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Summary

A novel high power (5-10 MW) crossed-field amplifier (RPCFA) based on the Recirculating
Planar Magnetron concept invented at the University of Michigan has been designed and
tested. Using computational modeling tools such as HFSS and MAGIC, a 3.0 GHz amplifier
design has been modeled with 13.5 dB of gain (29 MW output). In simulation, the amplifier is
zero-drive stable and exhibits greater than 50% electronic efficiency, not accounting for electron
end-loss; or 15% including end-loss. This RPCFA design was fabricated, constructed, and
experimentally demonstrated, exhibiting amplification between 2.4 and 3.05 GHz, with peak
powers up to 5-6 MW at peak gain of 8-10 dB. Maximum microwave output power is limited by
RF breakdown in the slow-wave structure, which occurs between 3-6 MW. Amplifier gain
exhibits improved reproducibility above 350 kW input microwave power. The RPCFA also
demonstrated zero-drive stability in experiments, up to 10 kA of injected current.

Collaborations with AFRL explored the Recirculating Planar Magnetron with Coaxial-All-Cavity
Extraction (RPM-CACE). This device was fabricated by AFRL and initial experiments have been
performed at UM. Preliminary experiments with moderate currents from bare metal cathodes
have been promising, with total microwave power from all 6-waveguides of some 40 MW.
Higher microwave power is expected with higher-current, carbon fiber cathodes presently being
fabricated by AFRL. Another collaboration with AFRL concerned a theoretical study of the sine-
waveguide traveling wave tube (TWT).

Theoretical research has discovered a new space charge parameter, q, which describes the
modification of the slow-wave circuit mode. This q is analogous to Pierce’s original space
charge parameter, Q, which describes the modification of the beam mode. This represents a
major advancement of Pierce’s theory of traveling wave tube amplifier, which has been utilized
for some 70 years in various forms. The exact formulation that led to the discovery of q also led
to modification of Pierce’s gain parameter C and of the Pierce’s space charge parameter Q.
More recently, the investigators extended the theory to include the modification of the last
Pierce’s parameter, the loss parameter, d, that accounts all cold-tube circuit loss. In this sense,
the modification of Pierce’s classical TWT theory is complete. Other TWT theoretical issues
were studied for the first time, including novel harmonic generation mechanisms, absolute
instability at the band edges and their temporal evolution, and backward wave oscillations in the
presence of random manufacturing errors.
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Introduction

This research program was directed towards the goal of a high power (5-10 MW) crossed-field
amplifier (RPCFA) based on the Recirculating Planar Magnetron concept invented at the
University of Michigan. Using computational modeling tools such as HFSS and MAGIC, a 3.0
GHz amplifier design with 13.5 dB of gain (29 MW output) has been modeled. In simulation, the
amplifier is zero-drive stable and exhibits greater than 50% electronic efficiency, not accounting
for electron end-loss; 15% including endloss current. This RPCFA design has been fabricated,
constructed, and experimentally demonstrated, exhibiting amplification between 2.4 and 3.05
GHz, with peak powers up to 5-6 MW at peak gain of 8-10 dB. Maximum microwave output
power is limited by RF breakdown in the slow wave structure, which occurs between 3-6 MW.
Amplifier gain exhibits improved reproducibility above 350 kW input microwave power. The
RPCFA has also demonstrated zero-drive stability in experiments, up to 10 kA of injected
current.

Collaborations with AFRL also explored the Recirculating Planar Magnetron with Coaxial-All-
Cavity Extraction (RPM-CACE). This device was fabricated by AFRL and initial experiments
have been performed at UM. Preliminary experiments with low currents from bare metal
cathodes have been promising, with total microwave power from all 6-waveguides of some 40
MW. Higher microwave power is expected with carbon fiber cathodes presently being fabricated
by AFRL.

Theoretical research has discovered a new space charge parameter, g, that describes the
modification of the slow-wave circuit mode. This q is analogous to Pierce’s original space
charge parameter, Q, which describes the modification of the beam mode. This represents a
major advancement of Pierce’s theory of traveling wave tube amplifier, which has been utilized
for some 70 years in various forms. The exact formulation that led to the discovery of q also led
to modification of Pierce’s gain parameter C and of the Pierce’s space charge parameter Q.
More recently, the investigators extended the theory to include the modification of the last
Pierce’s parameter, the loss parameter, d, that accounts all cold-tube circuit loss. In this sense,
the modification of Pierce’s classical TWT theory is complete. Also studied are various
theoretical issues in TWT, including the backward wave oscillations in the presence of random
manufacturing errors, novel mechanisms for harmonic generation, band-edge oscillations, and a
novel sine-waveguide TWT originated from the Air Force Research Laboratory. The stability in
the Brillouin flow in crossed-field devices are studied for the first time that explicitly included the
slow wave structure.

Much of the work described herein was included in recent University of Michigan Ph.D.
dissertations funded by this grant [1,2]. An additional dissertation expanding the analytic theory
will be completed early in 2021.

=R Wong, “A Contemporary Study in the Theory of Traveling-Wave Tubes,” doctoral dissertation,
University of Michigan, Ann Arbor, MI, 2018.

’s.C. Exelby, “Design, Development, and Experiments on the Recirculating Planar Crossed Field
Amplifier” doctoral dissertation, University of Michigan, Ann Arbor, 2019.

DISTRIBUTION A: Distribution approved for public release



Methods, Assumptions, and Procedures
Analytic Theory

Backward wave oscillations ina TWT

Backward wave oscillation (BWO) poses a serious threat to the stable operation of a traveling-
wave tube (TWT). The threshold for the onset of BWO in a TWT was formulated by Johnson.
We extended Johnson’s model to include random variations of circuit phase velocity along the
tube axis (Figure 1). We also include the effects of end reflections. This work was in part
motivated by a test experimental helix TWT in which BWO was not observed even though it was
predicted to occur according to the classical Johnson theory [3].

