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Abstract 
Microwave FELs need a waveguide to confine the radiation and to control the group velocity of the radiation. If the 

electron bunches are short (some tens of ps), the control of the group velocity allows the FEL to operate in different regimes 

(steady-state or superradiant) [l]. 
The Groove Guide (GG) is a low loss, laterally open structure; it consists of two parallel conducting planes with two 

grooves trapping the electromagnetic energy. The dimensions of the GG are of the order of some wavelengths, and, differing 

from the “standard” oversized waveguide, the GG supports a single TE,, -like mode, if suitably designed. 
Moreover, the electromagnetic energy density, trapped by the grooves, is higher than in the rectangular oversized guide, 

for the same amount of power flowing, leading to a stronger coupling between the electrons and the radiation. 

In this paper the advantages of using a GG as a FEL interaction structure are discussed. Experimental measurements and 
characterization in the Ka band of prototypes of straight section, bend, transition from ‘to standard WR-28 rectangular 

waveguide are presented. 

1. Introduction 

The waveguide is a very, if not the most, important 
component of a microwave FEL. As a matter of fact 

beyond the confinement of the radiation, in a FEL with 
short electron bunches, like an RF accelerator driven one, 

the waveguide allows control of the group velocity of the 
radiation, leading to different FEL operation, the Steady- 

State (SS) (when the group velocity is equal to the electron 

beam velocity) or the SuperRadiance (SRI (when the 
radiation slips away from the electron bunch) [l]. If a 
rectangular waveguide is considered, its transverse dimen- 
sions must be large enough to host the electron beam size 

and wiggling motion, leading to dimensions of many 
wavelengths (oversized or overmoded guide). Such a 
waveguide allows the propagation of many (even hun- 
dreds) higher order modes, excited by discontinuities or 
imperfections of the waveguide, or by the beam itself. 
Many of these modes can couple with the beam and be 

amplified [2]. 
Such a big number of higher order modes precludes the 

use of standard components in the circuitry for the input of 
the triggering power into the waveguide (in an amplifier 
configuration) and in the output circuitry, for the radiation 
diagnostics. In order to avoid all these problems we sug- 
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gest the use of a groove-guide as interaction structure. The 
work on this kind of waveguide has been carried out for 
the ELFA project [3,4] and the data presented refer to this 
experiment. This paper summarizes the feasibility studies 
of the groove guide for FEL applications and presents the 
experimental data of characterization of prototypes of 

groove guide components dimensioned for the ELFA pro- 

ject [3.5]. 

2. The properties of the groove guide 

The GG consists of two parallel conducting planes with 
a rectangular longitudinal groove in each. The guide sup- 
ports a TE mode and the energy is concentrated in the 
groove region. Despite the short wavelength, the dimen- 
sions of the guide are large, of the order of some wave- 
lengths, and an accurate choice of the dimensions of the 
guide allowes the trapping of a single mode while the 

higher order modes are laterally radiated. In this way the 
electron-radiation interaction can take into account only 
the trapped mode, since its field is the only one giving a 
continuous interaction along the guide. 

Fig. 1 shows a section of the guide with the dominant 
mode electric field lines and the energy distribution. 

Being laterally open, the groove guide eases beam/ 
radiation diagnostics during the interaction, and the cou- 
pling/decoupling of the beam with the radiation. More- 
over the pumping problems related to the low conductance 
of an oversized guide are overcome. 
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Fig. 1. Cross section of the groove-guide with the field lines and 

the electric field amplitude in the x direction at y = 0. 

The characteristics of propagation in the groove guide 
are determined by its dimensions, the groove width a, the 
spacing b, and the groove depth d, so the group velocity 
can be adjusted in order to explore the different FEL 

regimes (SS or SR) simply by changing the spacing of the 
planes of the same structure. 

Numerical evaluations of the tolerances on the dimen- 
sions of the guide show that good control of the group 

velocity, consequently of the slippage between the electron 
bunch and the radiation, can be achieved with ordinary 

machining precision. 

In the ELFA experiment the heigth of a rectangular 
oversized waveguide was 8.7 mm for the SS regime, and 
9.0 mm for the SR, the other transverse dimension was 50 
mm. The corresponding groove guide had dimensions of 
a=16 mm, b=7.2 mm, d= 1 mm for the SS, and 
b = 7.5 mm for the SR operation. 

3. Optimization of the guide 

The dimensions of the groove guide reported above 
guarantee the equivalence of the groove guide with the 
rectangular oversized waveguide, concerning only the 
propagation constant. Different combinations of the dimen- 
sions can give the same characteristics. 

