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Capabilities of broadband phase and power control in injection-locked magnetrons were studied with a
CW 2.45 GHz, 1 kW microwave oven magnetron. The study was aimed at the investigation of possible
application of magnetrons for powering Superconducting RF (SRF) cavities in intensity-frontier
accelerators. The study demonstrated that the magnetron RF phase can be controlled by injection of
signal at power levels as low as about -12 dB in a frequency band of a few MHz with low phase and
amplitude noise. Experiments verified that combining power of two injection-locked magnetrons with 3-
dB hybrid yields a broadband phase and amplitude control in SRF cavity fed by the magnetron power
station. The paper also discusses a simple theoretical model based on a kinetic approach which considers
phase focusing in magnetrons and substantiates the experimental results.
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Introduction

Power amplifiers feeding superconducting cavities in
modern accelerators require a broadband phase and power
control for suppression of parasitic modulations
(microphonics, Lorentz Force Detuning (LFD), etc,)
inherent to superconducting RF (SRF) cavities operation.
Depending on the SRF cavity type and mode of operation
the microphonics and LFD spectrum may extend from tens
of Hz to about 1 kHz [1, 2]. Traditionally, linear RF
amplifiers such as klystrons and IOTs are used in such
high-power transmitters. They provide power up to
hundreds of kW in CW mode at a carrier frequency in the
GHz range with a bandwidth in the MHz range allowing
compensation of the modulation. However, the unit cost of
power for the traditional RF sources is quite high, ~ $5 per
Watt and ~ $10 per Watt for the RF sources based on
klystrons and IOTs, respectively [3, 4]. The cost of a unit
of power of a commercial, L-band, CW high-power
magnetron RF source is =$1 per Watt [4]. Since the
magnetron has the highest efficiency compared to
traditional RF amplifiers, the magnetron transmitters are
attractive for RF sources in superconducting accelerators.

Injection-locked magnetrons were suggested in order to
power linear accelerators [5]. Such proposal could work for
normal conducting linac. However, it cannot be used in
superconducting accelerators which require both RF phase
and power control to suppress the parasitic modulations
inherent to operation of SRF cavities.
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Recently, two methods were suggested on how the power
and phase of magnetron based transmitter can be changed
with rates required for powering SRF cavities. The first one
is based on combining signals of two phase-controlled
magnetrons. Their signals are combined by the 3-dB hybrid
and power control is achieved by the paraphasing of the
signals [6]. The second method is based on the phase
modulation of the signal locking a single magnetron [7].
Such modulation results in the power being distributed
between the fundamental frequency and the sidebands. If
the frequency of modulation is much higher than the cavity
bandwidth the power concentrated in sidebands is reflected
from the cavity. Thus, changes of the modulation depth
result in the power change at the fundamental frequency.

Both methods use a large bandwidth of RF phase
response of the injection-locked magnetrons clearly
demonstrated in the experiments presented in Ref. [6]. We
also would like to note that an implementation of phase and
power control in SRF cavity would not be possible without
modern FPGA (Field Programmable Gate Array) based
digital feedback systems which were not readily available
tens of years ago when the magnetrons were ruled out as a
valuable power source for large-scale accelerators.

This paper presents an experimental study of the
injection-locked magnetrons operating in the pulsed and
CW regimes. The presented analysis of kinetics of drifting
charge in the injection-locked magnetrons substantiates an
increase of the magnetron stability, a decrease of the
magnetron noise, and an increase of locking bandwidth
with an increase of locking signal magnitude. The latter is
related to an improvement of the azimuthal focusing of



charge by synchronous wave in the magnetron interaction
space.

Methods of control of injection-locked
magnetrons

A small power reflection from modern ferrite circulators
allows us to consider an operation of the injection-locked
magnetron decoupled from the load even in the case when
the load reflects major fraction of the incoming power. In
this case one can neglect the frequency (phase) pulling in
the magnetron since the locking signal significantly
exceeds the amplitude of the reflected wave.

