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Abstract—Design and optimization of high-power microwave (HPM)
feed horn by combining the aperture field with radiation patterns are
presented in the paper. The optimized feed horn in C band satisfies
relatively uniform aperture field, power capacity higher than 3 GW,
symmetric radiation patterns, low sidelobes, and compact length. Cold
tests and HPM experiments were conducted to investigate the radiation
patterns and power capacity of the horn. The theoretical radiation
patterns are consistent with the cold test and HPM experimental
results. The power capacity of the compact HPM horn has been
demonstrated by HPM experiments to be higher than 3 GW.

1. INTRODUCTION

The maximum power produced by S-band resonant BWO has
attained 5 GW with 100J energy pulses [1]. With the development
of narrowband multi-giga-watt HPM sources operated under vacuum,
the power capacity of the HPM horn has become the major factor of
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limiting HPM transmission and radiation [2-5]. When the electric
field amplitude at the aperture of the horn is higher than the
breakdown threshold, secondary electron multipactor and plasma
discharge happen at the vacuum side of the dielectric radome, leading
to HPM breakdown and pulse shortening [2-5]. Consequently, in
order to prevent breakdown, the aperture field of HPM horn should
be uniform and below the breakdown threshold, which is about 30—
40kV/cm for S-X band HPM [6]. The aperture diameter & of the
horn usually requires 0.8-1m for the power capacity higher than
3GW. Besides, as a feed of the reflected antenna, the HPM feed
horn need symmetric radiation patterns and low sidelobes. Thus, it is
very important to choose and design HPM horn satisfying high power
capacity and symmetric radiation patterns.

There are varied horns applied for special occasions: single-
dominant mode conical and rectangular horn [7-11, 24, 25], multimode
circular and rectangular horn [12-15], corrugated horn [11,16],
modified box-horn [17,18], half oval horn [19], ridged-loaded UWB
horn and modified TEM horn [20-22].

For the narrowband HPM, the power capacity of the circular horn
with the same aperture size is higher than that of the rectangular horn
whose the aperture field is less uniform. Dominant-mode TEq; conical
horn has uniform aperture field, but demands small flare to neglect the
higher-mode field components [9], leading to a long length L ~ 2-3m
for HPM horn with ® ~ 0.8-1 m. More importantly, TE;; conical horn
has non-symmetric radiation patterns and is not suitable to be a high
efficient feed horn.

Corrugated horn has the advantage of symmetric patterns and low
sidelobes [7-9]. However, the corrugated horn with ® ~ 0.8-1m and
length L ~ 1m has a weight of several tons even for the aluminum
material, leading to difficult processing and expensive cost. What’s
more, the bottleneck of the power capacity of the corrugated horn is
at the section of smooth waveguide flaring to the corrugated wall with
small diameter, where the field between the slots is so strong that
discharge occurs violently.

Unfortunately, the importance of the aperture field amplitude has
been neglected in the design of the HPM feed horn in Ref. [23], whose
power capacity is still not investigated by HPM experiment. Besides,
the feed horn in Ref. [23] with L = 1.45m and ® = 0.4m is not
compact.

In this paper, we propose to design and optimize HPM feed
horn according to the way of combining the aperture field with
radiation patterns. A two-time flared circular feed horn in C band is
optimized by CST Microwave Studio [26]. Cold test and 3GW HPM
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experiment were conducted to investigate the radiation patterns and
power capacity of the horn. The theoretical radiation patterns are
compared with the cold test and HPM experimental results.

2. OPTIMIZATION OF THE HPM FEED HORN AND
DIELECTRIC WINDOW

2.1. The Reference of the Uniform Aperture Field

For linear polarization of the exciting TE;; mode, reference is missing
for scaling the amplitude of the aperture field of the horn. It has been
found by simulation and theoretical calculation that the field amplitude
FEpo of TEq1 mode is usually lower than that of the multimode in a
uniform waveguide of the same cross-section. For instance, F,,o of
TE1; mode is the minimum value within the modes of TMy;, TE2,
TMio, and TE;3. The transversal electric field of the fundamental
Gaussian beam can be mainly expressed by that of the mixture mode
of TE;; and TMy; with amplitude ratio 1:0.65 and phase 0: 180 [23].
It has been found by calculation that the amplitude of the transversal
field of the mixed mode is higher than that of the single TE;; mode.

