the second cavity oscillation, the
frequency separation at which the instantaneous priming
approximation breaks down is about 6 MHz (slippage of
7/2 radians in one growth time). This is similar to the
frequency separations at which the theory and experiment
begin to seriously disagree in Fig. 11.

One should note that the distribution in starting phase
given by (2) is only a function of the mean noise-to-signal
power ratio. It is therefore appropriate to generalize our
result for direct injection of the second cavity, with an
amplified noise level (20 dB above the single cavity result),
to direct injection of any cavity in the device regardless of
whether or not the noise in that cavity has been amplified.
Direct injection of the first cavity, for example, would
require 20 dB less drive power than that of our measure-
ment in the second cavity because the noise power level is
only 1 uW. However, the signal-to-noise ratio required to
reduce phase jitter to a given value would still be the same.

The possibility of drive frequency dependence to our
noise measurement was investigated by changing the drive
frequency. The results are shown in Fig. 12. The filtering
action of the cavity has been taken into account to correct
the actual drive signal strength in the cavity. It is seen that
our method of determining noise power is not sensitive to
drive frequency. The measured changes in noise power
across the cavity band arc within experimental uncertain-
ties. The apparent sharp rise in noise power at the limits of
the cavity bandwidth can be explained once again by the
failure of the approximation of instantaneous priming at
these frequency separations. In these circumstances the
noise power calculation cannot proceed in the manner
previously outlined.
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Fig. 13. Phase control of gyrotron by priming via a prebunched beam.

Experiment compared to theory at two different drive power levels
(FPy = 0.0169 mW).

The advantages of priming as a means of phase control
are several. The drive power required to prime an oscillator
to a given level of phase control is very low. Phase control
to within a phase variance of 2.5° is achieved at a drive-
to-oscillator power ratio of —36.6 dB by direct injection
(see Fig. 11). This is well below the typical value of —20
dB required for injection phase locking. In addition, the
power level required for priming is not directly related to
the oscillator power since priming is an effect that takes
place during the oscillation buildup. The actual signal-to-
noise power ratio required to achieve better than 2.5°
phase jitter is 36 dB. Finally the bandwidth over which
priming can be an effective means of phase control is
large. In Fig. 11, the band over which better than 5° phase
control is achieved, for the highest drive power shown, is
about twice the cavity bandwidth.

C. Priming Using a Prebunched Electron Beam

Fig. 13 shows the results of using the external signal to
prebunch the electron beam in the first cavity and prime
an oscillation in the third cavity. A noise power of 0.10
mW (20 dB above the single-cavity noise power) is used in
the theory. The amplification of the drive signal due to the
gyroklystron mechanism is given in Table I. The figure
shows the same fall off in phase control with decreasing
drive power or increasing frequency separation seen in the
direct injection experiment. Also, the same discrepancy
between experiment and theory is present at large frequency
separations, as was noted in the direct injection case. A
new feature is that there is better phase control at drive
frequencies above that of the free oscillator. This asymme-
try is not predicted by the theory. The theory, designed to
predict gain and bandwidth of a gyroklystron amplifier,
does not predict the frequency of maximum gain to better
than about 0.5 percent. In reality, there are frequency
shifts, due to beam loading, etc., of this magnitude. It has
been found in the experimental gyroklystron amplifier
work that the frequency is typically upshifted by 30-45
MHz from the theoretical predictions. This correction has
been applied to the results shown in Fig. 13. The general
shape of the phase control curves in Fig. 13 do appear
quite similar to those seen in the experiment.
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The degree of phase control observed in the prebunch-
ing experiment is much better than that of any gyrotron or
magnetron primed by direct injection. Phase variations of
less than 2° are achieved by the three-cavity device at a
drive-to-oscillator power ratio of —71 dB. For equivalent
control in magnetrons, one requires a power ratio [22] of
approximately —20 dB, while the direct injection gyrotron
experiment discussed previously required a drive-to-oscil-
lator power ratio somewhat above — 36.6 dB. This increase
in priming efficiency is due both to the fact that there is
more signal gain than noise gain in the gyroklystron circuit
and that the noise power level seems to be much smaller in
the gyrotron than the magnetron.

Since the noise power does not directly depend on the
oscillator power, a more precise comparison between the
single- and multicavity systems is made by comparing
required drive signal-to-noise power ratios to achieve the
same phase control. In the multicavity experiment, the
ratio between the drive signal and noise power levels is to
be taken at the point where the signal is injected. Thus, in
the three-cavity experiment the signal-to-noise is found in
the first cavity using a 1 pW noise power. Fig. 13 shows
that a phase jitter of less than 2° is maintained at a
signal-to-noise power ratio of 22 dB. This is about 15 dB
less drive power than required in the direct injection case
(36 dB to achieve a jitter of 2.5°). The improvement is
predominantly due to the fact that the signal gain is
greater than the noise gain. Using the separate gains for
the signal and noise power given in Table I, one can find
the signal-to-noise ratio in the third cavity from the 22 dB
level in the first cavity. The result is a 32 dB effective
signal-to-noise level, which is similar to the 36 dB level
required by direct injection.

V. CONCLUSIONS

Pulse-to-puise phase coherence is obtained in the
gyrotron by priming. The drive power required for a given
degree of phase control is much less (—15 dB) in the
prebunched case than by direct injection. A simple theory
is constructed which allows the degree of phase control as
a function of drive power, noise power, and drive frequency
to be predicted. This theory seems to work well for drive
frequencies near that of the gyrotron oscillator. The theory
also is applied to a three-cavity system and is found to
work well if corrections are made for frequency pulling
and pushing in the gain section of the device. In addition,
the noise power is determined to be ~1.0 pW in the
gyrotron. There is no significant noise amplification due to
the electrostatic cyclotron instability. All amplification seen
can be attributed to the conventional gyroklystron gain
mechanism. Greater phase control is achieved using pre-
bunching cavities than by direct injection because the
gyroklystron amplification for the noise is less than that of
an input signal.
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