It was experimentally verified that slow (relative to the
magnetron oscillations) frequency/phase variation of the
locking signal results in corresponding variation of the
magnetron RF wave [8]. The slow wvariation can be
considered as a transient process described by the abridged
equation considering frequency/phase pulling and pushing
in the injection-locked magnetron [9]:
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Here Q,,,and (., are the magnetron loaded and

external Q-factors, respectively, is the frequency of

Wy
the operating mode of magnetron cavity (typically =-
mode), @ is the frequency (time-dependent in a general
case) of the injection-locking signal, I7M and y, are
phasors describing amplitudes of the oscillation in the
magnetron cavity and in the injection-locking wave,

respectively, TM is the phasor of the first harmonic

magnetron current, g, =tany =20, (0,, — ©)/o,, 13
the detuning parameter, y is the angle between the sum of
the phasors I7FM and TM (taken with respective coefficients
as shown in Fig. 1) and the phasor 7, Y,,, =28/R,,

[1/Ohm] is the external waveguide conductance of the
magnetron cavity, £ is the magnetron cavity coupling

coefficient, and R is the magnetron cavity shunt

ShM
impedance. The Eq. (1) was derived using the Slowly
Varying Envelope Approximation (SVEA) method [10].
The terms Dop 'VFM /QEM and Doy 'TM /(ZQEM 'YOM) are

related to the modulation of the injection-locking signal
and the modulation of the magnetron current, respectively.
The latter results in phase pushing.

In a steady-state Eq. (1) is transformed into the following
equation [10]:
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The phasor diagram corresponding to Eq. (2) is shown in
Fig. 1. As it is seen from the diagram a variation of the
phase of the injection-locking signal or/and variation of the
magnetron current cause a rotation of the magnetron

voltage phasor, 7/, [6].
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Fig. 1: Phasor diagram of the injection-locked magnetron
in a steady-state, 9, = -0, -

For the injection-locked magnetron in a steady-state the
detuning parameter is constant. In this case the magnetron
phase is bound to the phase of the locking signal. Fig. 1
demonstrates an effect of power of the injection-locking
signal on rotation of the phasor S . As one can see a
variation of the magnetron current results in a change of its
phase (phase pushing.) One can estimate the angle of

rotation of the phasor S as:
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As an example we consider 1 kW 2.45 GHz magnetron
with =10, |V,, |=2 kV, |1, |=0.4 A. Fig. 2 presents a

dependence of ripple of the phasor phase Son the
injection-locking signal for given magnetron current ripple.
As one can see the phase variation is reduced with an
increase of the locking signal. In the absence of other
perturbations the angle ¥ does not change. Consequently,

the phase variations of phasor S will be directly
transferred to the phase ripple of magnetron RF voltage.
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Fig. 2. Rotation of the phasor S indicating the phase
pushing in a 2.45 GHz, 1 kW, CW magnetron model vs.
power of the injection-locking signal.

A variation of the magnetron magnetic field also causes
a rotation of phasor I7M relative to the phase of locking

signal. The angle of rotation is also decreased with increase
of the injection-locking signal [6]. Note also that different
parameters have different spectra of their variations. The
final spectrum of the magnetron phase variations is
summed from the spectra of parameters variations.



Now, utilising a kinetic approach, we consider a
conventional N-cavities magnetron with the magnetic field,
H, above critical field. The magnetron is fed by a voltage
somewhat below critical. The motion of electrons in the
crossed magnetic and potential electric fields in the absence
of generation may be described by a superposition of two
circular motions: rotation of the electron at angular
cyclotron velocity @ =eH /(mc) and motion of the centre

of this circle around the coordinate frame centre at lower
angular velocity 2 [14]. The latter motion represents a drift
of the transported charge averaged over @.

Taking into account axial symmetry the 2-D equations
describing the motion of electrons in a magnetron are
written in the polar coordinates [14, 15]:
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ré +2rg + or =/,
Here =k, /m. f, = ¢k, m> E, =~U[rin(s /1), and
U is the magnetron voltage. Thus the drift equations for the
non-generating magnetron are [15]:
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Here @° is a potential of the static electric field, so that
E=grad®’, @° =[U-In(r/r)]/In(r,/r), E,(r)=0, and

the magnetron cathode and anode radii are denoted as 1,
and 1.