Thereby, the amplitude of TE;; mode in a waveguide with the
same diameter can be used as the reference for scaling the aperture-
field uniformity of the multimode horn. Define the ratio factor v =
E../Enmp, where E,, is the aperture-field amplitude of the horn.

For D/X\ > 1, the longitudinal phase-shift constant meets 5 =

Vw?/c2 —1.841/R)? ~ w/c, Epp can be approximately expressed as:

EmO ~ 1.632\/PTE116,U,/R (1)
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Figure 1. Variation of E,,g with radius R for Prg;; = 3GW.
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where Prpgy; is the incident power, and it can be shown that E,, is
independent of frequency w. Variation of E,,g for Prg;; = 3GW is
illustrated in Fig. 1.

It’s shown in Fig. 1 that E,,0 at R = 40.5cm is 30kV /cm, below
the breakdown threshold. Thus, the aperture radius of the flared horn
for 4.3 GHz is chosen as 40.5 cm, satisfying D/ > 1.

2.2. Simulation and Optimization of the Feed Horn

The schematic of the structure of the flared feed horn is shown in
Fig. 2. In the simulation with CST Microwave Studio, the polarization
direction of the exciting TE;; mode is along y-axis and the wave
propagation direction is along z-axis. The optimization goals are
uniform aperture field, equal 10 dB beamwidth (BW) in the principal
planes. The aperture field and radiation patterns are influenced by the
three structure variables (L1, La, and R;), since the aperture radius
Rs has been determined in the analysis above, and the incident Ry
is fixed due to the output waveguide of the HPM source. In order to
simplify the problem, a single variable is firstly investigated to research
its influence on the optimization goals while fixing other parameters.
And then, another variable is optimized.

The parameters for simulation in CST are f = 4.3GHz, Ry =
44.5mm, Ry = 405 mm, incident average power Prg;; = 0.5 W, and
the optimized field E,,g = 40 V/m for 0.5 W.

During the process of respectively optimizing the three parame-
ters, it was found that the length of Lo has the largest influence on
aperture field and radiation patterns. Optimizing the variables of Ry
and Lq can further decrease the field amplitude, make the patterns
symmetric and form low sidelobes.
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Figure 2. The schematic of the structure of the two-time flared feed
horn.
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Figure 3. Aperture field distribution with Ly along (a) z-axis and (b)
y-axis paralleled with polarization direction of TEq;.
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Figure 4. Radiation patterns with Ly for (a) E plane and (b) H
plane.

Firstly, fix L1 = 200mm and R; = 80 mm, and vary Lo. It was
discovered that, when the secondary flared angle 65 is in the range
of 40-90°, the field amplitude keeps very high, therefore, 62 can be
selected in the range of 20-35°, corresponding to Ly = 460-860 mm.
Variation of aperture field and radiation patterns in the F and H
principle planes with Ly are shown in Fig. 3 and Fig. 4.

It can be observed in Fig. 3 that, with the increase of Lo, the field
distribution becomes uniform and the amplitude gradually decreases;
the 10dB-BW in the H plane gets narrower and tends to be equal
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with that in the E plane. Combining the results of aperture field and
radiation patterns, Ly = 760mm can be selected as the optimized
value. And then, the influence of L can be investigated, primary
optimization shows that relatively good results can be obtained for
01 = 4-8°, corresponding to L1 = 150-270 mm. Variation of aperture
field and radiation patterns with L; are shown in Fig. 5 and Fig. 6.

