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Preliminary experimental study on
a GW-level C-band relativistic magnetron
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A C-band relativistic magnetron with an improved structure is investigated experimentally in this paper, which was
proposed in the previous work. This magnetron adopts a periodically symmetric extraction structure, achieving strong
coupling with non-7 modes. It enables the single operation of the 7 mode, enhancing the stability and efficiency of the
magnetron’s operation. In the simulations, the microwaves are generated with a peak power of 2.53 GW_and a power
efficiency of 58.3%. In the initial experiments, the deposition of axial leakage current on the output inner conductor
severely affected the operation of the CRMIS. By improving the structure of the output inner conductor, the effect of axial
leakage current was mitigated. At a voltage of 537 kV and a magnetic field of 0.275 T, a diode current of 9.1 kA was
obtained, and the microwave power reached 1.27 GW at a frequency of 4.367 GHz, corresponding to a power efficiency
of 26%. However, when the diode voltage increased to 600 kV, a breakdown occurred between the anode vanes and the

cathode cap.
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1. Introduction

A relativistic magnetron (RM) with an all-cavity extrac-

e.ll"*l Compared to the

tion structure has a compact structur
magnetron with diffraction output,>-8 its extraction structure
moves forward to the middle position of the resonant cavity,
making the axial length of the RM shorter.!*!” And its out-
put mode is the TE;; mode in the sectorial waveguide, which
can be converted conveniently to a TEy; conventional circular
waveguide mode. !

In our laboratory, an L-band high-efficiency relativistic
magnetron (HERM) with a novel all-cavity extraction struc-
ture was presented in 2019. In simulation, the power efficiency
is 75.7%.1"01 In the experiments, it can radiate microwave
power of 1.3 GW with a power conversion efficiency of 40%
at 1.47 GHz.!''! To expand RM’s operation frequency, a C-
band'RM with an improved structure (CRMIS) was presented
in previous work.['?! High-power microwaves are generated
with a peak power of 2.53 GW, a frequency of 4.33 GHz, and
a power efficiency of 58.3% when the voltage is 650 kV and
the axial magnetic field is 0.347 T.

In this paper, the magnetron is investigated experimen-
tally, driven by a 40 Q, 50 ns pulse width accelerator, TORCH-
01. In the initial experiments, the deposition of axial leakage
current on the output inner conductor (shown in Fig. 1(a)) seri-
ously affects the operation of the RM. By improving the struc-
ture of the output inner conductor, the effect of axial leakage
current is reduced. When the voltage is 537 kV and the mag-
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netic field is 0.275 T, the diode current is 9.1 kA and the mi-
crowave power is 1.27 GW at a frequency of 4.367 GHz, with
a corresponding power efficiency of 26%. When the diode
voltage increases to 600 kV, a breakdown occurs between the
anode vanes and the cathode cap.

2. Model and simulations

The model of the C-band relativistic magnetron is il-
lustrated in Fig. 1, and the dimensions are shown in
Reference.!'?! The C-band relativistic magnetron consists of
ten anode vanes, a cathode with two endcaps, five microwave
extraction slots, and a coaxial output waveguide. Note that
the C-band relativistic magnetron adopts two kinds of anode
vanes of different lengths to an improved extraction slot. Two
kinds of anode vanes are arranged alternately. The long anode
vanes connect with the inner conductor of the coaxial output
waveguide, while the short ones do not.

The © mode is chosen to be the operating mode because
of its non-degeneracy. The spatial symmetry of the output cou-
pler facilitates the excitation of a pure 7 mode.!!3! This con-
nection structure short-circuits all long anode-vanes, like the
strapped RM, which can increase the 7-mode separation. !4
The fundamental modes of a magnetron (with N resonant cav-
ities) are all TE waves, which can be defined as H(n) modes,
where n is the mode number and n =0, 1, 2, ..., N— 1. For
the © mode, n = N/2. This periodic structure with N/2 pe-
riods, as shown in Fig. 1(d), breaks the independence of the
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eigenmodes supported by the original N-fold symmetry, and
the periodic boundary conditions force the reflected waves to
satisfy specific phase matching. Therefore, when the H(n)
mode is incident on this structure, it will reflect another mode
H(|N/2—n|) in addition to itself, interfering with the normal
operation of the H(n) mode.!'#l However, the £ mode is not
affected by such interference, because the electric field of the
7 mode satisfies both N-fold symmetry and N/2-fold sym-
metry. This enables the 7 mode to operate stably once es-
tablished, while non-w modes are disturbed by the reflected
modes.