When random variations in the Pierce's detune parameter b (circuit phase velocity) occur along
the TWT (Figure 1), the classical 3-wave theory of Pierce is governed by the non-dimensional
differential equation [4],

43 d2
di(f) +iC(h + jd) da(f) + C2(4Q0)

+jC3 (4QC(b + jd) — 1)f(x) =0

af(x)
dx (1)

where C, QC, b, and d, are Pierce's parameters measuring the gain, the effects of AC space
charge, circuit detune, and circuit loss, respectively. One thousand cases of such random
samples of b were run, each of which was applied to Eq. (1). The statistical distribution of the
threshold value of Pierce's gain parameter C for the onset of BWO is shown in Figure 2 for
these 1000 cases, setting d = 0, and QC = 0. Here we see that the BWO threshold was only
minimally affected by random variations in the phase velocity. This relative insensitivity of
Johnson's BWO threshold is likely due to the cancellation of all three waves at z = L (Figure 1)
and therefore the sensitivity of b that characterizes synchronous interaction is of lesser
importance. The effect of nonzero QC is shown in Figure 3, which shows that the value of
threshold C increases by 50 percent as QC increases from 0 to 1.

We next assume that the circuit parameters are uniform, but we include finite reflections of the
backward (forward) circuit wave at z = 0 (z = L) with composite reflection coefficient Re/®.
Figure 4 shows the significant effects of R and ¢ on the threshold gain parameter, CN. A
nonzero R lowers the threshold CN in general. Our generalization of Johnson's theory did not
explain why an L-3 Communications helix TWT did not oscillate even though the Pierce
parameter CN in the experiment exceeded the theoretical threshold value. One reason, we
suspect, is that the values of QC, d, the reflection coefficients, and/or the beam radius required
for application of Johnson's theory may not be known with sufficient accuracy [3].

A, Jassem, P. Y. Wong, D. P. Chernin, Y. Y. Lau, F. Antoulinakis, T. A. Hargreaves and C. M.
Armstrong, “On Johnson’s Backward Wave Oscillation Thresholds in TWT,” in 2018 IEEE Int. Vacuum
Electronics Conference (IVEC), Monterey, CA, USA, 2018 pp. 171-172.

4 Abhijit Jassem, Patrick Y. Wong, David P. Chernin, Y. Y. Lau, Foivos Antoulinakis, Drew Packard,
Thomas A. Hargreaves and Carter M. Armstrong, "Extensions of Johnson's theory of backward wave
oscillations in traveling wave tubes," IEEE Trans. Electron Devices (January, 2019).
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Figure 1: Example of random variation along tube axis; b is Pierce's detune parameter [4].
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Figure 2: Distribution in threshold Pierce gain parameter C for standard deviation in detune parameter o}, =
1.7 (corresponding to standard deviation in circuit phase velocity of 3.4 percent). Here, QC = 0, d = 0 [4].
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Figure 3: Means and relative standard deviations of gain parameter as a function of QC. Here, d = 0 [4].

Figure 4: Effects of end reflections on the threshold gain parameter CN. Here, QC=0, d=0 [4].
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Modification of Pierce's classical TWT theory

This is an important accomplishment. Pierce’s classical theory of TWT laid the foundation for
the generation of coherent radiation from the interaction of an electron beam with a periodic
structure. The weakest aspect of this theory of mode coupling concerns the modification of the
beam mode at high beam currents; this modification was characterized by Pierce’s space-
charge parameter, Q, for which no general calculation was given. An accurate determination of
Q is important for at least three reasons: first, a small discrepancy in Q can lead to a large
change in the predicted small-signal gain. Second, an accurate value of Q (or QC) is required
by the nonlinear TWT simulation codes such as CHRISTINE in order to compute large-signal
quantities like saturated output power and efficiency. Third, in Johnson’s classical theory for the
onset of backward wave oscillations in TWT, the threshold conditions depend only on QC and
on d, Pierce’s loss parameter, which implies that prediction of BWO threshold current requires
accurate values of QC and d. See Figure 3 above.

For a realistic case of an electron beam interacting with the electromagnetic fields supported by
a thin perfectly conducting tape helix (Figure 5), we derive the exact dispersion relation [5],

[(B = B)? = 4BZQC31[(B — Bon) — 4BpnaC?] = =B C? (2)

where q is a new parameter introduced to account for the space-charge effect on the circuit
mode. In Eq. (2), B is the complex wavenumber for signal frequency w , f. = w/vg, Bpn =

w /vpp, vy is the DC beam velocity, and v,y is the phase velocity of the circuit wave on the cold-
tube circuit. Note from Eq. (2) that g produces a circuit phase velocity change due to a space-
charge effect, by a fraction equal to 4qC>. This new parameter, q, is introduced by the
investigators [1, 5] for the first time in the literature of TWT. Physically, Eq. (2) describes the
modification of the beam mode at high current through Q, and the modification of the cold-tube
circuit mode through q. In the realistic example (Figure 5), we find that 4qC° = 4*5*0.1° = 0.02
(Figure 6), which is equivalent to a two percent detune in the circuit - a very significant effect.

Figure 5: Schematic diagram of tape helix TWT model [5].

*P.Y. Wong, D. Chernin, and Y.Y. Lau, "Modification of Pierce’s Classical Theory of Traveling-Wave
Tubes," IEEE Electr. Dev. Lett. 39 1238-1241 (2018).

10
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Figure 6: Plots of the exact Pierce parameters [(a) C, (b) Q, (c) q] and their traditional definitions as a function
of frequency [5].