With the increase of L, the field amplitude gradually enhances,
the 10dB-BW of the E plane gets narrower and tends to be equal with
that of the H plane. L1 = 220mm can be selected as the optimized
value, and then the influence of R; can be investigated. The results
are shown in Fig. 7 and Fig. 8.
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Figure 5. Aperture field distribution with L, along (a) z-axis and (b)
y-axis.
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Figure 6. Radiation patterns with L; for (a) E plane and (b) H
plane.
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Figure 7. Aperture field distribution with R; along (a) z-axis and
(b) y-axis.
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Figure 8. Radiation patterns with R; for (a) E plane and (b) H
plane.

It is illustrated that relative good patterns and aperture field can
be acquired at Ry = 80 mm, and the ratio y=F,,/FEno is 1.1. When
Ry is increasing, aperture field E improves and concave emerges at the
top of the radiation beam. During optimizing the structure parameters
(Lo, L1, and Ry), appropriate phase center region has been considered,
which is mainly determined by the reflector antenna and is about
860 mm away from the aperture of the horn.
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Figure 9. Schematic of the periodic triangular surface.

2.3. Optimization of the Dielectric Window

The dielectric window with & ~ 0.8m, isolating vacuum from air,
should have sufficiently mechanical strength to withstand the huge
atmospheric pressure. Besides, in order to minimize microwave
reflection, the thickness of the window should satisfy d = n\/(2e%-9),
where A is the wavelength, €, is the dielectric constant, and n is a
positive integer.

Periodic rectangular and triangular surface profiles with period
p ~ 2mm have been found to increase the breakdown threshold of
dielectric window at the vacuum side, by the theoretical analysis and
recent HPM experiments [27, 28].

Spherical shell dielectric window has been replaced by the flat
one due to very expensive grooving on the curved surface. For high
molecular weight polyethylene (HMWPE) with e, = 2.3 for 4.3 GHz,
the thickness of the window is chosen as d ~ 69mm. The HMWPE
window has been processed to be periodic triangular surface with slope
angle 45° and period p ~ 2mm shown in Fig. 9, which has little effect
on microwave transmission due to p < A ~ 7 cm.

2.4. The Results of the Optimization

The parameters of the optimized HPM feed horn and dielectric window
in C band is shown in Table 1:

Table 1. The parameters of the optimized HPM feed horn.

HMWPE Em f
B pl ke o L TWPE G W0 Gain/dB  ~ or 3GW
/mm d/mm kV/cm
445 80 405 220 760 69 40 18 1.14 33.5

The influence of the optimized dielectric window on radiation
patterns, and aperture field shown Fig. 11 and Fig. 12 is not serious
and the ratio v = 1.14 illustrates that the aperture field is relatively
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uniform. The transient field distribution of the horn under 0.5W is
shown in Fig. 10. It can be observed in Figs. 12(a) and (b) that the
mainlobe is symmetric on the whole, and low sidelobes beneath —40 dB
are satified. The nearfield and the farfield patterns are found to be the
same except for the amplitude and phase in the simulation. Thus, the
nearfield patterns are not plotted. The total length of the compact
horn including dielectric window is 1.05 m, shown in Table 1.
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Figure 10. Distribution of E-field in y-z plane for average 0.5 W.
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Figure 11. Comparison of the aperture field distribution with and
without dielectric window along (a) z-axis and (b) y-axis for 3GW
incident power.
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Figure 12. (a) Farfield radiation patterns with and without dielectric
window for E plane (¢ = 90°) and H plane (¢ = 0°). (b) 3D farfield

radiation patterns.
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Figure 13. (a) Comparison of the theoretical and cold-test nearfield
patterns. (b) Comparison of the cold-test nearfield and farfield
patterns.

3. COLD TESTS

Cold tests of the farfield and nearfield radiation patterns of the
feed horn without the dielectric window were conducted in a huge
microwave anechoic chamber. The test system comprised sending
and receiving components according to the principle of reciprocity of
the antenna. The sending subsystem was comprised of signal source
Agilent E8247C, directional coupler HP87300C, and transmit antenna.