Even if the w-mode separation is 1%, the £ mode can also

[13-15] 1 simulations, the C-band rel-

be excited independently.
ativistic magnetron’s operating frequencies of the 7 mode and
the (7 — 1) mode are 4.33 GHz and 3.98 GHz, respectively,
and the corresponding 7-mode separation is 8%. Accordingly,
as for the C-band relativistic magnetron with the traditional
full-cavity extraction structure, the operating frequencies of
the 7 mode and the ( — 1) mode are 4.35 GHz and 4.10 GHz,
respectively, and the corresponding 7-mode separation is 5%.
Hence, this design is advantageous for suppressing mode com-
petition.

Figures 1(c) and 1(d) provide the cross sections of the
interaction region and the extraction slots, respectively. Mi-
crowaves are generated in the interaction region and radially
coupled from the extraction slot into the sectorial waveguide.
In the sectorial waveguide (Fig. 1(e)), the wave function of the
TE modes is given by!!¢]
Vip,9.2)

= Vo [N, (Tro)Jv(Tp) — I (Tro)Nu(Tp)] cos v - e 3P (1)

where r,, r;, and 6 are shownin Fig. 1. T, v, and 3 are deter-
mined by the following equations:

v 201,23, )
65

T (Tri)NG(Tro) — Iy, (Tro )Ny (Tri) = 0, 3)

B = o’ue—T. (4)

Here, w, u, and € are the angular frequency, permeability,
and dielectric constant, respectively. Equation (3) is the eigen
equation of TE,,,, modes, and T is the m-th root of (3). There-
fore, when the width of the sectorial waveguide is constant,
the TE;; mode will be excited, and the other modes will be
suppressed by adjusting the inner radius and outer radius of
the sectorial waveguide.!!”!

In the coaxial waveguide, the TE;; mode in the sectorial
waveguide is easy to convert to the TEM mode because of the
same phase and amplitude in multiple sector waveguides of
the all-cavity extracted structure. In the experiments, the TEM
mode will be converted to the TMy; by a mode converter and
radiated by a conical horn antenna.

The typical simulation results are shown in Fig. 2. With
a magnetic field of 0.347 T, an applied voltage of 650 kV, and
a current of 6.1 kA, the input power was 4.34 GW. The peak
output power reached 2.53 GW, corresponding to a power ef-
ficiency of 58.3%. The operating mode was the 7 mode, and
the microwave frequency was 4.35 GHz.

(a) 3-D model

(b) Axial section view
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Fig. 1. The model of C-band relativistic magnetron. (a) The 3-D model.
(b) Axial section view of C-band relativistic magnetron; (c) cross sec-
tion view of A=A’; (d) cross section view of B-B'; (e) cross section
view of C-C/.
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Fig. 2. The typical simulation results. (a) Input power; (b) output
power; (c) spectrum of C-band relativistic magnetron; (d) electronic
spoke of the 7 mode.

3. Preliminary experiments results

The experimental setup and equipment, depicted in
Fig. 3(a), mainly consist of a pulsed power source, an HPM
source (C-band relativistic magnetron), a magnet system, a ra-
diating antenna, and a microwave measurement system. In ad-
dition, the background pressure must be less than 5 x 10~ Pa.
The C-band relativistic magnetron was fabricated according
to the structure designed in the simulation works. Figure 3(b)
presents a photograph of the C-band relativistic magnetron and
its key components.

The accelerator, TORCH-01, is composed of a Tesla
transformer and a transmission line, which can provide a pulse
range from 300 kV to 600 kV with a duration of 50 ns, sev-
eral GW of pulsed power, and the impedance of the transmis-
sion line is about 40 Q. The axial magnetic field is provided
by a solenoid magnet that has a 100-mm axial uniform area.
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Fig. 3. (a) The experimental layout. (b) Picture of CRM and some key
components.

