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Abstract; The method for calculating the expression of the trapezoidal corrugation slow-wave structure
(SWS) is studied in detail, which uses Fourier series expandedness. The dispersion curves of the two lowest
symmetry TM,, waves are obtained with numerical calculation. Moreover, longitudinal resonance properties of
the finite-length coaxial SWS are investigated with the S-parameter method. It is proposed that the introduction
of a well designed coaxial extractor to slow-wave devices can reduce the period-number of the SWS, which not
only can make the devices more compact, but also can avoid destructive competition between various longitudinal
modes. Based on the theoretical study, a compact L.-band coaxial relativistic backward wave oscillator is de-
signed using the 2.5 D particle simulation code. Simulation results show that for an electron beam of 700 keV
and 11.5 kA, the high-power microwave of coaxial TEM mode is generated with an average power of 2. 60 GW
after saturation and a frequency of 1.6 GHz, and a power conversion efficiency of 32. 3% in the duration of 30
to 60 ns.
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In recent decades, a considerable amount of research has been reported on high-power relativistic back-
ward wave oscillators (RBWOs) utilizing intense relativistic electron beams. The operating principle of the
RBWOs is the Cherenkov effect between microwaves and an electron beam passing through a metal tube
slow-wave structure (SWS)H57,

As is known, the SWSs are the most important parts of high power microwave devices of Cerenkov-
typet™. During the design of the RBWO, the main goal is to find a SWS profile capable of 1) supporting
slow waves with phase velocity below that of the electron beam with a certain voltage value, and 2) ensuring
strong coupling impedance over the frequency range of interest for a beam located relatively far from the
structure’s surface’™. In order to meet these requirements, various periodic SWSs have been analyzed, and a-
mong them coaxial SWSs are widely used due to the potential of increasing the beam-to-microwave conversion
efficiency.

In this work, the trapezoidal corrugation SWS is chosen, because its power capacity is higher than that
of the rectangular SWS. Compared with the sinusoidal corrugated SWS, it can be fabricated more easily in
practical applications. For the trapezoidal corrugation cannot be described by a continuous function, it is dif-
ficult to obtain accurate dispersion. Note that, arbitrary geometry structures can be expanded using Fourier
series expansion. Thus, this method is introduced to deduce the dispersion relation in the trapezoidal corru-
gation coaxial SWS. In addition, the length of the SWS is finite, which leads to the neighboring longitudinal

modes competition. This brings on the cross-excitation instability in the interaction region and decreases the
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power conversion efficiency. Therefore, it is necessary to investigate the longitudinal resonance properties in

the coaxial SWS.

1 Dispersive characteristics
The physical model of the coaxial SWS is illustrated Sis

in Fig. 1. The coaxial SWS consists of a coaxial cylindrical =~ “§
waveguide with inner conductor, and the outer wall radius

. . annular beam
R(z2) varying according to Floquet’s theorem ! :

R(2) = R(z+ z) (1 A

Using Fourier series expansion, R(z) can be expressed as

inner conductor

Fig. 1 Schematic of trapezoidal corrugation

“ oo .
R(z) = ?O -+ E (a,, cosnh,z -+ b, sinnh , 2) (2) coaxial slow-wave structure

n=1

where a, and b, are the cosinoidal coefficient and sinusoidal coefficient of the nth order Fourier series, respec-

tively; 2, and h, =2x/z, are corrugation period and longitudinal wave number, respectively.

a, = éj R(x)cosnhozdz, (1= 0.1.2,)

2y 2

z/2

(3)
b= 2[" Reosinmah,zdz. (1= 0.1.2.0)

2/

The numerical calculation results are plotted in Fig. 2. The solid line stands for the original structure.
The dot line and the dash line stand for the SWS profiles obtained through one-step and ten-step numerical
calculations, respectively. There is an obvious difference between the profile obtained by one-step calculation
and the original structure. In addition, it is found that the difference decreases with the step increasing. Fur-
thermore, there is almost no difference when the step number is ten. Therefore, we choose the ten-step re-
sults to resolve the dispersion curves.

For simplicity, we consider the normal modes of the coaxial SWS without the beam. Dispersion curves
of the trapezoidal corrugation coaxial SWSs can be obtained according to the dispersion relations derived in
Ref. [10], as shown in Fig. 3. In Fig. 3. Dispersion curves are plotted along with the beam line with energy
of 700 keV, which is a typical value of our accelerator. The beam line corresponding to a beam voltage of 700
kV intersects with the —1st space harmonic of the quasi-TEM mode. The intersection point is in the back-
ward wave region near the mode at about 1. 7 GHz, which is slightly higher than the simulation results with-
out nonlinear effects of the electron beam. From Fig. 3, it is clear that the quasi-TEM mode has no cutoff

L - Thus, the radius of the coaxial

frequency in the waveguide, which is similar to the coaxial TEM mode
SWS can be obviously smaller than that of the non-coaxial SWS. Therefore, the coaxial RBWO of low opera-

tion band can be very compact and convenient for practical applications.
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Fig. 2 Linear fitting chart of trapezoidal corrugation Fig. 3 Dispersion curves of the two lowest-frequency TEM modes

and beam Doppler line with diode voltage of 700 kV.

Here 20=7.2 cm, r0=1.0 cm, h=2.0 cm and R=6.0 cm
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2 Longitudinal resonance characteristic
2.1 Longitudinal transmission characteristic of finite-length SWS

To illustrate the concept of longitudinal resonance characteristic in coaxial RBWO, we have conducted a
comparative investigation on the structure of five-period SWSs with and without coaxial extractor (see Fig.
4). The parameters of both SWSs are the same. Let us excite the structure by a smooth wall waveguide co-
axial TEM mode that runs from the left end to the right, as shown in Fig. 4. It is convenient to characterize
their resonance properties by transmission coefficient T, which is defined ast'*!"

