
CHAPTER IV

Experimental Configuration

4.1 Magnetron Anodes: Smoothbore

The Michigan Electron Long Beam Accelerator-Ceramic insulator (MELBA-C),

shown in Fig. 4.1, is an eight stage pulsed Marx band composed of 16, 1 µF, ca-

pacitors (2 capacitors per stage) which may be charged up to ±100 kV (typically

±30 kV each). MELBA-C utilizes an Abramyan circuit to generate a flattop voltage

waveform for durations of 200 to 1000 ns. The Abramyan circuit utilizes a low fre-

quency LRC circuit to subtract the initial peak of the Marx bank discharge and then

add to the decaying voltage waveform at a later point in time corresponding to a

half period of the resonant LRC circuit [75]. The capacitors, as is typical for a Marx

bank configuration, charge in parallel and discharge in series to cumulatively add the

voltage from each capacitor. Seven of these stages (14 capacitors) are charged using

the main Marx power supply, while the remaining stage (2 capacitors) is allocated to

the Abramyan circuit and subsequently charged to the reverse polarity. MELBA-C is

capable of delivering a -1 MV pulse for durations of up to 1000 ns if operated at peak

charging values with negligible losses. Experimentation on the RPM at the Univer-

sity of Michigan uses MELBA-C to produce -300 kV pulsed voltages for durations

of 200-700 ns [76].
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Figure 4.1. Photograph of the interior of the Michigan Electron Long Beam Accelerator-Ceramic
insulator (MELBA-C) Marx Bank.

The RPM experiments at the University of Michigan were conducted in three stages

corresponding to alterations of the RPM anode structure which include the smooth-

bore anode, RPM-12a, and RPM-12a with coaxial extraction. Each of these stages

are broken down by the type of cathode used during each experiment. The smooth-

bore RPM anode shown in Fig. 4.2A was composed of 0.32 cm thick sheet-copper

and featured a planar regime which extends 20 cm in the transverse direction and

was bounded by 10.15 cm diameter cylindrical bends on either end to form a contin-

uous structure.
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The smoothbore anode, primarily used to experimentally validate Hull cutoff es-

timates and scale current emission, was operated with the first solid cathode pro-

totype (SC-1) as well as a low current variant of the solid cathode (LC-1). Time

resolved voltage and entrance current measurements were made using a copper sul-

fate (CuSO4) resistive divider and an embedded Rogowski coil in the wall of the

vacuum chamber, respectively. The axial end of the vacuum chamber was sealed

with the use of 35.6 cm diameter O-ring and SS blank. Sampled power and fre-

quency measurements were not made for this stage of experimentation.

4.1.1 Solid Cathode Prototypes

The SC-1, Fig. 4.2B, was a hollow-sheet copper design made to minimize the

mechanical moment of the large structure attached to the 30 cm long cathode stalk.

The design which is (36 cm X 8 cm X 13 cm) was made to maintain a 2 cm AK gap

in both the cylindrical and planar regimes.

Figure 4.2. Photographs of: A) the smoothbore RPM anode, and B) the full smoothbore assembly
with the SC-1 cathode.

The LC-1 is a more conservative cathode design intended to reduce the net current

emission during the operation of the RPM. The LC-1, shown attached to the cathode

stalk in Fig. 4.3A, is constructed of 1.28 cm thick 6061-Aluminum and is 25 cm X
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15 cm featuring 0.64 cm radius fillets around each boundary. The LC-1 presented

an AK gap of 4.4 cm when installed with the smoothbore anode, Fig. 4.3B.

Figure 4.3. Photographs of: A) the LC-1 cathode and cathode stalk, and B) the full smoothbore
assembly with the LC-1 cathode.

4.2 Magnetron Anodes: RPM-12a

The RPM-12a is a 12-cavity device composed of two sets of six Cartesian cavities

made from 6061-Al. Each vane and cavity are 1.92 cm by 6.3 cm and is 11 cm in

axial length corresponding to a resonant frequency of 1.01 GHz in pi-mode and an

RF phase velocity of 0.26 c. The AK gap using the LC-1, depicted in Fig. 4.4, is 3.8

cm in both the planar and cylindrical regimes.

Figure 4.4. Photographs of the full RPM-12a assembly with the LC-1 cathode.
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Similar to the smoothbore anode, the RPM-12a experimental setup in Fig. 4.5(A-B)

made voltage and current measurements using the same CuSO4 resistive divider and

Rogowski coil. Pulsed, concentric electromagnets are spaced approximately 21.6 cm

apart to form an approximate Helmholtz pair and provide a nearly uniform axial

magnetic field, adjustable between 0.1 and 0.3 T [77]. In the Helmholtz magnetic

field configuration, B varies in magnitude with respect to radial distance from the

central axis of the electromagnets. The resultant decrease in magnetic field from the

center of the device to the exterior recirculation region was found to be approximately

10 % of the peak on-axis field.

Figure 4.5. A) Experimental equipment diagram of the RPM-12a with diffraction coupling, and B)
Exterior photograph of the experimental assembly in (A).
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The # 304 stainless steel vacuum chamber, 63.5 cm in length, has an inner diameter

of 39.4 cm and with cryopumping is capable of sustaining vacuum between 6x10−7

and 4x10−6 Torr. The chamber terminates into a transparent, 2.54 cm thick, Lexan

window, which seals to the same o-ring interface as the SS blank on the outer-

most flange. The inner surface of the copper load chamber is coated with an 8

cm-thick annulus of microwave absorber (Ecosorb) in order to dissipate microwave

power outside of the vacuum system. The experimental anode prototype RPM-12a

is centered in the vacuum chamber with the Cathode-LC1 extending into the mid-

plane between the planar slow wave structures. Dielectric fibers were attached to the

cathode in 10 cm strips approximately 1.9 cm wide to match the width of the anode

vanes. A total of six strips, with three placed underneath every-other vane on both

sides of the cathode, were used to enhance π-mode oscillations via cathode emission

priming shown in Fig. 4.6 [78].

Figure 4.6. Photograph of the LC-1 with dielectric fiber emission priming sites.

The open-cavity configuration of the RPM allows for generated microwave pulses

to radiate freely (albeit inefficiently) into the vacuum chamber from both sides of
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the anode via diffraction coupling [79, 80] . Microwave pulses traverse out of the

vacuum chamber, through the Lexan window, into the load chamber before coupling

to a WR650 waveguide with type-N receiving antenna into RG-213U coaxial cable.