Now we consider a magnetron operating in a steady-state
being injection-locked by a small signal at the frequency,
@, which is a harmonic of charge rotation in the magnetron,
0 so that @ =n2, where n =N/2, and N is the number of
cavities as it was noted above.

We present the rotating slow synchronous wave in
—i(np+at) .
. The wave with

= =0,
(3)
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magnetron in the following form €
the electric field E may be determined by the electric
Hertz vector [1[16], so that E = grad (divIl) + k*T1 with
the boundary condition  E (r=7)=0, where k=a/c.

The slow wave rotating in the interaction space of the
magnetron with angular velocity (2 =-@/n can be presented
by the potential ® =—divI1 [16, 17] satisfying the equation

TR

for the vector E :

5

Here El is amplitude of the radial RF electric field at » =r;.
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Then using the perturbation theory [14] we consider the
motion of charge in the electric field with a potential
@’+®. Then the equations of the charge drift in the
generating magnetron are:

c 0
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In coordinates rotating with the synchronous wave,
assuming that ¢'= ¢ + @ -t/n , one obtains:

c 0
Hr 0¢'
L C 0
/ Hr or 7%
where @' is an effective potential [15]:
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The first term determining azimuthal drift with linear
velocity proportional to //r is driven by radial distribution
of the static electric field; the second one determines
azimuthal drift with linear velocity -(@/n)r in the
synchronous wave frame; and the third term determines
azimuthal and radial drifts caused by the RF electric field
of the synchronous wave.

Let’s rewriting CD’ in the following form:
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Then, one obtains the following drift equations describing

charge motion in the operating magnetron [15]:
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Here: 7 is a “synchronous radius” at which dg, /dr =0

(H<0 in the rotating frame) and the drift velocity of the
charge is equal to the phase velocity of the RF wave.

The first equation in (5) represents the radial velocity of
the drifting charge in the rotating frame. The second one
represents the azimuthal velocity of the drifting charge
related to the rotation of the frame and RF field. In
accordance with the first equation, the drift of charge

towards the anode is possible at — 7/2 < n@'< 7/2 witha

period of 27, i.e. being focused in “spokes”. The charge
can enter the spoke through the boundaries located at +7/2.

sm(n ) )j



The second equation describes the azimuthal velocity of
the charge in the frame rotating with phase velocity of the
synchronous wave. The first term in the brackets relates to
an additional radially-dependent azimuthal drift of charge.
It results in defocusing of the charge. Defocusing is absent
at the “synchronous” radius, and the resonance focusing is
quite efficient in forming “spokes” directed along the
potential lines of the static electric field.

Analysis of Egs. (5) shows that at low & the stationary
points appear where the radial and azimuthal velocities are
zero. Consequently, the point locations are determined by
following equations: 7 = 0, n¢'=0. The solution results

in that the points (see points A and B in Fig. 4) are located
on boundaries of the azimuthal space allowed for a “spoke”
(-2, mw2) and are determined by the equations:
ng'=+x/2, and dg, /dr =+dg, /dr. The coordinates of

the stationary points are: (r=r,, n@’=-m/2) for point 4, and
(r=rp, np’=m/2) for point B. The stationary points decrease
the current of the magnetron and, in the worst case, may
stop its operation. An increase of & improves azimuthal
focusing of charge and increases the velocity of radial drift
stabilizing operation of the magnetron.

Fig. 3 presents a behaviour of the charge azimuthal
velocity calculated at various ¢ for the simplified model
with N=8 for a design considered in Ref. [15]. The
calculation shows that the stationary points in the model
disappear at £>0.31.
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Fig. 3: Dependence of azimuthal velocity of charge on the
radius in the space of interaction for various & (shown on
the right). The azimuthal velocity is in units —@; r; =5 mm,
r; =7.5 mm, and 7 =6 mm. The solid and dotted lines are
plotted for ng'=17x /2, respectively.