We then further extended our modification of Pierce's classical TWT dispersion relation to
include realistic cold-tube loss. As noted above, we found the surprising results that Pierce’s
classical theory of traveling-wave tube (TWT) requires revision at a high electron beam current
because of space charge effects [5]. A new space charge parameter, q, was discovered that
describes the modification of the circuit mode. It is analogous to Pierce’s original space charge
parameter, Q, which describes the modification of the beam mode. This theory assumes that
the circuit is lossless.

Including cold tube circuit loss, which is always present in a real tube, we propose that the
classical Pierce 3-wave dispersion relation for TWT is modified to read [6],

[(B = Be)? = 4BEQCIIB — By — 4BpaC° + jCdBe] = =S C° 3)

In Eqg. (3), Bis the propagation constant at frequency o, B, = w/v,, Bp = w /vy, vy is the beam
velocity, v, is the phase velocity of the forward circuit wave, Q, g, and C (= Pierce’s gain
parameter) are determined exactly as if the circuit were lossless, as in [5], and d is Pierce loss
parameter associated with the cold tube loss. Equation (1) has three attractive properties: (a)
the parameters Q, g, and C are all real because they were derived assuming d = 0, (b) It
reduces to [5] when d = 0, where the parameters Q and C are different from that of Pierce's
classical values, because Pierce employed only the dominant cold-tube circuit mode, whereas
we determined Q and C using our exact theory which included all hot-tube circuit modes, and

°A. Jassem, Y. Y. Lau, D. P. Chernin, and P. Wong, “Theory of traveling wave tube including space
charge effects on the circuit mode and distributed cold tube loss,” IEEE Transactions on Plasma Science
48, 665-668 (2020).
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(c) Eq. (3) reduces to the form of Pierce’s classical theory for a lossy tube when q = 0 (though,
again, not the values of Q and C).

In Figure 7, we show the differences in C, QC, and d between our “exact” theory and Pierce’s
classical theory (labelled “Pierce”), for a tape helix TWT model driven by a 3 kV, 0.17 A pencil e-
beam of beam radius 0.05 cm [5]. The small signal gain for such a (uniform) tube with
interaction length L = 10 cm is plotted in Figure 8. The exact and Pierce theory agree well only
in a restricted frequency range, and significant divergence is observed below 4 GHz and above
8 GHz. This is most likely attributed to the discrepancy in the same frequency range in € and in
d (Figure 7).

0.2 T T T T 1.4
1
018 \ J
\ 1.2
0.16
0.14 C (Exact)
= = =C (Pierce)
O 0.12 QC (Exact)

= = =QC (Pierce)
qC (Exact)

0.1r

0.08

0.06

0.04
0

Frequency (GHz)
Figure 7: Plots of Pierce parameters (a) left, C, QC, and qC for d=0; (b) right, d from the exact solution and
the classical Pierce approach, at various loss tangents [6].

We next consider two realistic test cases of TWTs with severs [6]; one has uniform attenuation
while the other has a variable attenuation profile. Fixing the frequency at 4.5 GHz, Figure 9
shows general agreement between the exact and Pierce theory over the length of the tube,
although significant divergence is observed immediately after the sever. This discrepancy is due
to the detuning effect of g, although Q is compensated which leads to good agreement between
the two solutions (see Figure 7a).
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Figure 8: Gain for a TWT of interaction length L= 10 cm from exact and Pierce solutions [6].
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Figure 9: RF power profile for the Pierce and Exact cases using the uniform and non-uniform attenuation
profiles at 4.5 GHz with input power of 1 mW. The sever is between z = 2.667 cm and z = 2.921 cm [6].
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Stability of Brillouin Flow for Conventional and Inverted Magnetrons

For the first time [7], we contrast the stability of Brillouin flow in the conventional and inverted
magnetron geometry, including a slow wave structure (SWS) on the anode (Figure 10). The
Brillouin flow is the prevalent flow in crossed-field devices. This is particularly important because
three major effects came into play which were never analyzed simultaneously: (a) the diocotron
instability associated with the shear flow, (b) the positive (negative) mass effect that
accompanies the conventional (inverted) magnetron geometry, and (c) the synchronous
interaction between the SWS with the combined instabilities in (a) and (b).

Figure 10: Geometry of conventional (left) and inverted (right) cylindrical magnetrons [7].

Our formulation is fully relativistic and fully electromagnetic, and it incorporates the equilibrium
density profile, flow profile, electric field and magnetic field profiles in the linear stability analysis
[7,8]. To have a fair comparison between the two cases, we use parameters similar to our
experiments on the recirculating planar magnetron, as shown in Table 1. The result of the linear
stability analysis is shown in Figure 11 [7].

"D. H. Simon, Y. Y. Lau, G. Greening, P. Wong, B. Hoff, and R. M. Gilgenbach, "Stability of Brillouin flow
in the presence of slow-wave structure," Phys. Plasmas. 23, 092101 (2016).

®D. H. Simon, "Equilibrium and Stability of Brillouin Flow in Planar, Conventional, and Inverted
Magnetrons", PhD dissertation, University of Michigan, Ann Arbor (2016).
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Table 1: Operational parameters and geometry for the base case conventional and inverted magnetrons.
Quantities that are the same between the two types and the planar magnetron are highlighted in bold. The
highlighted parameters are similar to the RPM experiments at the University of Michigan.