The signal is processed in the Faraday cage using a series of type-N attenuators

between 40 to 65 dB down before being split and input to separate frequency and

power diagnostics. Frequency is observed using a heterodyne detector, which mixes

the attenuated microwave pulse with a 1.2 GHz, 10 dBm CW signal from an Agilent

E4422B signal generator. The attenuated microwave signal is rectified by a calibrated

Agilent 8472B diode detector, from which sampled RPM power is established. Axial

electron endloss was measured by a Pearson coil (Model 410) connected to a (36.6

cm X 10.2 cm) current collector mounted on the inside of the Lexan window. B-

dot loops were also installed in close proximity to the open face cavities in order

to measure the fringe RF field being generated by the magnetron. The loops were

oriented to observe the Hx field, which is generated by the dEy/dz (the decay of the

electric field in the cavity as one moves axially away from the device). Each loop had

approximately 2 mm2 area and was placed 3.75 cm away from the RPM-12a anode

on the central cavity of either oscillator as depicted in Fig 4.7.
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Figure 4.7. Photograph of experimental B-dot loop on the central vane of the bottom oscillator of
the RPM-12a.

The signal from either B-dot loop was processed for frequency and phase information

by applying 25 to 35 dB of attenuation before recording the data an Tectronix,

TDS7404, 4 GHz oscilloscope. The scope, which is readily capable of resolving the

two raw 1 GHz signals, allows for a measurement of relative phase between either

oscillators, which is used to diagnose phase locking within the RPM.

4.2.1 Cathodes: MCC-1

The first mode control cathode prototype, in Fig 2.8A, was composed of 5 hollow

6061 Aluminum rods, each of which had an outer diameter of 2.22 cm. The rods were

structurally bound by pressure-fitting the ends of the array into 5 cm OD cylindrical

endhats. The endhats, which extended a transverse length of 25 cm, featured domed

ends (2.54 cm radii) to inhibit field enhancement and were partially hollowed on the

interior side to reduce the weight of the assembly. Glyptal coating was added to

the regions for which electron emission from the cathode were not desirable, most
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notably the endhats and some portion of the axial ends of the cylindrical array of

hollow aluminum rods [81]. The Glyptal-coated MCC-1 is shown installed in the

RPM-12a experimental assembly in Fig. 4.8B.

Figure 4.8. Photographs of: A) the MCC-1 cathode and cathode stalk, and B) the full RPM-12a
assembly with the MCC-1Lg (Glyptal coated).

The MCC-1 was originally built with a 15 cm axial separation between the cylindrical

enhats. This limited axial length induced undesirable electron emission from the

cylindrical endhat to the cylindrical regions of the RPM-12a anode. Pulses that

generated high currents in this manner caused considerable damage to the anode,

which is shown in Fig. 4.9.
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Figure 4.9. Experimental photographs of damage caused by arcing to the cathode (left) and anode
(right).

The potential of the MCCs endhats to cause damage to the anode was alleviated by

extending the length of the aluminum rods from 15 cm to 20.3 cm. Due to the oper-

ational difference caused by the additional separation of the endhats, the lengthened

cathode is denoted as the MCC-1L. The Glyptal coated MCC-1L is referred to as

the MCC-1Lg to distinguish the low current variant.

4.2.2 Cathodes: MCC-2

The MCC-2, in Fig 4.10(A-B), was an adaptation of the MCC-1 designed to

reduce the AK gap of the RPM-12a which had a fixed separation between slow wave

structures of 9 cm. The larger cathode design required a slightly more complicated

design to achieve acceptable weight, which is detailed in (Appendix-A). The cathode

in general houses five rectangular aluminum structures 1.91 cm X 3.83 cm, creating

an effective AK gap of 2.6 cm. The cathode spanned 20 cm in axial length and was

terminated by rectangular plates (19.5 cm X 5.3 cm X 1.2 cm) which were filleted

about every edge. A Glyptal coating was also applied to the surface of the MCC-2

with the exception of an emission region in the central 5 cm.
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Figure 4.10. Photographs of: A) the MCC-2 cathode, and B) the RPM-12a assembly with the
MCC-2 cathode.

4.3 Extraction: Coaxial Proof of Principle

The proof of principle extractor utilizes the RPM-12a and MCC-2 assembly shown

in Fig. 4.9B. The inner conductors of the coaxial transmission (CTL) lines are

composed of cylindrical 1.5 cm OD aluminum bar stock are mounted to the central

vane of either anode by 1/4 in-20 threaded rod, 3 cm above the tip of the vane. Each

inner conductor extends 28 cm in axial length and terminates via a banana-jack

connection with the DFA-650b. The outer conductor of the CTL, mounts directly to

the chamber end plate and is made from 5 cm ID copper tube for assembly purposes.

Power coupled to the CTL is converted from the TEM mode to the TE10 mode in the

WR-650 via the inline DFA-650b coaxial-to-waveguide coupler. The TE10 forward

propagating power is sampled using -60 dB directional loop couplers used in previous

L-band magnetic priming experiments [18, 82]. The HPM pulse then propagates into

a matched load (Ecosorb) with a return loss -10 dB over the operational bandwidth

of 0.94 GHz to 1.01 GHz. An experimental equipment diagram and photo are shown

in Fig 4.11A and Fig. 4.11B respectfully. The sampled signal from the directional-

loop couplers is processed in the same manner as the previous experiment, featuring

additional in-line attenuation before being fed into the calibrated Agilent 8472B
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diode detector. Voltage and current measurements are made in the same fashion as

the previous experimental iterations.

Figure 4.11. A) Experimental equipment diagram of the RPM-12a with coaxial extraction, and
B) exterior photograph of the experimental assembly in (A).

4.4 Distributed Field Adapter

An experimental test setup was constructed using # 304 stainless steel in or-

der to validate the transmission properties found in HFSS. The test setup shown in
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Fig. 4.12 is composed of two DFA-340e couplers placed end to end such that power

could be transmitted and received on either end of the device via WR340 to type-N

waveguide antennas. The couplers are separated by 30 cm of coaxial transmission

line, approximately 2λfs where λfs =15.8 cm, in order to reduce the propensity

of anomalous coupled modes from forming. Additional 33 cm lengths of aluminum

waveguide were installed on each end of the setup to compensate for the large guided

wavelengths, 38.8 cm, at 1.9 GHz in WR340.

Figure 4.12. Photograph of the experimental test setup for the DFA-340e

The coupler, which is simulated to have a VSWR between 1.05 and 1.2, would have

the same margin of reflection as the WR-340 to type-N waveguide antennas used to

bring the signal out of the testbed assembly in Fig. 4.12. Due to the margin of error

introduced by the experimental equipment, standard calibrations with the Agilent

350 mm cal kit could not be used, as it would only account for losses and reflections in

the SMA-cables and not the antennas. Instead, a Transmission Line Through (TRL)

calibration was performed on the 6772D Agilent Sweeping Network Analyzer (SNA)
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[83]. The TRL process, which incorporates the Type-N to WR-340 antennas as well

as the WR-340 aluminum straight sections of waveguide into the calibration of losses

in the SNA, required the use of a perfect short, a straight section of transmission line

with an electrical length of 90 degrees (where 20-160 degrees is acceptable), as well

as a zero-delay assembly. Electric delay (θ), which is inversely related to the guided

wavelength of WR-340, will go to zero as the operating frequency (f0) approaches

the TE10 cutoff frequency (fc) for a given spatial length (L),

(4.1) θ = L
360f0
c

√
1− (

fc
f0

)2.