An increase of parameter &, e.g. by an injection-locking
signal with a sufficient magnitude, may significantly
improve the focusing. It reduces a contribution of the
defocusing term, dg, /dr, to the charge motion towards the

anode. Consequently, it makes the spoke more aligned with
the radius as shown in Fig. 4. Better azimuthal focusing
reduces the noise in the motion of spoke “centre of gravity”
and, consequently, the magnetron noise [15].

Fig. 4: Trajectories of the charge drift in “spokes” (shown
by a crosshatching) at '/, =1.1, ro/r; =1.5, 7/r, =1.2; a) -

£=0.1, b) - £=0.5 [15]. Radius ’ shows position of the
cathode layer. The arrows show drift of charge in “spokes”
towards the magnetron anode

The injection-locking signal at a power level of -10 dB
increases ¢ in the operating magnetron by ~30%. This
notably improves the phase focusing of drifting charge for
practically all radii of the drift trajectories in the magnetron
space of interaction and decreases the phase noise.

The bandwidth of the phase control of the injection-
locked magnetron is determined by quality factor of the
magnetron cavity and duration of the transient process
establishing the forced oscillation in the synchronous wave.
An increase of ¢ increases radial velocity of the charge drift
and improves the phase focusing. This widens the
bandwidth of the phase control.

The discussed above kinetic approach was tested
experimentally with injection-locked magnetrons operating
in pulsed and CW regimes.

Experimental results

The influence of injection-locking signal magnitude on
the bandwidth of the phase modulation was studied in
experiments with 2.45 GHz, 1 kW, CW magnetrons
operating in a pulsed regime with pulse duration of 5 ms.
Experiments were performed with a single and a 2-cascade
magnetrons injection-locked by the phase-modulated
signal. The installation schematic is shown in Figs. 5 and 6

[11].
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Fig. 6: Schematic of the magnetron module.

The single-cascade injection-locked magnetrons were
tested in a configuration using only module 4, as shown in
Fig. 5. The magnetron was injection-locked by the CW
TWT amplifier and operating in a pulsed regime with high
voltage supplied by modulator. The module B was
disconnected from the amplifier and the modulator.

The 2-cascade magnetron was tested in a configuration
where the magnetron in module B was injection-locked by
the TWT amplifier while the magnetron in module 4 was
connected via attenuator to the module B output. Both
magnetrons were powered by the same modulator. In this
case the magnetron in module 4 was injection-locked by
the signal of magnetron B reduced in the attenuator.
Attenuation in the range of 13-20 dB [6, 11] did not affect
the injection-locking.

Both single and 2-cascade injection-locked magnetrons
were driven by N5181A generator. The generator signal
was phase modulated by internal harmonic signal at
frequency fpy,. Note that large bandwidth of TWT amplifier
(2-4 GHz) resulted in no distortions of the phase-modulated
signal injected to the first magnetron.

The bandwidth of phase response of the injection-lock
was determined in two experiments. The first measurement
used the Agilent MXA N9020A vector analyser in the
regime of the phase modulation domain. The phase was
modulated with magnitude of 4 deg. The analyser
computed the magnitude of the phase modulation of the
magnetron output. The results of the measurements
averaged over 64 pulses for a number of frequencies in the
frequency band from 30 kHz to 3 MHz are presented in
Fig. 7 [6]. The reduction of phase response at high
frequencies is mostly related to the magnetron bandwidth,

A~ f,-\[P,., /2Q. [p,, » Wwhere fo is the magnetron

frequency, P, and Py are the power of magnetron and
power of locking signal, respectively. The bandwidth of the
magnetrons used in these experiments is in the range of few
MHz depending on the magnitude of locking signal.
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Fig. 7: Dependence of phase response magnitude on the
frequency of phase modulation for the injection-locked
magnetrons measured at various powers of the locking
signal.