T(f) = So./Sh (4)

where Si, and S; are the electromagnetic power fluxes for direct waves through the input and the output

cross-sections of a structure, respectively.
SWS SWS
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(a) without coaxial extractor (b) with coaxial extractor

Fig. 4 Five-period SWSs with and without coaxial extractor

Fig. 5 shows the transmission coefficient as a func- " ' ' '
1.0F M b
tion of frequency. The curve marked by empty squares g ]
. . 'S
and the curve marked by solid triangles stand for the z 0.8f 1N ﬁq 1
5] A
. . . . 8 2
resonance properties of the five-period SWSs without 5 Dal [‘i |
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and with a coaxial extractor, respectively. Each peak in I M X 7
. o . E oab o
Fig. 5 represents a longitudinal mode of coaxial TEM z ik o e e s LX
. . . i=] —o—conventional structure
mode. It is found that, the general transmission coeffi- 02k P: peak of n-like mode &k i
i f th i is higher than that of : : i g
cient of the conventional structure is 1gher than that o 0 04 038 12 " 30
the coaxial extractor structure. However, the peak of frequency / GHz
each longitudinal mode of the coaxial extractor struc- Fig.5 Power transmission coefficient vs
ture is sharper than that of the conventional structure. frequency for two structures

The peak of n-like mode (point “P”) is the sharpest in all longitudinal modes, which means that it has the
biggest Q-factor and can be excited firstly. Therefore, a stable single-frequency oscillation can be excited ef-
fectively by choosing resonance point “P” as the longitudinal operation mode"'® . It must be noted that the di-
mension of the collector should be optimized numerically so that the value of the transmission coefficient at
point “P” is suitable for both the beam-wave interaction and the extraction of microwave energy.

2.2 Effects of collector parameters

To further explain the effects of coaxial extractor structure, we have studied resonance properties of
five-period SWS with different parameter collectors by transmission coefficient, as shown in Fig. 6 and
Fig. 7.

The transmission coefficient as a function of frequency in three cases is shown in Fig. 6, where the radius
of collectors is constant, and the distance between the right end of the SWS and the collector is 0, 2 or 4 cm.
It is found that, the peak of each longitudinal mode decreases as the distance increases, and the frequency of
resonance point decreases, too. In Fig. 7, the distance is constant and the radius is 3.8, 4.0 or 4. 2 cm, the
peak of each longitudinal mode decreases slightly with the radius increasing, while the frequency of each res-
onance point stays the same. According to the above simulation, the resonance properties are sensitive to the

distance, but not to the radius.
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Fig. 6 Transmission coefficient vs frequency Fig. 7 Transmission coefficient ws frequency
with different distances with different collector radii
3 Particle simulation
Based on the theory of dispersive characteristics 64 SWS dielectric
and longitudinal resonance properties in the trapezoidal
corrugation coaxial slow-wave structure, we have con-
. . . . 45
figured and investigated a compact L-band coaxial RB- e b ) e
. . .. g cathode beam collector

WO using the KARAT code, whose model is illustrated 2

in Fig. 8. Its basic structure is similar to that of the 2

conventional RBWO. However, the length of the SWS

inner conductor

section is reduced from over ten periods to five periods, 0 : :

. . 0 25 50 75
and there is a coaxial extractor structure at the end of Zlicm
the SWS section. Fig. 8 Model for PIC simulation

The mechanism of generating HPM by the device is investigated numerically in detail with a 2. 5-dimen-
sional PIC code, with related physical pictures presented in Figs. 9(a) to (¢). Under the optimized configura-
tion, the L-band coaxial RBWO, driven by a 700 kV, 11. 5 kA electron beam, comes to a nonlinear steady
state at 18 ns [ Fig. 9(a) ]. A microwave of longitudinal TEM mode is generated with an average power of
2.60 GW [Fig. 9(b) ] after saturation, a frequency of 1. 6 GHz [ Fig. 9(c¢) ], and a power conversion efficiency
of 32.3% in the duration of 30 to 60 ns. It should be noted that the length and the maximum diameter of the
SWS region are only 40 cm and 12 cm, respectively, thus the coaxial RBWO is much smaller in overall size
than the L-band non-coaxial RBWO. Therefore, the simulation results verify the theoretical analysis and

demonstrate that the device can generate microwave with high efficiency.
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(a) output power vs time (b) saturated output power vs time (c) spectrum of saturated output power at 30 ns

Fig. 9 Simulation results at output window

4 Conclusion
In this paper, we present theoretical analysis and particle simulation of the dispersive characteristics and

longitudinal resonance properties in trapezoidal corrugation coaxial RBWO. With the Fourier series expand-
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edness, the expression of the trapezoidal corrugation SWS is obtained. Based on the expression through 10
step linear fitting, the dispersion curves of the two lowest symmetry TM,, waves are obtained with the nu-
merical calculation. In particular, when the coaxial SWS parameters are matched with the annular beam volt-
age and radius, the system can operate in single coaxial TEM mode. In addition, through the S-parameter
method, the longitudinal resonance properties of the finite-length coaxial SWS are investigated in detail. Fur-
thermore, a compact L.-band coaxial RBWO is designed with the KARAT code. In simulation, the L-band
coaxial RBWO, driven by a 700 kV, 11.5 kA electron beam, generates the HPM with a power of 2. 60 GW
and a frequency of 1. 6 GHz, and a power conversion efficiency of 32. 3% in durations of 30 to 60 ns. The
limitation of the device is that the guiding-magnetic system is so large that it is difficult to manipulate in ex-
periments. Therefore, we should investigate the performance of the coaxial RBWO operating at the low guid-

ing magnetic field.
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