A short was assembled using a # 6061 Aluminum WR-340 standard blank, while the

through was formed from an additional length of 33 cm WR-340 waveguide to form

a length of transmission line with a 53.5 degree delay.



CHAPTER V

Experimental Results

Data sets for the experimental RPM-12a are divided in four subsections cor-

responding to the cathode utilized during operation. These subsections include

the solid cathode (LC-1), MCC-1, MCCL, and MCC-1Lg (schematics are shown

in Appendix-A). Each experimental shot is evaluated on the basis of microwave

startup-time, pulselength, and phase-locking duration. Experimental results for the

DFA-340e (in-line coupler) and the Proof-of- Principle extraction system, equipped

with the MCC-2, are also presented toward the end of the chapter.

5.1 Smoothbore Magnetron

Initial experiments were oriented towards controlling the net current emission

and flattop voltage pulselength. The smoothbore anode was used in this prelimi-

nary study to ensure minimal field enhancement within the diode and to establish

boundaries for pulse duration and gap closure, as well as magnetic insulation. The

first solid cathode prototype (SC-1) was highly susceptible to parasitic emission and

inevitably drooped the voltage to inoperable levels resulting in runaway pulses (non-

crowbar shots) and arcing. This unstable operating environment was later corrected

in the conservative solid cathode design (LC-1). The larger AK gap and polished

Al-6060 surfaces resulted in very low current emission and controllable voltage wave-
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forms without the use of parasitic emission inhibitors. Figure 5.1 is an example of

a standard voltage and current waveform as a function of time for the smoothbore

RPM and LC-1 cathode. The pulse reached approximately -300 kV at peak volt-

age and remained above -250 kV for 200 ns until command terminated at 900 ns.

Currents during this voltage pulse reached 1.3 kA at the tail end of the pulse which

demonstrated a significant reduction as compared to the 10-20 kA observed using

the SC-1.

Figure 5.1. Experimental shot profile for the smooth bore RPM and LC-1 cathode with Voltage
(blue) and Current (green).

The installation of the RPM-12a anode block in subsequent experiments led to in-

creased current emission up to 3.2 kA as illustrated in Fig. 5.2A. Larger currents

of 4-5 kA were achievable with the implementation of dielectric fibers in a π-primed

pattern on either side of the LC-1, Fig. 5.2B.
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Figure 5.2. Experimental shot profile with Voltage (blue) and Current (green) for: A) the RPM-12a
and LC-1 cathode, and B) The RPM-12a and LC-1 cathode with emission priming.

5.2 RPM-12a with LC-1 (Solid Cathode)

Simulated cold test results, shown previously, were verified using an Agilent sweep-

ing network analyzer equipped with a simple dipole antenna; resultant S(1,1) param-

eter scans are plotted on a decibel scale as a function of frequency in Fig. 5.3.
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Figure 5.3. Experimental cold test data taken using the network analyzer equipped with a dipole
antenna in close proximity to the RPM-12a cavities when installed in the vacuum chamber.

The primary area of interest is a 50 MHz window from 970 to 1020 MHz, in which

the existence of 4 distinct modes were identified. Using the results from the full

RPM-12a structure in HFSS we were able to roughly correlate these modes at 985

MHz, 995 MHz, 1002 MHz, and 1008 MHz to the even and odd 5π/6, and π modes

of the structure. The position of each resonance matches well with the simulated

value with minor discrepancies of 3-8 MHz being attributed a perturbation due to

the dipole antenna. Operational hot tests of the RPM-12a were also performed in

order to correlate the operating beam-loaded frequency of the RPM-12a cold tube

dispersion relation and other simulated hot tests. The LC-1 was operated between

magnetic fields of 0.16 T and 0.22 T, corresponding to beam velocities that were

substantial slower than analytically dictated in Fig. 5.4.
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Figure 5.4. Buneman Hartree Curves for the RPM-12a π-mode (blue), 5π/6-mode (red), and Hull
cutoff (black) overlaid with the operational positions of each solid cathode shot (black x).

Higher beam velocities, which would require a lower magnetic field or higher voltage,

were not readily achievable in practice. Magnetic insulation was typically lost for

applied magnetic fields below 0.15 T due in part to plasma gap closure [84]. Ad-

ditionally, significant endloss emission in excess of 2 kA, from the LC-1 commonly

induced a drop in the applied voltage during operation. This loss of cathode poten-

tial inhibited the ability to control pulse termination (crowbar) and inevitably led

to full gap closure (shorting) between cathode and anode. Higher applied magnetic

fields were still capable of generating microwave radiation as the electron hub ex-

panded and eventually generated a drifting electron layer in synchronism with the

RF wave. Excitation of the RPM-12a slow-wave structure in this manner required

time to develop and delayed pulse waveforms as shown in Fig. 5.5 (A-D). The shot

profile in Fig. 5.5A demonstrates even π-mode operation at 1.012 GHz using a -250

kV pulsed bias at 0.2 T axial magnetic field. Microwave radiation was not observed
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until approximately 300 ns after the voltage rise, however, the HPM pulse itself was

sustained for 250 ns with minimal interruption or mode competition.

Figure 5.5. RPM-12a with LC-1 data: A) shot profile depicting voltage (green), current (blue),
sampled power (black) as function of time, B) raw signal from heterodyne diagnostic, C) time-
integrated Fourier transform, and D) time-frequency analysis (normalized white=1 and blue=0.5
and black=0).

Despite having many long uniform pulses as shown in Fig. 5.5 (A-D), the RPM-12a

was still highly susceptible to intense mode competition. Figure 5.6 (A-D) demon-

strates strong bi-modal operation at both 0.98 GHz and 1.015 GHz corresponding

to the operating even π and 5π/6 modes. Figure 5.6D illustrates that the pulse

initiated at approximately 900 ns in π-mode before experiencing competition and

eventual conversion to the 5π/6 mode around 990 ns. Inevitably, the pulse demon-

strated reduced levels of sampled power and a reduced pulselength of 120 ns, 40 %

of the pulselength experienced by the single mode shot.
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Figure 5.6. RPM-12a with LC-1 data: A) shot profile depicting voltage (green), current (blue),
sampled power (black) as function of time, B) raw signal from heterodyne diagnostic, C) time-
integrated Fourier transform, and D) time-frequency analysis (normalized white=1 and blue=0.5
and black=0).

A more in-depth analysis of these operating modes was performed by installing B-

dot loops in close proximity to the central cavity on either oscillator as performed

in magnetron experiments by Haworth, et al. [85]. The signal from each B-dot

loop could then be directly compared to obtain a relative phase difference between

each oscillator of the RPM-12a. Oscillators that failed to achieve locking from either

mode competition or lack of cross-oscillator communication displayed a relative phase

difference that drifted in time as shown in Fig. 5.7. The signal on the top oscillator,

of the shot shown in Fig. 5.7, experienced a high degree of mode competition causing

the signal to cycle on and off in the frequency range between 0.95 and 0.98 GHz.
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Figure 5.7. A) Raw data from B-dot signal on the top oscillator (blue) and the bottom oscillator
(black), and B) relative phase difference between each B-dot as a function of time.