A phase detector, instead of vector analyser, was used in
the second measurement. The phase modulated signal was
split as shown in Fig. 5. One part of the signal was send to
the magnetron and another was used as a reference for the
phase detector. The magnitude of phase modulation was 20
deg. and the frequency of phase modulation was changed in
the range of 10 kHz - 3 MHz [6]. Schematic of this
experiment is shown in Figs. 5, 6. In this case the signal at
the phase detector output bsuch measurement the

For simplicity the angle of the phasor rotation, & was
estimated approximately as: @ ~ arccos(1-V,, /V,, ), Or

0 ~arcsin(V,, /V,, —1)+ /2 at VosVpy and Vo>Vpy,

respectively [6]. Here Vy is the voltage of the harmonic
signal measured at the output of the phase detector. The
phase detector voltage, Vpy, corresponding 6 =~ 90 deg.
roughly considers instrumental function of the phase
detector. The rotation of the phasor of voltage of the
magnetron wave vs. frequency fpy, for various setups and
powers of the phase-modulated injection-locking signal are
plotted in Fig. 8.
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angles were measured vs. the modulating frequency fpy, in
various setups, at various locking powers.

The plotted phase characteristics of the magnetrons
demonstrate that the available range of the phasor rotation
is 7 (in reality + w/2), It corresponds well to the phase area
available for stable operation of the magnetron, Egs. (5). In
the range of this area all charge focused in “spokes” drifts
towards the magnetron anode. An increase of the injection-
locking signal (g) improves the phase focusing widening
the allowable bandwidth of the phase control, Fig. 8. Droop
of the phase characteristics out of the phase range +7/2
results from loss of the non-focused charge.

The measured magnetron characteristics, Figs. 7, 8, are in
good agreement. Fig. 8 verifies the developed kinetic
approach for the magnetrons injection-locked by the phase-
modulated signal.

The magnetron group delay, z,, plots vs. power of the
injection-locking signal were computed from the measured
phase characteristics. They are shown in Fig. 9 [11].
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Fig. 9: The group delay, t,, obtained from the measured
phase characteristics of the injection-locked magnetrons.

A decrease of the group delay at an increase of power of
the injection-locking signal causes an improvement of the
phase focusing. This indicates that the duration of the
transient process of the phase modulation in the magnetron
is reduced explaining the wider bandwidth of the phase
control at the larger locking signal.

Decrease of the phase disturbances caused by variations
of the magnetron current and the magnetron magnetic field
by an increase of the locking signal in the injection-locked
magnetrons was demonstrated in experiments in pulsed
mode with the injection-locked single magnetron, Fig. 10.
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Fig. 10: Peak-to-peak phase disturbances of the injection-
locked magnetron caused by phase pushing and

perturbations of the magnetic field vs. power of the
injection-locking signal, P;,,, [6].

The plott in Fig. 10 shows that an increase of power of
the injection-locking signal notably decreases the phase
disturbances caused by phase pushing and perturbations of
the magnetic field in the magnetron. The phase pushing
was resulted from pulsed overheating of the magnetron
cathode because of electron bombardment. Perturbations of
the magnetron magnetic field were caused by the leakage
field from the magnetron filament transformer and the
filament circuitry. The plots in Figs. 2 and 10 demonstrate
the same character of the magnetron phase response caused
by the phase pushing or/and variation of the magnetic field
on the locking signal value.

A simple scheme for deep and broadband power control
was proposed and realized using a transmitter consisting of
two  injection-locked = magnetrons  (two-magnetron
transmitter) which powers were combined by a 3-dB hybrid
[6]. Power modulation was achieved by a regulation of the
phase difference of two magnetrons by the analogue phase
shifter JSPHS-2484 introduced into one of two channels
(controlled channel), Fig. 10. The setup operated in pulsed
mode with pulse duration is 5 ms.
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Fig. 10: Phase and power response of the two-magnetron
transmitter to the phase difference of injection locking
signals; trace A — the voltage controlling the phase shifter
(the first scale on the right), Trace B — measured phase
changes of the controlled magnetron (left scale), Trace C —
output power of the transmitter (power measured at port
“%” of the hybrid combiner, second scale on the right).