The horn antenna was designed according to the output
mode and the operating frequency of the C-band relativistic
magnetron. The antenna output aperture D is 340 mm, and the
length is 230 mm. Its output mode is TMy;, and the main lobe
is at 7° with a gain G of 17.1 dB. As for the receiving antenna,
it should be placed in the far-field position away from the ra-
diating horn antenna. The far-field distance R depends on the
horn aperture D and the wavelength of the radiated microwave
A, which is

2D?

R> o (5)

So, R should be longer than 3.55'm, when D = 340 mm and
A =69 mm. And in the experiment, the R is 5 m. Assum-
ing that the C-band relativistic magnetron operates stably in
the 7 mode and the output mode of the horn antenna is TMy;
mode, the microwave power. By measuring the power density
received at this horn (at the main lobe), the microwave power
P, is obtained as

_ 47R*P10(C/10)

O_Wa (6)

where P, is the power value received at the detector, A, is the
effective area of the receiving horn, G is the gain of the trans-
mitting horn at the main lobe angle, and G, is the total atten-
uation between the receiving horn and the detector shown in
Fig. 3(a).

In the initial experiments, the deposition of axial leak-
age current on the output inner conductor had a significant im-
pact on the C-band relativistic magnetron operation. The un-
expected electron emission ensuing from the breakdown will

significantly affect the working performance of the C-band rel-

n.[17-221 The simulation results and the ex-

ativistic magnetro
perimental results are shown in Fig. 4(a). Because of the ax-
ial leakage current, the traces of electron flow bombardment
on the surface of the inner conductor were clearly visible af-
ter dozens of shots when the voltage was about 450 kV. The
experimental results demonstrate that anode plasma was gen-
erated. The ion flow from the inner conductor plasma (an-
ode plasma) bombards the cathode cap, leading to cathode cap
damage, which can cause shortened microwave pulses.>!]

For the inner conductor made of stainless.steel, the dose
of the electron energy deposition-on the surface (pf,) is one of
the key factors for measuring whether the anode suffers break-
down damage.>>?*! For common metals, the threshold of p§
is generally in the range of 100 J/g,!>! and the Pt can be ob-
tained from the following formula:

ph= )
where pg is the energy density (J/cm?):

ULt

PE=——) (®)
where U and I, are the voltage and the axial leakage current,
and 7 is the duration of the average axial current, which is
about 50 ns. § is the area of the region that is bombarded. It
can be seen from Fig. 4(a) that the shape of the bombarded
region is an annulus. Its approximate area is 1.53 cm?.

And pR is the continuous slowing-down approximation

for electrons, which is given by!%¢]
PR = 0.526E —0.094 = 0.1164 (g/cm?), )

where p is the density of the metal and R is the range of the
electron, and E = 0.4 MeV (the operating voltage here is set
at 400 kV) is the initial energy of the electrons.

Therefore, the axial current damage threshold can be ex-
pressed as

_ peS

hi= "0~ 890 (A). (10)

For the axial current of a relativistic magnetron, it is easy
to exceed the threshold of 0.89 kA, resulting in anode plasma
generation. To prevent such a situation from occurring, the
options are to increase the receiving area (S) or to increase the
damage energy threshold by changing the material.

To address this issue, a hole was drilled in the inner con-
ductor. Figure 4(b) shows the simulation result (left) and the
modified physical object (right). The leakage currents are
axially transported to regions with a smaller magnetic field,
resulting in a more dispersed current and a larger current-
receiving area, thereby preventing plasma generation. More-
over, the change in the inner conductor did not affect the oper-
ating state in simulations, and in the experiments, the C-band
relativistic magnetron operation became stable with the new
inner conductor.
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Fig. 4. The improvement of the inner conductor. (a) The breakdown
between the cap and the inner conductor and simulation. (b) The new
structure of the inner conductor.

Figures 5(a)-5(d) present the experimental results of the
C-band relativistic magnetron. At a voltage of 537 kV and
a magnetic field of 0.275 T, the diode current was 9.1 kA
(Fig. 5(a)). The amplitudes of the two detected signals were
131 mV and 129 mV. Using Eq. (6), the measured powers were
1.29 GW and 1.25 GW, respectively, with a corresponding
power efficiency of 26% (Fig. 5(b)). More intuitively, Fig. 5(c)
shows the microwave signal not detected by the detector, and
Fig. 5(d) shows its spectrum. The microwave pulse width was
approximately 28 ns, and the corresponding frequency was
4.367 GHz.
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Fig. 5. The experimental results of CRM. (a) Voltage and current;
(b) two detected microwave channels at the main lobe (+7°); (c) the
microwave signal; (d) spectrum; (e) radiation pattern.