This mode competition is illustrated in Fig. 5.8, which shows that no unperturbed

mode of operation existed for more than approximately 20 ns. The limited cross-

oscillator communication provided by the LC-1 in conjunction with the highly irreg-

ular signal generated by the RPM made any type of locked oscillation impossible.

Figure 5.8. RPM-12a with LC-1: A) Raw data from the B-dot Signal on the top oscillator, and B)
Time Frequency Analysis from the B-dot signal (normalized white=1 and blue=0.5 and black=0).
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5.3 RPM-12a with Mode Control Cathode

The use of the MCC, which provides enhanced electromagnetic feed-through be-

tween oscillators, is designed to encourage phase-locking between thenearly identical

strongly coupled oscillators of the RPM by reducing the time required to achieve

a state of phase-locked operation [56]. Peer-to-Peer phase-locking has been demon-

strated experimentally in both conventional 1 kW CW systems up to pulsed 1 GW

sub µs devices when the magnetron are strongly coupled [86, 87]. Experimental data

detailed in this chapter demonstrate that long, uniform, pulses generated using the

MCC cathode, such as the signal in Fig. 5.9, readily generated periods of phase

locked operation. For the purposes of consistency, phase-locking is defined in our

study as a state of operation wherein the relative phase difference between each os-

cillator is static for durations greater than 20 ns with margins of error defined by ±

5, 10, and 15 degrees.

Figure 5.9. Experimental results from the RPM-12a with MCC-1 showing: A) Raw data from
B-dot signal on the top oscillator (blue) and the bottom oscillator (black), and B) relative phase
difference between each B-dot signal as a function of time.
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Analysis of the shot depicted in Fig. 5.9 accentuates periods of phase locked operation

from approximately 1140 ns to 1220 ns at a relative phase difference of 70 degrees

and an additional period of phase locked operation from 1235 ns to 1260 ns with

a phase differential of 6 degrees. Visualization of each locked-state of operation is

more clearly illustrated in Fig. 5.10.

Figure 5.10. Zoomed in plots from Fig. 5.9A with the RPM-12a and MCC-1 depicting: A) Raw
data from B-dot signal on the top oscillator (blue) and the bottom oscillator (black) during a state
of phase-locked operation with a relative phase 70 degrees, and B) Raw data from B-dot signal on
the top oscillator (blue) and the bottom oscillator (black) during a state of phase-locked operation
with a relative phase 0 degrees.

A direct comparison can be made between the solid cathode (LC-1) and MCC by

analyzing the duration of locking and average startup times for the microwave signal.

5.3.1 MCC-1 Cathode

Similar to the solid cathode, the first MCC prototype, MCC-1, was operated

between 200 and 300 kV and 0.15 and 0.225 T as shown in Fig. 5.11.
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Figure 5.11. RPM-12a with MCC-1 Buneman Hartree Curves for: π-mode (blue), 5π/6-mode
(grey), and Hull cutoff (black) overlaid with the operational parameters of each shot using the
RPM-12a with MCC-1 (blue x).

The RPM faced the same dilemma with the MCC-1 as it did with the LC-1 solid

cathode where in the large effective AK gap required magnetic fields that were well

below achievable magnitudes. Operating at fields below 0.15 T resulted in the cath-

ode endloss inhibitors arcing to the anode structure causing damage to both the

cathode and anode. Preventative measures therefore required the MCC-1 be op-

erated at high magnetic fields to excite the slow wave structure as the AK gap is

reduced by gap closure.

Figure 5.12 demonstrates that the MCC-1 was capable of generating locked-states

of operation that were consistently longer than the solid cathode for each margin of

variation. The MCC-1 also demonstrated cases of less than 5 degree variation which

was never observed using the solid (LC-1) cathode. The MCC-1 was observed to

generate periods of locking within a 10 degree variation on 60 % of shots where both

the top and bottom oscillator were generating microwaves for durations greater than



102

100 ns, whereas the LC-1 demonstrated 23 % based on the same criteria.

Figure 5.12. Comparison of average phase locked duration for relevant RPM-12a shots between the
MCC-1 and the LC-1 for locking criteria of 5, 10, and 15 degrees.

The MCC-1 on average generated longer microwave pulselengths than the LC-1.

Figure 5.13 depicts that the average microwave pulselength for the LC-1 was 124

ns while the MCC-1 achieved an average length of 260 ns. The endloss inhibitors,

despite creating a strong susceptibility to anode-cathode arcing, evidently were able

to confine the beam under proper operating conditions. The reduction in parasitic

current not only increased the pulselength by 112 % but also showed faster startup

times and higher sampled microwave diode powers.
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Figure 5.13. Average microwave pulselength for the RPM-12a with LC-1 and MCC-1 cathodes.

5.3.2 MCC-1L Cathode

The lengthened MCC-1L (20.3 cm), while successful in inhibiting arcing from the

endloss inhibitors, was not able to reach controllable operation below 0.15 T. As a

result, the range of externally applied fields used for operation of the RPM-12a with

MCC-1L, plotted in Fig. 5.14, was very similar to that of the MCC-1, shown in Fig.

5.11.
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Figure 5.14. RPM-12a Buneman Hartree Curves for: pi-mode (blue), 5pi/6-mode (grey), and
Hull cutoff (black) overlaid with the operational parameters of each shot using the RPM-12a with
MCC-1L (green x).

The ability of the Mode Control Cathode to phase-lock oscillators appeared to be

adversely affected by increased axial length of the MCC-1L. Fig. 5.15 summarizes

the average locking duration for each phase criteria as compared to the LC-1.The

MCC-1L produced instances of very stable locked operation of less than ±5 degrees

for an average of 26.5 ns, but failed to consistently achieve phase locking as readily

as the MCC-1. Locked states of ±10 degrees only occurred in 17 % and ±15 degrees

only occurred in 49 % of the shots whose microwave pulse durations exceeded 100 ns

for both oscillators. Microwave pulselengths on average were decreased as compared

to the MCC-1 to levels equivalent to those reached while using the LC-1 cathode.
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Figure 5.15. Comparison of average phase locked duration for relevant shots on the RPM-12a using
the MCC-1L and the LC-1 for locking criteria of 5, 10, and 15 degrees.

Figure 5.16 shows that the MCC-1L attained only a minor advantage of 6 % average

pulselength over that of the solid baseline cathode, LC-1, well within the error bars.

Figure 5.16. Average microwave pulselength for the RPM-12a using the LC-1 and MCC-1L
cathodes.
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5.3.3 MCC-1Lg Cathode

The application of Glyptal to the surface of the MCC-1L cathode (MCC-1Lg)

significantly decreased the average current emission from 5.1 kA with the MCC-1L

to 2.1 kA. The reduction in emitted current allowed for the application of lower

magnetic fields to generate faster beam velocities without creating substantial drops

in the pulsed voltage. The operating fields used for the MCC-1Lg are shown in

Fig. 5.17 and show that applied magnetic fields between 0.15 and 0.17 were readily

operable without significant drop in voltage or loss of control in pulse termination.