Effect of a phase modulation of the locking signal was
studied measuring carrier frequency spectra of the 2.45
GHz, 1.2 kW magnetron in CW mode. The magnetron was
fed by the switching power supply type SM445G. Fig. 12,
[6], demonstrates measured precisely-stable carrier
frequency at the broadband deep phase modulation.

Trace A shows the spectrum when the phase modulation
is OFF; B- the phase-modulation is ON, fp,; =2 MHz and
the magnitude is 3 radians; C is spectrum of the locking
signal without the phase modulation.

The decrease of magnitude at the carrier frequency
shown in the trace B is resulted from redistribution of
power in carrier frequency spectrum and sidebands [6]. The



results substantiate method of power control proposed and
realized in [7].
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An increase of the injection-locking signal value, as it
was noted above, reduces the magnetron noise, Fig. 13.
The measurements were performed feeding the magnetron
by switching power supply type SM445G. The magnetron
was driven by a TWT amplifier fed by switch-mode power
supplies. The sidebands caused by the TWT power supplies
are clearly seen in the trace D showing spectral distribution
of noise of the injection-locking signal.

The sidebands shown in the magnetron noise spectra
result from the magnetron switching power supply and
switching power supply of the TWT amplifier.

Plotted in Fig. 13, power densities in the sidebands
caused by operation of the switch-mode power supplies of
the magnetron are decreased with the increase of the
injection-locking signal like effects of transient processes,
as it was mentioned above. Note that at the sufficient
injection-locking signal (Pp =100 W) power density in the
sidebands caused by switching power supplies feeding the
magnetron does not exceed -40 dBc/Hz.

Thus, operation of the injection-locked magnetrons at the
relatively large power of the locking signal (-10 dB) allows
broadband phase and power modulation (control) in
magnetron low-noise transmitters. A CW transmitter with
power combining based on 2-cascade magnetrons
injection-locked by the phase modulated signal with power
level up to -25 dB provides bandwidth of the phase,
frequency and/or amplitude modulation in almost the same
range as the less cost-effective and less efficient klystrons
and IOTs.

The described experiments demonstrate that a large (up
to —10 dB), phase-modulated injection-locking signal
provides at a precisely-stable carrier frequency the widest
bandwidth of control and higher stability to various
transient processes.
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Fig. 13: Spectral distributions of noise of the CW injection-
locked 2.45 GHz, 1.2 kW magnetron at the output power of
1 kW, vs. power of the locking signal of 100, 30 and 10 W,
traces A, B and C, respectively. Trace D is spectrum of the
injection-locking signal (Pr,4=100 W), the magnetron
anode voltage is OFF. Black traces show averaged noise
distributions.

Summary

The described experiments with 2.45 GHz commercial
magnetrons injection-locked by a phase-modulated signal
demonstrate the capability of the magnetrons for broadband
(in the range of a few MHz) phase modulation at a
precisely-stable carrier frequency, at a large (up to -10 dB
per a magnetron in a 2-cascade device) power of the
locking signal. The large locking signal notably decreases
the magnitude of the phase noise and phase disturbances
caused by various transient processes and widens the



bandwidth of the phase control. The presented kinetic
approach substantiates application of a large injection-
locking signal for broadband phase and amplitude
modulation (control) of magnetrons at low phase noise.
The measured magnetron characteristics verify correctness
of the developed kinetic approach for the magnetrons
injection-locked by a phase-modulated signal.

The Proof-of-Principle of broadband phase and power
modulation (control) in the transmitter with power
combining, based on magnetrons injection-locked by a

relatively large phase-modulated signal has been
demonstrated in experiments, [6]. The transmitter is
suitable for any load impedance. The high-power

transmitters providing precisely-stable carrier frequency
are suitable for feeding the SRF cavities of intensity-
frontier particle accelerators.

Injection-locking of magnetrons by a phase-modulated
large signal provides the widest bandwidth of the phase and
power modulation (control) allowing precise stabilization
of the accelerating field in SRF cavities at high stability of
the tubes.
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