Figure 11: Eigenvalue and cold tube solutions, along with the beam line w,, for (a) conventional and (b)
inverted cylindrical magnetron for w, and w; as a function of the azimuthal mode number [, with all other
parameters equal to the base case. Circular markers correspond to SWS, plus sign markers to smooth-bore.
The filled circles are intersections of the empty circles and the plus sign markers and indicate that the SWS
and smooth-bore frequencies are the same for that mode [7].
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The numerical data show the following novel results. The resonant interaction of the vacuum
circuit mode and the corresponding smooth-bore diocotron-like mode is the dominant cause for
instability in Brillouin flow in the conventional and inverted magnetron geometry that include a
slow wave structure on the anode. This resonant interaction is far more important than the
intrinsic negative (positive) mass property of electrons in the inverted (conventional) magnetron
geometry. Itis absent in either the smooth-bore magnetron, or under the electrostatic
assumption, one or both of which was almost always adopted in prior analytical formulation.
This resonant interaction severely restricts the wavenumber for instability to the narrow range in
which the cold tube frequency of the SWS is within a few percent of the corresponding smooth
bore diocotron-like mode in the Brillouin flow [7,8].

Analysis of a sine-waveguide TWT

We have collaborated with AFRL colleagues [9] to investigate the viability of a 20-stage X-band
sine waveguide amplifier, driven by a cylindrical electron beam (Figure 12). This geometry is
simpler to fabricate than the coupled-cavity TWT, even though the latter tends to produce the
highest output power.

Figure 12: a) 2-D cross section geometry of the simulated sine waveguide TWT. b) 3-D mesh plot example of
a simulated sine waveguide TWT geometry (the displayed TWT mesh plot is 5 periods shorter than the
simulated device used in this study for a better aspect ratio in the figure) [9].

The complicated geometry shown in Figure 12 prevents any realistic assessment of the
conventional Pierce's parameters C, b, QC, and d, which, respectively, characterize the TWT
gain, detune, “space charge effect”, and cold-tube circuit loss. From the AFRL simulation, we
were able to give a very rough estimates of these parameters, as shown in Figure 13.

® Brad W. Hoff, David S. Simon, David M. French, Y. Y. Lau, and Patrick Wong, "Study of a high power
sine waveguide traveling wave tube amplifier centered at 8 GHz," Phys. Plasmas 23, 103102 (2016).
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Figure 13: Values of C, b, and d for a sine-waveguide TWT driven by a 40 A, 100 kV pencil beam. The
interaction impedance and circuit phase velocity used in C and b were obtained from HFSS. Also shown are
the values of QC required to match the 1.8 kW input power level case with Pierce’s 3-wave TWT theory [9].

In an earlier attempt [10], we studied an exactly solvable model of a traveling wave tube (TWT)
to show that Pierce gain parameter C and space charge parameter Q generally depend on
wavenumber Kk in addition to frequency w. The choice of k at which C and Q are evaluated may
strongly affect their values and, consequently, the values of the small signal gain obtained from
3- and 4- wave Pierce theory. In order to illustrate this effect, we calculate the spatial
amplification rate, k;, from the exact dispersion relation for a dielectric TWT model which is
exactly solvable. We compare this exact value of k; with approximate values obtained from
Pierce’s classical 3-wave and 4-wave dispersion relations, obtained by making various
assumptions on k in the evaluation of C and Q. We find that the various ways to approximate C
and Q will have a significant influence on the numerical values of ki. For our dielectric TWT
example, Pierce’s 4-wave TWT dispersion relation generally yields the most accurate values of
ki if Q is evaluated for k=w/vy, where vy is the beam velocity, and if the complete frequency and
wavelength dependence of C is retained. Pierce’s 3-wave theory also yields accurate values of
ki using a different form of Q from the 4-wave theory. The implications of this result for TWT
design are explored [10].

Harmonic generation ina TWT

A well-known non-linear process in vacuum electronics that leads to harmonic beam current,
due to an input signal of a single frequency, wy, is crowding of the electron orbits, in which
neighboring electrons are getting closer together. This orbital crowding produces a rather high

%D, H. Simon, P. Wong, D. Chernin, Y.Y. Lau, B. Hoff, P. Zhang, C. F. Dong, and R. M. Gilgenbach, "
On the evaluation of Pierce parameters C and Q in a traveling wave tube," Phys. Plasmas 24, 033114
(2017).
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second harmonic AC current in the beam in a TWT, reaching 1/4 of the DC beam current [11],
even though the electron's AC velocity is in the linear regime (as in the klystron analysis).

We discovered another source of harmonic current, which is far more important than that due to
orbital crowding that was described in the preceding paragraph. This harmonic current is due to

the non-linear correction in the electron orbit, which is described by the non-linear convective

o 9
derivative in the force law, v, ;1

<. Where v, = v,0e@ot=IkoZ js the linearized electron fluid

velocity at the fundamental frequency (w,), whose wavenumber k, ~ % where vy is the DC
0

beam velocity. This convective derivative, v, %, then contributes a "force" proportional to

vZ,e/2@ot=i2keZ This "force" is a traveling wave at the second harmonic frequency. It has a

. . . 2 .
hase velocity also synchronized with the electron beam because £ = 222 = 20 « 1 This
kK~ 2k k 0
0 0

"force" may then synchronously excite a second harmonic wave, both in time and space, which
makes it a much more powerful contributor to second harmonic generation. The AC harmonic
current due to orbital crowding, described in the preceding paragraph, does not possess this
property of synchronization in both time and space, and is therefore a much weaker contributor
in the generation of RF power at the second harmonic. This is a rather unexpected finding [12],

because we did not anticipate that the non-linear term vl% would be so important, as vy is

admittedly in the linear regime. Comparison with CHRISTINE simulation confirmed these facts,
as shown in Figure 14.

Figure 14: The RF power profile at fundamental and second harmonic for a realistic TWT test case that
includes distributed circuit loss and a narrow sever region [12].

Absolute instability at the TWT band edges

TWTs are known to be subjected to absolute instability when the beam mode intersects the
circuit mode near the lower or the upper band edge, respectively labeled as Points A and B in
Figure 15. These points have zero group velocity in the circuit mode. Absolute instability at

"C.F. Dong, P. Zhang, D. P. Chernin, Y. Y. Lau, B. W. Hoff, D. H. Simon, P. Wong, G. B. Greening, and
R. M. Gilgenbach, “Harmonic Content in the Beam Current in a Traveling-Wave Tube,” IEEE Transactions
on Electron Devices, Vol. 62, No. 12, p. 4285, December 2015.