Figure 5.17. RPM-12a Buneman Hartree Curves for: pi-mode (blue), 5pi/6-mode (grey), and Hull
cutoff (black) overlaid with the operational parameter of each shot of the RPM-12a with MCC-1Lg
(red x).

The reduction of parasitic emitted current resulted in much faster startup of the

microwave pulses within the RPM-12a. Figure 5.18 shows the average startup time

for microwave oscillation in reference to the point in time at which the applied voltage

reaches 175 kV. The microwave oscillations for the Glyptal coated MCC start up,

on average, 400 ns faster than the solid cathode and nearly 200 ns faster than the
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MCC-1. The long start up times for the solid cathode can be attributed primarily to

the magnitude of endloss current out of the device which can adversely affect space

charge bunches from readily forming. According the Fig. 5.18, the RPM-12a (with

the MCC-1Lg installed) started up and, in some cases, terminated oscillation well

before the voltage reached its peak value of 250-300 kV.

Figure 5.18. Relative startup time referenced to an applied voltage of 175 kV for the RPM-12a
using: the solid cathode (grey), MCC-1 (blue), MCC-1L (green), and MCC-1Lg (red).

This rapid startup is likely attributed to both the lower operating magnetic fields,

corresponding to a higher E/B drift velocity, and the highly controlled emission

sites. The MCC-1Lg marginally improved the performance of the MCC-1L demon-

strating increases of 15-30 % to the average locking duration of each classification and

definitively improved operation as compared to the solid cathode in Fig. 5.19. The

RPM-12a with MCC-1Lg cathode, despite generating lower currents, faster startup

times and slightly longer durations of phase locking did not affect the mode separa-

tion of the highly competitive RPM-12a. As a direct result of this competition, many

of the B-dot signals often generated pulses composed of two or more independent
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frequencies.

Figure 5.19. Comparison of average phase locked duration for relevant shots between the RPM-12a
with the MCC-1L and the LC-1 for locking criteria of 5, 10, and 15 degrees.

This lack of consistency in the mode of operation, as has been demonstrated with

previous cathodes, had a detrimental effect on the microwave pulselength and, sub-

sequently, the potential for the cathode to phase-lock. The MCC-1Lg locked within

±10 degrees on 25% percent of the pulses over 100 ns and on 62.5 % of those ± 15

degree range. Figure 5.20 shows that the addition of Glyptal had negligible effect on

microwave pulselength as the duration over microwave oscillations for the MCC-1Lg

is within 1 % of the MCC-1L.
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Figure 5.20. Average microwave pulse length for the RPM-12a using LC-1 and MCC-1L.

5.4 Overall Comparison of Cathodes on RPM-12a

The RPM-12a demonstrated a multitude of operating frequencies between 0.88

GHz and 1.13 GHz making the characterization of the operational dispersion relation

difficult. Most shots, in order to initiate microwave oscillations, required the AK gap

to partially close before the synchronous ~EX ~B drift could be achieved. The lack of a

known operational AK gap complicates arguments attempting to correlate the mode

of operation to the applied voltage, as a given voltage generates a time changing

electric field which is highly variable from shot to shot. Figure 5.21 illustrates the

primary operating frequency of the RPM-12a as measured by the heterodyne diag-

nostic. According to this figure, 71 % percent of the measured shots using the solid

LC-1 cathode operated at a frequency below 1 GHz, correlating to 5π/6 and 2π/3

modes. The MCC cathode measurements show only 56 % of shots operating below

this 1 GHz threshold, suggesting a higher propensity to operate near or at π-mode.
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Figure 5.21. Operational frequency for each experimental shot on the RPM-12a as a function of
applied magnetic field for the solid cathode (black) and MCC (blue).

Sampled power measurements, while not considered a means of viable power ex-

traction, still provide some qualitative measure of how well the device is operating.

Figure 5.22 shows the sampled power magnitude in (MW) for each experimental

shot, color coded for the use of each cathode.

Figure 5.22. Sampled power measurements for the RPM-12a using a solid cathode (black), MCC-1
(blue), MCC-1L (green), MCC-1Lg (red), MCC-2 (purple).

The solid cathode averaged 80 kW reaching the WR-650 waveguide antenna, sug-

gesting the generation of relatively weak microwave oscillations. Improvements in
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sampled power measurements were observed in every stage of advancement for the

MCC. The 0.18 MW sampled power observed with the MCC-1 was significantly im-

proved upon by the MCC-1L and MCC-1Lg, which averaged 0.35 MW and 0.82 MW

sampled powers respectfully. It should be noted that adjustments made to the MCC

(MCC-1L and MCC-1Lg) allowed for operation at lower magnetic fields, closer to

the theoretical synchronism condition.

5.5 Distributed Field Adapter: DFA-340e Testbed

The experimental DFA-340e testbed, which features two couplers placed in series,

demonstrated good agreement with the same model simulated in HFSS over the

frequency band of interest between 1.80 and 1.95 GHz. Figure 5.23 compares both

the experimental and simulated two-coupler geometry to that of the single coupler

simulated in Chapter 3. According to the (dotted) curve of Fig. 5.23, the inclusion

of a second coupler promotes the transmission of RF power at higher frequencies as

compared to the single, stand alone, coupler. This phenomenon is likely due to a

trapped mode existing between the two couplers, which will not exist in the single

coupler utilized in the RPM-340 CACE that utilizes only a single DFA-340e for each

output transmission line.
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Figure 5.23. Transmission properties of the DFA-340e, comparing a simulated single DFA-340e
made from perfect conductors (..), a simulated single coupler made from SS-304 (x), two simulated
couplers adjoined together made from SS 304 (–), and two adjoined couplers made from SS304 in
experiment (-).

The two-coupler geometry simulated in HFSS showed increased transmission at 2.1

to 2.2 GHz while the experiment demonstrated increased transmission from 1.95 to

2.05 GHz. The minor discrepacy between the simulated and experimental models (2-

5 % in transmitted power) are likely due to the fabrication process, which introduces

features such as welding joints between conductors, fillets around each edge, and

minor manufacturing errors. The remaining deviation between the single and double

DFA-340e is attributed to resistive losses due to the extra length of stainless steel.

5.6 RPM-12a Proof of Principle Coaxial Extractor

The proof of principle extractor, which featured Glytal coated MCC-2 cathode

configuration was operated with applied fields ranging from 250-300 kV pulsed volt-

age and 0.17 to 0.22 T axial magnetic field. Lower magnetic fields necessary to

achieve theoretical synchronism between the beam and RF wave, were (again) not
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operable due to the increased current draw from the cathode. Despite the deviations

from the theoretical guidelines, described in Chapters 2 and 3, the Proof of Princi-

ple (PoP) extractor produced higher powers than predicted with the particle-in-cell

code, MAGIC. Peak extracted RF powers, combining the output of both the top and

bottom waveguide, were observed in the range of 20 to 175 MW with total microwave

pulselengths ranging from 50-250 ns.

