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Abstract—In this paper, a microwave undulator operating at 

36 GHz was proposed and design for a UK XFEL. A corrugated 

waveguide which has low loss was used. The properties of the 

microwave undulator operating at HE11 and HE12 modes are 

compared.  
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I.  INTRODUCTION 

Undulators that to provide a periodic transverse magnetic 

field are important components in a free electron laser (FEL) [1, 

2]. Compared with the permanent magnet undulator, the 

microwave undulators [3, 4] have the advantages of its larger 

beam aperture and adjustable field strength and the polarization. 

[5]. The microwave undulator is essentially a cavity structure. 

By operating higher frequency, it is able to achieve smaller 

period. However, for permanent magnet undulator, it is 

challenging because it will significantly reduce the field 

strength. The microwave undulator is also robust against 

damage by the ionizing radiation as compared with the 

permanent magnet undulators that are made of rare earth 

materials. 

The successful operation of a microwave undulator requires 

the cavity to have a high quality factor. In a circular waveguide, 

the TE01 mode has the least loss. However, the biggest field 

strength of TE01 mode is off centered. Therefore it is not an ideal 

option for the microwave undulator. The HE11 mode in a 

corrugated wave has been proved to be a low loss mode as well. 

It has been widely used as the feed horn and the transmission 

line for a high power gyrotron. A microwave undulator that 

composed by a cavity made of a corrugated waveguide has been 

experimentally studied. It operated at X-band and achieved a 

high Q factor up to 91000. An equivalent magnetic field of 0.65 

T was achieved when it was driven by a 50 MW SLAC klystron 

[6]. The period of the microwave undulator was 13.9 mm. 

The FEL can achieve radiation with smaller wavelength if 

the wavelength of the undulator can be smaller. In this paper, a 

microwave undulator operating at a higher frequency of 36 GHz 

was proposed and designed for a UK XFEL. 

II. DESIGN OF THE CORRUGATED WAVEGUIDE 

The schematic drawing of a corrugated waveguide is shown 

in Fig. 1. It contains circular waveguide steps and smooth 

sections. The properties of a corrugated waveguide with 

arbitrary radial corrugation depth can be accurately solved 

using a mode-matching method [7-9]. For the periodically 

corrugated waveguide, theoretical studied based on the 

balanced hybrid condition has also been derived to get an 

analytical solution of the dispersion curve [10-13]. 

 
Fig. 1.  Schematic drawing of the corrugated waveguide. 

 

The most suitable operating modes in the corrugated 

waveguide as a microwave undulator are the HE11 and HE12 

modes. They are low loss and have maximum field strength at 

the waveguide center. They are also linearly polarized therefore 

the beam dynamic inside the waveguide is easier to understand. 

Fig. 2 shows the electric field patterns of the HE11 and HE12. At 

the same operating frequency, the HE12 can have much larger 

waveguide radius. 

 
                           (a)                                                               (b) 

Fig. 2.  Contour plot of the electric field patterns of the HE11 and HE12 modes. 

 

The initial geometry of the corrugated waveguide can be 

derived from the field pattern and the dispersion relation. As a 

comparison, Table 1 listed the parameters of the microwave 

undulator for the HE11 and HE12 modes, operating at 36 GHz. 
 

TABLE 1 Parameters of the MU composed of a corrugated waveguide. 

Operating mode HE11 HE12 

Operating frequency (GHz) 36 36 

𝜆0  (mm) 8.33 8.33 



𝑅𝑏 (mm) 2.0 2.0 

𝑟1  (mm) 4𝑅𝑏=8.0  9𝑅𝑏=18.0 

d= 𝜆0/4  (mm) 2.1 2.1 

𝜆𝑔  (mm) 9.06 9.12 

𝑝 = 𝜆𝑔/3   (mm) 3.00 3.02 

w  (mm) 0.5 0.5 

𝑏 =  𝑝 − 𝑤 (mm) 2.50 2.52 

 

The eigen frequency and quality factor of the designed 

structure were further simulated using the eigen solver in the 

CST microwave studio. The undulator used in a FEL is usually 

a long structure. Here a 6-period structure was simulated to 

reduce the simulation time. The dimensions were slightly 

adjusted to match the resonance frequency of 36 GHz. 

Instead of the electric conductive boundary condition, a 

periodic boundary condition was set at both ends of the 

corrugated waveguide. In this way, the loss at both sides will 

not be included therefore it will not affect much on the quality 

factor value. It was found that with the same input power and 

similar operating frequency, the waveguide radius of the HE12 

mode was about 2.2 times that of the HE11 mode. And its Q 

factor was nearly two times that of the HE11 mode. However, 

the equivalent magnetic field was similar for both cases. The 

HE12 mode has the advantage of larger dimensions at a higher 

frequency and easier to be machined.  However, as operating at 

higher order mode, the input coupler will be more complicated. 

A longer structure of the microwave undulator, which 

contains 100 periods as well as the coupler at both sides, 

operating at HE11 mode was also simulated. The electric field 

pattern is shown in Fig. 3. It has a very uniform electric field 

along the axial direction and the quality factor is larger than 

70000 in the simulation.  

 
(a) 

 
(b) 

Fig. 3.  Field pattern inside of the corrugated waveguide (a), and the Ex 

component of the field (b). 
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