"2 patrick Y. Wong, Y. Y. Lau, David Chernin, Brad W. Hoff, and Ronald M. Gilgenbach, "Origin of Second
Harmonic Signals in Octave Bandwidth Traveling-Wave Tubes," IEEE Transactions on Electron Devices,
Vol. 65, No. 2, p. 720, February 2018.
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these band edges have been studied using the Briggs-Bers criterion. Previous investigators
have claimed that, for an operating point Q that lies between A and B (Figure 15), i.e., with a
forward group velocity at Q, an absolute instability can occur only at the upper band edge, but
not the lower band edge. Since the lower band edge was (erroneously) perceived as to be free
of absolute instability, we attempted to assess the possible transient growth at the lower band
edge. In this re-examination of the lower band edge, we discovered that the lower band edge
does suffer from absolute instability when the beam current is sufficiently high. [13] Figure 16
shows that the threshold ¢ (which is proportional to the beam current) for the upper band edge is
orders of magnitude smaller than it is for the lower band edge, for similar deviation of the
operating point, Q, from points A and B in Figure 15. This implies that the upper band edge is
significantly more prone to absolute instability than the lower band edge.

Figure 15: The lower band edge (A), the upper band edge (B), and the operating point (Q) at which the beam
mode intersects with the circuit mode in a coupled cavity TW. KL is the phase shift per period [13].

Figure 16: Threshold values of € for lower band edge (v < @m/km) and upper band edge (v > om/km). Here,
om/km is the circuit phase velocity at the corresponding band edge in Figure 15 [13].

When the TWT is not subjected to an absolute instability, an initial perturbation may still
undergo transient growth (at a fixed position z) before the perturbation is convected away. The

'3 Foivos Antoulinakis, Patrick Wong, Abhijit Jassem, and Y. Y. Lau, “Absolute instability and transient
growth near the band edges of a traveling wave tube” Physics of Plasmas 25, 072102 (2018); doi:
10.1063/1.5028385
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Green's function constructed from the dispersion relation near both band edges, A and B
(Figure 15), indeed shows such a transient growth [13]. We express the magnitude of Green's
wmt

function in exponential form, exp [k,,zf (T)], where T = PR Figure 17 shows the time

dependence of f(T) for the lower band edge when it is stable, marginally stable, and unstable
against absolute instability. In all three cases, {T) ~ T"?, transiently (Figure 17). Our
calculations of the Green's function have thus validated the stability criterion shown in Figure 17
[13]. They may well be the first explicit calculation of transient growth and its transition to the
asymptotic behavior according to the Briggs-Bers criterion.

Figure 17: f(T) for the lower band edge with v = 0.99wm/km. Note that € is approximately equal to 2C3, where C
is Pierce's gain parameter [13].

RPCFA Design and Simulation

The Recirculating Planar Crossed Field Amplifier (RPCFA) was based on the concept of the
Recirculating Planar Magnetron (RPM), invented at UM during a previous AFOSR funded
research effort. The RPCFA (Figure 18a) was expected to maintain many of the advantages of
the RPM over traditional magnetrons and apply them to crossed-field amplifiers (CFAs) (Figure
18b). In the RPCFA, the amplifying section can easily be made longer or shorter, and the
recirculating bends effectively demodulate the beam and minimizing feedback which may
otherwise limit output power, giving the RPCFA some potential advantages over traditional
CFAs.
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a) b)
Figure 18: a) Potential RPCFA design. b) Common conventional CFA design.

Initial Recirculating Planar Crossed Field Amplifier (RPCFA) development work looked at
several embodiments, including a single helix, folded waveguide, and double helix shown in
Figure 19. Using the finite-element, frequency-domain code Ansys HFSS, and the time-domain,
particle-in-cell code MAGIC developed by Alliant Techsystems (ATK), a RPCFA unit cell (the
repeating element forming the slow wave structure) was constructed and iteratively simulated.
The driven modal and eigenmode solvers of HFSS were used to determine the S-parameters
and generate the dispersion relations for each cell. The dimensions of the slow wave structure
were varied in order to establish a structure that supports the electric field geometry expected
for an amplifier and minimize the potential for oscillation. The dispersion relations were
generated to characterize the effect of a given parameter on the frequency and wavelength of
the electric field.

Figure 19: Single helix (left), folded waveguide (center), and double helix (right) slow wave structures simulated
via unit-cell analysis in HFSS.

The goals for each design were: the structure must transmit a wave at the design frequency, 3
GHz, with minimal reflection at either end of the cell. The structure must also reduce the phase
velocity of the 3 GHz wave to a value at which an electron hub may interact with, roughly 20%
to 35% of the speed of light. Finally, the structure should minimize the possibility of exciting
oscillations. Oscillatory modes can be found by analyzing the S-parameters and also by
observing the dispersion relation. Once a design was found that satisfied these goals, the
structure was built in MAGIC and run without particle emission to verify the HFSS generated
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dispersion relation and look for additional possible undesired modes of oscillation. Particle
emission was then permitted, assuming agreement with HFSS, and the properties of the design
such as gain, efficiency and spectrum were analyzed. The final slow wave structure (SWS) that
emerged from this process is shown in Figure 20.

Figure 20: The RPCFA slow wave structure optimized in HFSS.

This SWS was fabricated from copper using 3D printing and a lost-wax casting process (Figure
21). This process was dramatically faster and orders of magnitude cheaper than conventional
machining options. A full assembly including input and output couplers was designed and
fabricated (Figure 22).