The operation RPM-12a with PoP extractor was categorized into two orientations

of the anode and cathode, corresponding to the horizontal and vertical alignments

shown in Fig. 5.24. The horizontal alignment, where the gravitational moment on

the cathode caused the electrode to sag in the x̂ direction (affecting the AK-gap of the

diode), was believed to be disadvantageous for phase-locking. The offset cathode in

this configuration created an asymmetrical AK gap and resulted in dissimilar operat-

ing conditions between the two sides of the device. The vertical-configuration, where

the the misalignment is in the ŷ direction (affecting cathode/anode-vane alignment)

was designed to eliminate this asymmetry.

Figure 5.24. Experimental configurations of the RPM-12a with PoP extractor.

A shot profile of the RPM-12a with the horizontal-configuration of the PoP extractor

is shown in Fig. 5.25. The image demonstrates that the generation of RF power

was initiated just as the pulsed voltage reached its maximum at approximately 250
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kV and produced a peak output power of 70 MW. The microwave-pulse, for both

extractors, lasted for approximately 100 ns to 150 ns with an average power output

of 50 MW for its duration. An analysis of the signals from both the top and bottom

waveguide appeared to indicate the existence of strong competition between the two

oscillators of the RPM-12a.

Figure 5.25. Shot profile for the horizontally-oriented RPM-12a with MCC-2 and PoP extractor
depicting voltage (blue), current (green), and total microwave power (black) as a function of time.

Figure 5.26 illustrates that the bottom oscillator turns on first at 750 ns and rapidly

decreases in signal strength at approximately 800 ns, at which point the top oscil-

lator initiates generation of RF power for an additional 50 ns. Phase-locking the

RPM-12a oscillators requires uniform operation of both slow wave structures simul-

taneously for durations in the range of 100 ns. The horizontal configuration, which

was highly susceptible to competition between each oscillator, rarely achieved this

state of operation and did not exhibit phase-locked operation.

An experimental series of 40 shots with the vertical configuration (identified by Fig.

5.24) readily demonstrated phase-locking. Periods of locking within a 10 degree

variation were observed on 29 % of all shots over 100 ns, as compared to the 23 %
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Figure 5.26. RF signal from the WR-650 directional loop couplers as measured from the top (black)
and bottom (blue) waveguides in the PoP extractor on the horizontally-oriented RPM-12a.

observed with the solid cathode (LC-1). High power shots, in which extracted power

exceeded 70 MW, exhibited an increased propensity for phase-locked operation (63

%) over lower power shots (10 %) using the same ±10 degrees relative phase criteria.

The average duration of phase-locking however, shown in Fig. 5.27, was lower than

that of the solid cathode (LC-1) used in previous experiments.

Figure 5.27. Comparison of average phase locked duration for relevant shots on the vertically
oriented RPM-12a with PoP extractor using the MCC-2 and the RPM-12a with LC-1 for locking
criteria of 5, 10, and 15 degrees.
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The vertical configuration produced peak output powers of up to 151 MW, where

a typical peak power of 60 MW was observed using the horizontal configuration.

The increased output power, however, is attributed to conditioning of the MCC-2

cathode during operation and less so the alignment of the cathode.

Figure 5.28A, which relates output power chronologically with the shot number

of the series (13333-13372), illustrates a trend of increased extracted power after

shot 13354. The first twenty shots (13333-13353) yielded output powers in the range

of 20-50 MW, which roughly matches the results gathered from the horizontal con-

figuration. Operating the RPM-12a with a magnetic field below 0.17 T, shot 13353

according to Fig. 5.28B, resulted in a loss of magnetic insulation and full gap closure.

Localized aluminum deposits on the surface of the MCC-2, due to the electrical arc,

greatly enhanced the current emission from an average of 0.87 kA at peak power,

before arcing, to an average of 1.69 kA at peak power in subsequent runs. The higher

current emission from the MCC-2 resulted in increased extracted microwave power

through the two output waveguides from a peak of approximately 80 MW to up-

wards of 151 MW, using the vertical configuration. The applied magnetic field was

increased from shot 13354 to 13372 to compensate for the increased current emission

from the cathode and to maintain electrical insulation in the diode.
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Figure 5.28. Experimental results for the vertical configuration of RPM-12a with PoP extractor
and MCC-2 depicting: A) Extracted microwave power as a function of shot number, and B) applied
magnetic field as a function of shot number.

The enhanced output power, post shot 13354, was observed on both oscillators (“left”

and “right” side of the device from vertical configuration in Fig. 5.24), however, the

left oscillator was observed to produce higher peak power on average. The shot

profile in Fig. 5.29 shows that the output power on the left-oscillator reaches a peak

value of 110 MW at 780 ns, while the right oscillator produced between 20 and 60

MW for the duration of the microwave pulse from 740 ns to 840 ns. This high power

shot was observed to phase-lock in the even π-mode at 761 ns, corresponding to the

initial rise in power of the left-oscillator (dashed red) shown in Fig. 5.29.
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Figure 5.29. Shot profile for the RPM-12a with MCC-2 and PoP extractor depicting voltage (blue),
current (green), output microwave power from the left-oscillator (dashed red), and output microwave
power from the right-oscillator (black) as a function of time.

According to Fig. 5.30A, the RPM-12a with PoP extractor exhibited very high

microwave power output (40-150 MW) at operating frequencies in the vicinity of the

even π-mode, found in MAGIC PIC to be 0.993 GHz. Instantaneous peak efficiency

for these even π-mode shots were between 10 and 42 %, given by Fig. 5.30B. A low

power (40 MW), high peak efficiency (46%), shot was observed to operate at 0.979

GHz, corresponding to the odd π-mode in simulation. The efficiency measurements

for the PoP experiment are based on the total emitted current from the MCC-2

and include both diode current and parasitic endloss current during operation. The

existence of endloss current, which does not contribute to the generation of microwave

power, would result in smaller currents within the diode itself and higher magnetron

electronic efficiency. An isolated measurement of diode and endloss current was not

feasible on the current PoP extractor system and remains a subject of future research.

High peak powers between 140 and 175 MW were also observed at 1.007 GHz, well

above the even-π-mode. The asymmetrical external load imposed on the RPM-12a

by the the coaxial extractors, discussed previously in Chapter 3, induces separation in
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the resonant frequencies between otherwise degenerate modes in the device. Phase-

shifted operating modes of the RPM-12a with PoP extractor, were identified at 1.01

GHz (even-5π/6), 1.025 GHz (even-π), and 1.045 GHz (odd-π) in HFSS.

Figure 5.30. Experimental results for RPM-12a with PoP extractor and MCC-2 depicting: A)
Extracted microwave power as a function of operating frequency, and B) instantaneous peak effi-
ciency as a function of operating frequency for both the vertical (blue-X) and horizontal (black-O)
configurations.