The radiation pattern can help us judge whether the C-

band relativistic magnetron works in the 7 mode and the pu-
rity of the radiation mode. The measurement method is to fix a
receiving horn at the maximum radiation direction angle of 7°,
and the stability of the output performance of the C-band rela-
tivistic magnetron is confirmed by monitoring the microwave
signal received at this horn. The other receiving horns were
placed every 1 degree from 0° to 21°, and every 3.5 degrees
from 21° to 45.5°. Figure 5(e) compares the measurement and
simulation results. The experimental pattern-was nearly con-
sistent with the simulated pattern, indicating that the CRMIS
output mode was a pure TEM mode.

However, when the voltage increased to around 600 kV,
there was a breakdown between the cathode cap and the anode,
so the microwave power was not further improved, as shown in
Fig. 6(a). This was because the 10-mm gap between the cath-
ode cap and the anode was too narrow. To suppress the radial
breakdown of the cathode and anode, an attempt was made
to shorten the radius of the cathode cap by 2 mm. This will
greatly reduce the risk of breakdown. Meanwhile, the cathode
caps and anode vanes were reprocessed, with larger chamfers
added at the edges prone to breakdown, as shown in Figs. 6(b)
and 6(c). The new cathode cap and anode vanes feature larger
chamfer radii at their radial edges, further reducing the break-
down risk.
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Fig. 6. Breakdown phenomenon and improved experimental results.
(a) Breakdown marks on the cathode cap; (b) the caps; (c) the anode
vanes; (d) two detected microwave channels at the main lobe (£7°).

When the voltage is increased to 605 kV with a matched
magnetic field of 0.305 T, the diode current reaches 10.8 kA
accordingly. Experimental results show that the aforemen-
tioned improvement measures have alleviated the previous
breakdown issue, enabling the RM to operate stably. Fig-
ure 6(d) presents the microwave detected signal at this voltage,
with two power amplitudes of 158 mV and 157.5 mV, corre-
sponding to powers of 1.44 GW and 1.43 GW, respectively.
However, a comparison between Figs. 5(b) and 6(d) reveals
a significant reduction in the pulse width of the latter, along
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with a drop in power efficiency to 22%. The reduced radius
of the cathode cap weakens the cathode’s ability to constrain
electrons, leading to a decrease in efficiency. Regarding the
pulse shortening, we believe that although no obvious break-
down phenomenon was observed in the experimental results
of Fig. 6, unintended radial electron emission still occurred
in practice. It can be clearly observed that the impedance at
605 kV (56 Q) is lower than that at 537 kV (60 Q), indicat-
ing that the current is slightly higher than expected. Although
increasing the magnetic field can raise the impedance, the volt-
age and magnetic field will no longer be matched, resulting in

a decrease in output power.

4. Conclusion and perspectives

In conclusion, this paper experimentally demonstrated the
C-band relativistic magnetron. Initial breakdown issues were
resolved by improving the output inner conductor structure, re-
sulting in stable C-band relativistic magnetron operation. The
C-band relativistic magnetron achieved a microwave output of
1.27 GW with a power efficiency of 26%. However, a break-
down occurred between the anode vanes and the cathode cap
when the diode voltage reached 600 kV.

To suppress the breakdown observed in the experiments,
the gap between the anode and cathode ‘can be increased or
the tip emission factor can be reduced, such as by chamfer-
ing the anode vanes and the cathode cap.” We adopted this
method in subsequent experiments; which indeed increased
the power threshold of the/ RM. At 605 kV, the output power
reached 1.44 GW, but the efficiency did not improve further.
Meanwhile, through calculations of current and impedance,
we found that unintended current emission still occurred. Al-
ternatively, modifying the cathode material (e.g., adopting a
carbon fiber cathode) and applying specialized coatings on the
surfaces of both the‘anode and cathode can significantly in-

crease the breakdown threshold. 27}
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