Figure 21: Additively manufactured copper slow wave structure, fabricated using 3D printing and a lost-wax
casting process. This part is designed to slot into the larger anode structure, making electrical contact along
the sides and bottom surface.

22

DISTRIBUTION A: Distribution approved for public release



Figure 22: CAD model of the completed RPCFA anode (light gray), slow wave structure (brown), cathode
(red), and waveguide extraction system (dark gray).

RPCFA Cold Tests

The completed structure was first cold-tested using a network analyzer, and the results were
compared to HFSS simulations, showing good agreement (Figure 23). At the design frequency
of 3 GHz, S, was better than -2 dB, and no oscillatory modes were detected within the
passband of the amplifier. As expected, the simulated and experimental cold tests determined
there was no directionality to the amplifier, with S,; = S4,. Tuning stubs were employed in an
attempt to improve the match, but no improvement was observable, suggesting losses were
primarily resistive and radiative. While the piece-wise fabrication approach greatly simplified
machining and reduced cost, the resulting electrical contacts may lead to increased resistive
losses.
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Figure 23: RPCFA cold test results comparing HFSS simulations to experimental measurements.

Zero-Drive Stability

The zero-drive stability of the RPCFA - its failure to oscillate when a pulsed power drive is
applied but no RF input is present — was demonstrated first in MAGIC simulations, and then
subsequently confirmed in experiments using the Michigan Electron Long Beam Accelerator
(MELBA) pulsed power driver. As was the case for all RPCFA testing reported here, MELBA
provided a -300 kV, 1-5 kA, ~500 ns drive pulse to the amplifier. As Figure 24 shows, the
simulation and experiment are in general agreement, with no significant peaks observed on
either spectrum. While it may appear there is a strong oscillation at 3.4 and 4 GHz in Figure
24b, frequencies above 3.95 GHz are over-moded in WR-284 and uncalibrated in these tests.
The total peak output power observed on this shot was only 14 W, indicating clear absence of
oscillation.
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Figure 24: a) Output frequency spectrum of the RPCFA in a MAGIC simulation of the zero RF-drive condition.
b) Output frequency spectrum of the RPCFA in an experimental demonstration of the zero RF-drive
condition. No significant peaks are observed in either spectrum.

Low & Moderate RF Drive

A 2.835 GHz Raytheon 4J32 capable of 40 kW, and a 3.05 GHz E2V MG5223F capable of 40
kW, were used for the initial tests of the RPCFA. These magnetrons were powered by an
existing modulator made by Radiation at Stanford and rated at 40 kV, 30 A for up to 5 pus at 10
kHz. When driving these magnetrons, the highest achievable parameters were ~ 20 kV and 22
A. We typically operated the magnetrons at 182 Hz, with a 5 us pulselength for the 4J32, and 1
Ms pulselength for the MG5223F. As shown in Figure 25, input and reflected power were
measured by a directional coupler positioned before the amplifier input, while a second
directional coupler measured output power into a resistive load. These signals were split to be
directly sampled by a 6 GHz, 20 GS/s oscilloscope, and to make calibrated power
measurements using diode detectors.
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Figure 25: Experimental configuration for RPCFA testing. The isolator and attenuator were not used for the
initial experiments.

The initial tests provided many promising results regarding the operation of the RPCFA. Low
power tests (~kW), demonstrated the lower edge of the operating band to be 2.63 GHz (Figure
26), an improvement over the 2.7 GHz predicted by simulation.
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Figure 26: RPCFA bandwidth at low input power, where a reduction in gain is seen below 2.63 GHz. The
lower source available was unable to operate above 2.7 GHz.

High spectral purity was observed at 2.84 and 3.05 GHz drive powers (Figure 27).
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Figure 27: FFT of a RPCFA shot with a) 2.84 GHz RF drive and b) 3.05 GHz RF drive. Both show no evidence
of competing modes.

While the gain was somewhat variable at moderate RF drive power (Figure 28), many shots
(such as Figure 29) exhibited output powers over 100 kW with RF gain of >10 dB. It was
observed that variation in the pulsed power driver was contributing to, but not fully explaining,
the variance in RPCFA gain. By filtering out sub-optimal MELBA pulses from the data set the
mean gain improved from 6.4 to 6.6 dB, and the standard deviation of the gain improved from
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2.7 to 1.6 dB. As we will discuss later, increasing the RF drive was significantly more effective
in reducing gain variation.

Figure 28: Amplifier gain with both 2.84 and 3.05 GHz RF drive; no data filtering.

Figure 29: RPCFA shot with 8.5 kW at 3.05 GHz achieved a peak output power of 117 kW for 20 ns (11.7 dB
gain).
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Cathode Variations

Given the improvements in shot-to-shot consistency that were observed by filtering out variance
from the pulsed power driver, we tested a variety of AFRL-fabricated cathodes in an attempt to
improve the consistency of MELBA'’s current generation. Plasma formation from the glyptal-
coated aluminum cathode (Figure 30a), was thought to be a possible source of pulse shortening
and gain variation in the RPCFA. The Air Force Research Lab was testing a new carbon fiber
vendor, and collaborated with UM by brazing a pair of stainless steel cathodes with this material
for the RPCFA. Cathode A (Figure 30b) used a coarse brazed carbon emitter, while Cathode B
(Figure 30c), used a fine carbon emitter. After testing the initial cathodes, we were concerned
with axial current losses, and added an end-cap (Figure 30d) to reduce endloss.

Figure 30: a) original glyptal-coated aluminum cathode with velvet emitter
b) steel cathode with coarse brazed carbon emitter (cathode A)

c) steel cathode with fine carbon emitter (cathode B)

d) cathode A with end-hat

Cathode A, with and without the end-hat, performed comparably to the original glyptal cathode
in terms of mean current and amplifier gain, but exhibited reduced shot-to-shot variation (Figure
31). Cathode B also emitted similar current with higher consistency, but produced only half the
gain. With more reproducible current, Cathode A was selected for future shots. The results of
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these cathode tests were included in a joint UM and AFRL publication [14]. It is worth noting
that 4 of the AFRL authors on this publication are former members of the UM research group
who are now employed at AFRL/RDHP.