Progress In Electromagnetics Research, PIER 101, 2010 167

The reception subsystem was constituted by the testing feed horn
cooperated with TMg;-mode exciter and mode convertor from TMg; to
TEq1, frequency inverter Agilent 85320A /B, vector network analyzer
Agilent E8363B, and scanning antenna mount (or turntable). The
cold-test patterns for nearfield of 1.5 m and farfield are compared with
the theoretical ones in Figs. 13(a) and (b).

It can be observed in Fig. 13(a) that the theoretical and cold-
test patterns in E-plane are slightly different. Besides, the cold-test
patterns of nearfield and farfield are a little different in shape, in
contrast with their theoretical predictions that are in close agreement.
The possible reason may be that the impure and non-single output
modes of the mode convertor may excite higher order modes in the
horn, influencing the radiation field.

The gain measured by comparison method using a standard gain
antenna was 18.22 dB, in agreement with the theoretical value. And the
phase center region measured was also consistent with the theoretical
one.

4. HPM EXPERIMENTS AND RESULTS

HPM experiment, with power 3 GW and 25-30ns pulse width, and
at frequency 4.3 GHz, was conducted. The experimental set up is
shown in Fig. 14. TMp; mode produced by BWO [29] was transferred
by the mode convertor to TEq; mode, which was radiated to air
through the two-time flared circular horn with HMWPE window
grooved periodically, and the inner pressure 0.1 mTorr was acquired
by mechanical pump and molecular pump. SFg with pressure higher
than latm. was sealed in a balloon with diameter 1.5m and fixed
outside of the window to prevent air breakdown.

Directional HPM horn

coupler

Microwave source Mode convertor

Vacuum pump

SF bag

Figure 14. Basic HPM experiment setup.
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Figure 15. (a) Comparison of the radiation patterns of the theoretical
calculation, cold test and HPM test. (b) The local amplified patterns
for cold test and HPM test.

k MR M Pt ﬁ WWH“NM*“\\f«’»”"‘"‘-”" “"V‘p\ /“»V/ N(W"W‘”
w_w”~r...,»-«f~\“"‘f”w\mﬂ;?7@* ,ﬂ«i_?m-? 1 l. » |
i \ he V i ol
e \‘ / \ / ' \ / B
BNAY. o e
(@) ‘ (b)

Figure 16. Typical waveforms for (a) no breakdown (b) breakdown
for, left- incident microwave power, right-radiation power.

Directional couplers, attenuators, coaxial transmission lines, and
crystal diode detectors were adopted to measure the online incident
microwave power and radiation power tested (not shown in Fig. 14) at
a distance 9m from the phase center of the horn.

The received power of the detector for online measurement was
attenuated by about 120dBmW, which was the sum of directional
coupler, attenuators and coaxial transmission line. The detector
transformed the input power (unit of dBmW) to output voltage (mV),
whose relation curve had been calibrated by standard microwave
source. The output voltage was measured by oscillograph. The
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theoretical, cold-test and HPM-test radiation patterns are compared
in Fig. 15.

It is illustrated in Fig. 15(b) that the cold-test radiation patterns
are basically consistent with the HPM patterns, whose integrated
power is higher than 3 GW. The typical waveform of the incident HPM
power higher than 3 GW and the corresponding radiation power is
shown in Fig. 16(a). As a comparison, the breakdown waveform of
the radiation wave came from a smaller size horn with much higher
aperture field is illustrated in Fig. 16(b). When breakdown happens,
the transmitted pulse obviously shortens, that is to say, the radiation
pulse width gets shorter than the incident one, shown in Fig. 16(b).

5. CONCLUSION

Theoretical design, cold tests and HPM experiments were adopted
to investigate the HPM feed horn. By combining the aperture field
with radiation patterns, the compact HPM feed horn in C band is
optimized and satisfies relatively uniform aperture field, power capacity
higher than 3 GW demonstrated by HPM experiment, and symmetric
radiation patterns, which for theoretical analysis is basically consistent
with the cold-test and HPM experimental results.
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