The resultant frequency spectrum is generated by the RPM over a wide range of

applied magnetic fields, as depicted in Fig. 5.31. This behavior represents a highly

complex array of operating modes that vastly enhance mode competition within the

device. The RPM-12a, with PoP extractor, operated in the even π-mode (0.99 to

1.00 GHz) on approximately 40 % of the recorded shots for both the vertical and

the horizontal configuration. The even π mode was excited using applied magnetic

fields from 0.18 T to 0.26 T with pulsed voltages between -250 and -300 kV, which
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despite the smaller AK gap with the MCC-2 (2.6 cm), were still less than the values

predicted by the theoretical B-H model.

Figure 5.31. Dominant operating frequency observed in experimental runs of the RPM-12a with
PoP extractor as a function of applied magnetic field for both the vertical (blue-X) and horizontal
(black-O) configurations.



CHAPTER VI

Summary and Conclusions

6.1 Overview of the Recirculating Planar Magnetron

The recirculating planar magnetron (RPM), since its inception at the University

of Michigan, has developed from a concept to a 150 MW, high-power, experimen-

tal source. Research and developmental work on this device has included analytic

and theoretical design, feasibility and proof of principle simulations, prototyping

and diagnostic development, experimental analysis, as well as several performance-

enhancing inventions such as the mode control cathode (MCC) and coaxial extraction

techniques.

Theoretical research on the device largely focused on the resonance and synchronism

conditions for a planar slow-wave structure. Analytic theory described in Chapter

2 provides the basis for designing the resonant planar cavity array by relating reso-

nant frequency, RF circuit phase velocity, and the applied crossed-field configuration

(required to synchronously drive an electron beam); this led to simplified periodic

dimensions of the device. Techniques for improving mode separation using the MCC

geometry were also presented and showed that with sufficient proximity to the reso-

nant cathode, the MCC could realistically provide as much as 10% mode separation

between even and odd modes. The analytic theorem for the resonant structure of

121
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the MCC can also be applied to other similar, but distinctly different devices, such

as a periodic “shaped” cathode and a dual cavity structure, (whereby both the cath-

ode and anode house resonant cavities)[88]. The odd-mode solution of the MCC

resonance condition shares the same boundary conditions as either of these devices

and, for this particular set of modes, is not exclusively limited to the assumption of

symmetry about the horizontal axis of the device.

6.1.1 Numerical Summary

The numerical research on the RPM was focused primarily on the RPM-12a, a

1 GHz, 12-cavity prototype. Evaluation of the device was subdivided into cathode

categories which included the solid cathode, LC-1, the proof-of-principle MCC, and

the two experimental variants MCC-1 and MCC-2.

The dispersion relation and B-H condition for the RPM were numerically validated

in simulation using the finite element solver HFSS as well as the particle-in-cell codes

MAGIC. The 2D analytic dispersion matched the periodic simulated model to within

1-2 %, with error being attributed to acceptable convergence criteria and the inclusion

of fringing RF fields at the corners of each cavity (which have been shown to induce up

to 3% difference in resonant frequency)[89]. Fully 3D, finite cavity models suggests

that the resonant frequency for all modes decreases. Modes that share the same

periodicity as the planar cavity array such as π-mode are less affected by the finite

length of the anode, whereas neighboring 5π/6 and 7π/6-modes are heavily shifted,

resulting in substantially increased mode separation than analytically predicted. The

RPM-12a geometry, which for an infinite planar cavity array has an even-π mode

at 1.02 GHz and an even 5π/6-mode at 1.014 GHz, was shown to resonate at 1.011

GHz and 0.989 GHz respectfully for the 3D finite cavity array. The 22 MHz mode
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separation (between the even π and even 5π/6 modes) of the 3D simulation is nearly

four times that predicted by the 2D infinite array.

Fully 3D particle-in-cell simulations were used to validate the analytic and numerical

dispersion relations as well as the beam-wave synchronism conditions described by

the Buneman-Hartree relation. Simulated models of the solid LC-1 cathode deviated

from classical B-H theory, and operated in π modes at applied magnetic fields that

were up to 30% higher than analytically predicted. This discrepancy is due to the

formation of the electron hub above the cathode surface (virtual cathode effect).

This effect can be compensated for by reducing the AK gap, used in the analytical

calculation, to the distance from the virtual cathode to the anode rather than the

cathode surface to the anode. The MCC-1 displayed much stronger agreement with

B-H theory as the electron hub was able to form within the slots of the cathode

and prevent the cathode surface from becoming electrostically shielded. Simulations

of the MCC-1 readily demonstrated phase-locking between the two RPM oscillators

which occured 55-75 ns after the startup. The MCC-2, which reduced the AK gap

of the RPM-12a from 3.38 cm with the MCC-1 to 2.6 cm, achieved locked operation

in 30 ns post-startup when operating in the even π mode and 48 ns when operating

in the odd π-mode. No odd π mode operating states were observed when using the

MCC-1 during the study.

6.1.2 Experimental

Experimental studies were performed to validate the dispersion relation and de-

termine the feasibility of locking the RPM oscillators using the LC-1, MCC-1, and

MCC-2 cathodes. Each cathode in the RPM produced high power microwave (HPM)

pulses for durations of 50-300 ns in the vicinity of even-π mode ∼1.01 GHz. Due to

excessive current emission for small AK gaps, magnetic fields theoretically required
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to attain synchronism were not achievable in experiment. Microwave oscillations typ-

ically developed in the RPM-12a as the effective AK gap was reduced due to plasma

expansion and gap closure, thereby increasing beam velocity until synchronism was

achieved. As a result of this limitation, consistently targeting a single mode of oper-

ation was not possible.

The LC-1, despite limited means of cross-oscillator communication, demonstrated

brief periods of phase-locking based on the ± 10 and ± 15 degree criteria with aver-

age durations of 26 ns and 35 ns respectfully. Each MCC-1 model: MCC-1, MCC-1L,

and MCC-1Lg achieved similar durations of locked operation with varying degrees

of consistency. The MCC-1 reached a ± 10 degree locked state of operation in 60 %

of shots, in which both oscillators were operational for 100 ns or more, as compared

to 23 % using the LC-1. The MCC-1L and MCC-1Lg, both of which featured an

axially lengthened conductor array, displayed reduced consistency in reaching the

same locked state (25%, 17% respectfully). The MCC-1L and MCC-1Lg, however,

demonstrated much faster startup times, upwards of 400 ns before the startup using

the LC-1.

Microwave power extraction was designed in a two stage process which featured

the proof of principle (PoP), vane antenna model, and the coaxial-all-cavity-extractor

(CACE). The PoP was installed on the RPM-12a with MCC-2 and operated with

0.15 to 0.24 T axial magnetic fields and -250 to -300 kV applied voltage. Operat-

ing frequencies for this stage of experiment were predominantly observed between

0.97 and 1.01 GHz, which define the boundaries between the odd 5π/6 and even

π-modes. Microwave power measurements, made using a directional loop coupler,

recorded peak extracted powers between 20-175 MW for durations of 50 to 100 ns.