Figure 31: The steel cathode with coarse carbon fiber emitters (cathode A) produced similar current and
gain, but demonstrated a reduction in shot-to-shot variation. Cathode B exhibited poor and highly variable
performance.

High Power RF Drive

To further improve the reproducibility and performance of the RPCFA, we sought to test it with a
MW-level RF input. A set of four 2.6 MW, MG5193 driver magnetrons on hand at UM were
selected as the high power source. In order to address concerns about the usability of these
magnetrons due to their age, Ph.D. student Steve Exelby collaborated with John Cipolla at L-3
Communications Electron Devices in Williamsport, PA to test two magnetrons on their test
stand, validating multi-MW operation (Figure 32).

Additionally, L-3 supplied UM with a solenoid to create an adjustable magnetic field for the
MG5193 magnetrons. We had previously used static neodymium magnets calculated (and
measured) to produce the correct magnetic field, but we observed during testing at L-3 that a
small range of magnetic field tuning from the solenoid was beneficial.

“B.W. Hoff, S. Beeson, D. Simon, W. Tang, R. Smith, S.C. Exelby, N.M. Jordan, A. Sayir, R.M.
Gilgenbach, P. Lepell, and T. Montoya, “Brazed Carbon Fiber Fabric Field Emission Cathode”, Review
of Scientific Instruments 91, 064702, June 2020.
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Figure 32: MG5193 magnetron under test at L-3 Communications. Ch1 (yellow) is the RF output signal. Ch2
(blue) is a Pearson current monitor with a rating of 0.1V/A. Ch3 (purple) is the voltage applied to the cathode.
Ch4 (green) is a monitor on the thyratron trigger pulse. Maximum output RF power up to 2 MW was achieved
for two magnetrons.

To drive this magnetron at UM, we designed a replacement pulse generator. To accelerate the
development process, our colleagues at AFRL sent UM a pulser, but the internals were
unfortunately destroyed during transit when a set of capacitors came free from their mount.
This chamber and some of its associated hardware, however, were reconfigured to create a
custom PFN (Figure 33), demonstrated to deliver a 40 kV, 3 us pulse into a 400 Q load.

Figure 33: The eXtra Large Brass (XLB) pulse forming line, with capacitor pairs and air core inductors.
Housed within a chamber provided by AFRL, the XLB PFN operates with an atmospheric pressure SF6 fill,
producing 40kV for 3 ps into a 400 Q load.
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The MG5193 magnetron, driven by the XLB pulser, expanded the characterization of the
RPCFA to RF drive levels above 700 kW (Figure 34). In this regime, the mean gain of the
RPCFA improved to 8.8 + 0.7 dB, but above ~350 kW input (5-6 MW output) the SWS was
prone to RF breakdown, limiting the ultimate output power achievable.

Figure 34: Summary of RPCFA microwave output power versus input power. A transition to reproducible
amplification is observed at 150 kW, and RF breakdown becomes an issue above 350 kW input (5-6 MW
output).

In Figure 35, we present a shot in which the microwave output power reaches 5 MW, just below
the RF breakdown limit of the device. It can be seen that the input signal does not cutoff,
indicating that RF breakdown has not occurred.
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Figure 35: Experimental data traces for RPCFA amplification of microwave input signal at 3.05 GHz; output
microwave power signal is 5 MW, just below the RF breakdown limit.

A shot in which RF breakdown has terminated the microwave output is shown in Figure 36.
Rapid cutoff of both the microwave output and the input signal indicate that RF breakdown has
occurred and shorted out the slow-wave-structure.

Figure 36: Experimental data traces for RPCFA amplification of 633 kW microwave input signal at 3.0 GHz;
output microwave power signal is 5.8 MW, just above the RF breakdown limit.

The complete experimental results of the RPCFA are summarized in Table 2. The RPCFA
operates with as little as 100 W RF input, but does not operate consistently until RF input
exceeds 150 kW. Beyond 350 kW input (5-6 MW output), RF breakdown within the device limits
the output power, though further refinements on the design would likely improve this threshold.
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Table 2: Summary of RPCFA response to various input drive power regimes

RF Injected 0-100W 100 W - 150 kW 150 kW - 350 kW > 350 kW
Input Power
Regime Zero-drive Irreproducible Reproducible RF Breakdown
Amplification Amplification
dB Gain N/A 7.9+2.7 89+0.7 8.8+0.6
(mean £ 10)
Description Output power is Output power is Output power is Output power is
low and no drive highly inconsistent predictable and proportional to the
frequency is but output proportional to the input until RF
present in the frequency is equal input RF power. breakdown limits
output spectrum. to the drive Spectrum is pure. the peak output
frequency and the power.
spectrum is pure
RPM-CACE

In UM’s long-running AFRL collaboration, the Recirculating Planar Magnetron with Coaxial-All-
Cavity Extraction (RPM-CACE) was designed under our previous AFOSR research grant
(#FA9550-10-1-0104) and fabricated by Air Force Research Lab. The completely RPM-CACE
hardware did not arrive at UM until well after the current grant began, so upon conclusion of the
RPCFA work we conducted experiments with RPM-CACE (Figure 37).

Figure 37: RPM-CACE installed on the MELBA-C driver. Six waveguide directional couplers sample each
adjacent pair of the 12 RF cavities.

In simulations conducted at AFRL using ICEPIC, RPM-CACE the design of RPM-CACE was
optimized to operate in the T—mode at 1.9 GHz and produce 420 MW with 50-70% efficiency.
The key aspect of RPM-CACE, compared to the previously demonstrated RPM-12a [15], is the

* M. A. Franzi, “Relativistic Recirculating Planar Magnetrons”, Ph.D. dissertation, University of
Michigan, Ann Arbor, 2014.
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coaxial-all-cavity extraction system to efficiently couple power out of the device [16], and the
DFA-340e couplers to make a broadband transition from coaxial to rectangular waveguide
(Figure 38).

Figure 38: (left) ANSYS model of RPM-CACE showing Tr-mode electric fields and coaxial all cavity extractors.
(right) CAD model cutaway showing transition from of coaxial extractors to rectangular waveguide via
DFA-340e couplers.

Calibrated power measurements are made in each waveguide via calibrated directional
couplers and HP 8472B diode detectors. Resulting power, current, and power traces for a bare
stainless steel cathode are shown in Figure 39.
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Figure 39: Preliminary experiments of RPM-CACE with a moderate-current, bare stainless steel cathode and
a magnetic field of 0.19 T. By sampling all waveguides, we see substantial variation in the timing of peak
power in each CACE extractor.

' B. W. Hoff, M. Franzi, D. M. French, G. Greening and R. M. Gilgenbach, "A Pi-mode
extraction scheme for the axial B-field recirculating planar magnetron," IVEC 2012, Monterey,
CA, 2012, pp. 493-494.
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The variation in both peak power and time-to-peak power exhibited in Figure 39 suggest that
mode competition is occurring within the RPM-CACE. Fast-Fourier Transforms (FFTs) of
microwaves in each waveguide arm, shown in Figure 40, support this conclusion, as they have
peak frequencies ranging from 1.923 to 1.954 GHz with a lack of spectral purity.

Figure 40: FFT of microwaves in each waveguide arm of the RPM-CACE during a typical shot. Operating
frequency varied from 1.923 to 1.954 GHZ, and the width of the peaks indicate mode competition.

Following the initial shot series to validate operation of RPM-CACE, the cathode was removed
and shipped to AFRL to be coated via the same carbon fiber fabric process used for the A and
B variants of the RPCFA cathode. Unfortunately, research disruptions due to COVID-19
prevented the cathode from being fabricated.

RPM Pulse Shortening

This contract, in conjunction with an AFOSR DURIP grant (#FA9550-15-1-0419), supported
research into the evolution of pulse shortening in the RPM. These results were reported in
“Ultra-High Speed Framing Camera for Dynamics of High Power Microwave Sources” AFOSR
Final Technical Report, December 2016, and will not be repeated here. Please see that report,
and its accompanying publication [17], for details.

7 N.M. Jordan, G.B. Greening, S.C. Exelby, D.A. Packard, Y.Y. Lau, R.M. Gilgenbach, “Pulse
Shortening in Recirculating Planar Magnetrons”, IEEE Transactions on Electron Devices, vol. 65, no.
6, pp. 2354-2360, June 2018.
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Additively Manufactured HPM Structures

This contract, in conjunction with an AFRL grant (#FA9451-16-1-0050), supported research on
the feasibility and durability of additively manufactured structures for high power microwave
devices. These results were reported in “Durability Testing of Additively Manufactured High
Power Microwave Structures”, AFRL-RD-PS-TR-2017-0055, October 2017, and will not be
repeated here. Please see that report, and its accompanying publication [18], for details.

Conclusions

We have designed, simulated, fabricated, and characterized a novel crossed-field amplifier
concept, the Recirculating Planar Crossed-Field Amplifier (RPCFA). Using HFSS and MAGIC,
we designed and optimized the slow-wave structure given the constraints of the available
pulsed power system to produce a 3.0 GHz amplifier design with 13.5 dB of gain (29 MW
output). In simulation, the amplifier was zero-drive stable and exhibited greater than 50%
electronic efficiency, not accounting for electron end-loss. This RPCFA design was fabricated,
constructed, and experimentally demonstrated, exhibiting amplification between 2.4 and 3.05
GHz, with peak powers up to 5-6 MW at peak gain of 8-10 dB. Maximum microwave output
power was limited by RF breakdown in the slow wave structure, which occurred between 3-6
MW. Amplifier gain exhibited improved reproducibility above 350 kW input microwave power.
The RPCFA also demonstrated zero-drive stability in experiments with up to 10 kA of injected
current.

Collaborations with AFRL explored the Recirculating Planar Magnetron with Coaxial-All-Cavity
Extraction (RPM-CACE). This device was fabricated by AFRL and initial experiments have been
performed at UM. Preliminary experiments with low currents from bare metal cathodes have
been promising, with total microwave power from all 6-waveguides of some 40 MW. Higher
microwave power is expected with carbon fiber cathodes presently being fabricated by AFRL.

Theoretical research has discovered a new space charge parameter, g, that describes the
modification of the slow-wave circuit mode. This q is analogous to Pierce’s original space
charge parameter, Q, which describes the modification of the beam mode. This represents a
major advancement of Pierce’s theory of traveling wave tube amplifier, which has been utilized
for some 70 years in various forms. The exact formulation that led to the discovery of q also led
to modification of Pierce’s gain parameter C and of the Pierce’s space charge parameter Q.
Most recently, the investigators extended the theory to include the modification of the last
Pierce’s parameter, the loss parameter, d, that accounts all cold-tube circuit loss. In this sense,
the modification of Pierce’s classical TWT theory is complete.

¥ N. M. Jordan, G. B. Greening, B. W. Hoff, S. S. Maestas, S. C. Exelby and R. M. Gilgenbach,
“Additively Manufactured High Power Microwave Anodes,” in IEEE Transactions on Plasma Science, vol.
44, no. 8, pp. 1258-1264, Aug. 2016.
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