Despite these high peak fields at ∼1 GHz, no breakdown was observed in the DFA-
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650c coupler or the 74 ohm coaxial transmission line.

6.1.3 RPM-340 CACE design

The RPM-340 CACE is a 12-cavity, 1.9 GHz oscillator design which features an

efficient, high power, extraction mechanism based on the “All Cavity Extractor” as

well as many improvements derived from the operation of the RPM-12a such as the

MCC. Using ICEPIC, numerical optimizations of this model were performed which

resulted in improved efficiency (50-60 %) and extracted power (400-600 MW) in sim-

ulation. Based on the results of this study, a full scale prototype of the device is being

developed for experimental use at the University of Michigan (see Appendix B). Sim-

ilar to the PoP extractor, the RPM-CACE will use the same coaxial transmission line

design and utilized a more complex coaxial-to-waveguide coupler that is designed for

higher power handling, the DFA-340e. Despite simulated results suggesting that the

RPM-CACE will produce ten times the total output power of the PoP extractor, the

peak electric field at any given position in the device is anticipated to be of the same

order of magnitude. The output power is split into six output waveguides instead of

two and the electric field reduction in the DFA-340e, as compared to the DFA-650c,

is expected to compensate for the increased power per waveguide.

The RPM-CACE is a novel approach to realizing a highly compact RF source

whose high efficiency operation, reduced magnetic field volume, and axially oriented

waveguide extraction scheme make it ideal for deployment onto vehicles and aircraft.

Experiments performed on the RPM-12a suggest that despite favorable simulation

results, mode competition and subsequent pulse shortening may still be present dur-

ing the experimental operation of the RPM-CACE, but should not preclude the

device from achieving high peak powers and efficiency. Suppression of these deleteri-

ous phenomena may be gained by adapting mode separation and priming techniques



126

which have been classically used on relativistic cylindrical magnetrons. Appendix

(C) depicts several of these planar adaptations including, a 70 % efficient “rising

sun” RPM, as well as magnetically and electrically primed mode control cathodes.

The RPM has seen significant advancement over the past five years and continues

to demonstrate, in both simulation and experiment, the capability to expand the

operating parameters of relativistic magnetrons.
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APPENDIX A

Schematics for the RPM-12a and Cathodes

Scematic drawings for the RPM-12a (Fig. A.1), LC-1 (Fig. A.2(A-B)), MCC-1 (Fig.

A.3(A-C)), and MCC-2 (Fig. A.4(A-C)) featuring useful dimensions in centimeters.

The MCC-1 dimensions reflect the initial prototype, which contrains approximately

15 cm between the cylindrical endhats. The MCC-1L and MCC-1Lg, described in

chapters 3-6, allow for 20 cm separation between endhats but is otherwise identical

to the drawings in Fig. A.3.
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Figure A.1. Experimental schematic drawings of the RPM-12a (cm).
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Figure A.2. Experimental schematics for the LC-1 solid cathode include: A) 3D-Solidworks ren-
dering, and B) dimensions of the LC-1 (cm).
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Figure A.3. Experimental schematics of the MCC-1 including: A) primary dimensions of the MCC-
1 (cm), B) 3D Solidworks rendering of the MCC-1, and C) 3D Solidworks rendering of a single MCC
endhat.
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Figure A.4. Experimental schematic of the MCC-2 including: A) primary dimensions of the MCC-2
(cm), B) 3D Solidworks rendering of a partially assembled MCC-2, and C) 3D Solidworks rendering
of the MCC-2 (exploded perspective).
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APPENDIX B

RPM-340 CACE Schematics

The RPM-340 CACE experiment features twelve resonant cavities which couple into

six output coaxial transmission lines (three on each oscillator), illustrated in Fig.

B.1A. Each transmission line is converted to WR-340 rectangular waveguide (Fig.

B.1B), axially downstream from the RPM, using DFA-340e (not shown). Diagnostic

access to each output waveguide is provided using a 45 degree bend on the two exte-

rior waveguide sections on either oscillator, shown in Fig. B1c. Schematic drawings

are provided for the RPM-340 anode (Fig. B2) and the MCC-3 (Fig. B3(A-C))

which are featured in the RPM-340 CACE series of experiments. Axial cross section

(XZ), graphically rendered in Fig. B4(A-B), provide a detailed labels of the com-

ponents comprising the RPM-340 CACE assembly. An experimental photograph of

the RPM-340 anode (pre-brazing) is shown in Fig. B5.
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Figure B.1. RPM-340CACE with: A) Main body up through the coaxial tranmission lines, and B)
main body up through WR340 waveguide and C) Complete RPM-340 CACE assembly.
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Figure B.2. Experimental schematic of the RPM-340 including: A) 3D Solidworks rendering of the
RPM-340, and B) primary dimensions of the RPM-340 (cm).
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Figure B.3. Experimental schematic of the MCC-3 including: A) 3D Solidworks rendering of the
MCC-3 (exploded perspective), and B) primary dimensions of the MCC-3 (cm).
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Figure B.4. A) Oblique 3D cross-section of the RPM CACE, and B) 2D longitudinal (XZ) cross-
section of the RPM CACE.
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Figure B.5. Experimental photo of RPM-340 CACE Anode (Pre-assembly)
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APPENDIX C

Planar Adaptations of Cylindrical Magnetron Concepts

Several techniques, classically used to improve the operation of cylindrical mag-

netron, were adapted for conceptual implementation on the planar cavity arrays of

the RPM. These features include, rising sun resonant structures (Fig. C1(A-B)),

magnetic cathode priming (Fig. C2(1-2)), and electric cathode priming (Fig. C3).

The rising sun magnetron, shown operating in the even π-mode at 0.95 GHz in Fig.

C1a, was designed to keep the length of the cavities (h) the same, but alter their

resonant frequency (f0) by increasing the width (w1) in every other cavity (consistent

with the rising sun configuration). Keeping the length of each cavity equal allows for

the use of the CACE extractor, which provides a compact and efficient means of ex-

tracting microwave power. According to Fig. C1b, this L-band model was simulated

to produce up to 1.3 GW output power with efficiencies between 60-70 percent.

The periodicity of the conducting array of the MCC lends itself well to priming π

mode operation. The structure, which inherently provides emission priming, can be

manipulated by adjusted the size and alignment of the conducting array to generate

periodically varying magnetic (Fig. C2) or electric field (Fig. C3) with a wavelength

equal to the guided wavelength of π-mode.
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Figure C.1. A) Transverse (XY) cross section of a planar, rising sun, variant operating in π-mode
that includes the MCC and CACE system, and B) simulated shot profile showing voltage, current,
power and efficiency as a function of time.
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Figure C.2. 1) Top-down perspective of: a) solid cathode, b) standard MCC, and c) a magnetically
primed MCC; 2) magnetic field profile on the surface of the cathode due to axial current of 1 kA.
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Figure C.3. Transverse (XY) cross section of the electrically primed MCC.
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