Since the width of the groove a affects the concentra- 
tion of the energy, an optimization of the groove dimen- 
sions has been carried out, in order to get the maximum 
coupling between the wiggling electrons and the electric 
field (see Fig. 2). 

To this aim the code PAGODA [6], giving the propaga- 
tion constant and the field of arbitrarily shaped waveguide, 
was used. Afterwards the coupling coefficient of the fields 
with the electron motion, normalized to the coupling of a 
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Fig. 2. Electric field distribution for different groove width. 

reference rectangular waveguide was calculated. Hence the 
coupling coefficient is defined as 

c = (EGGu)A, (E,GGu,)h, 
(ERWU)A, = (E,RWU,)h, ’ (1) 

where EGG and ERW are the normalized modal electric 
field of the groove guide and of the rectangular waveguide 

respectively, L! is the velocity of the electrons and the 
average is performed over the wiggler period A,,,. In Fig. 3 
the coupling coefficient as a function of the groove width 

a, for different spacing of the guide planes b referring to 

the ELFA experiment [5], is shown. In order to get the 
same propagation characteristics the groove depth and/or 
the plane spacing must be set accordingly. 

In consequence of this optimization the dimensions of 
the groove guide for the ELFA experiment have been set 
as follows: a = 6 mm, b = 7 mm, d = 1.52 mm for the SS 
regime. A trim of the spacing b to 7.34 mm allows the SR 
operation. 

As a consequence of the enhancement of the coupling 
factor C, in a 1D FEL model [7], the FEL gain parameter 
p, which determines the scaling laws and the operating 
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Fig. 3. Coupling coefficient as a function of the groove width. 
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Fig. 4. Schematic view of the 
guide. 

transition from standard to groove 

constraints of an FEL, is increased by a factor C’13 [8]. As 
an example, for the ELFA parameters C = 1.95 [s] and p 

is increased by a factor of 50%; all the quantities related 
scale consequently. It is important to note that the gain 
length is reduced by about 30%, leading to a shorter 

wiggler length necessary to reach saturation. The power at 
saturation is increased by the same factor as p. 

4. Experimental measurements 

In order to check the mechanical feasibility and the 
electrical characteristics of a groove guide, some experi- 
mental tests have been carried out on prototypes of groove 
guide components. In particular the transition from stan- 
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Fig. 5. Transmission coefficient for the transition system. 
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Fig. 6. Reflection coefficient for the transition system. 

dard waveguide and a straight section of groove guide has 
been investigated. The tests have been done at a center 

frequency of 30 GHz. In Fig. 4 a sketch of the transition 
from the standard WR-28 to the groove guide is shown. 

It consists of two elements. The first one is a tapered 
transition matching the standard waveguide dimensions to 

the groove. It is 140 mm long. consequently the tapering 
angles are 6.74” in the horizontal plane and 10.8” in the 

vertical plane. The second part opens laterally. The mea- 
surements were performed with an Hewlett Packard net- 
work analyzer mod. 85lOB. Figs. 5 and 6 show the 
transmission and the reflection coefficient of the double 
transition from the standard waveguide to the groove guide 
and back to the standard waveguide. as a function of the 

frequency. 
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Fig. 7. Transmission coefficient for the transition-straight section 

system. 
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Fig. 8. Reflection coefficient for the transition-straight section 

system. 

At the frequency of 30 GHz a loss of 1 dB (about 20% 
of the power) and a reflection of -34 dB has been 
measured, showing a good matching between the standard 
waveguide and the entry of the groove guide. 

In Figs. 7 and 8 the transmission and the reflection 
coefficient of the double transition measured before with 
an inserted straight section of groove guide 50 cm long are 
shown. 

At the center frequency of 30 GHz the system shows an 
attenuation of 1.1 dB and a reflection coefficient of about 

-36 dB, leading to an attenuation of 0.2 dB/m for the 
straight section of the groove guide, according to Ref. [9]. 

Experimental tests varying the contact strength between 
the components have not shown a significant difference 

with the normal mechanical mounting and locking, con- 
firming the possibility of having long interaction structures 
composed by several short sections without degrading the 

performance of the structure itself. 
Preliminary tests on a 90” bend have been done, but 

better optimization must be carried on. 

5. Conclusions 

The components needed to create a complete transmis- 

sion system, i.e. directional couplers, detectors, attenua- 
tors, and so on have been studied [lO,l I] and can be 
readily obtained. The groove guide with its low-loss and 
relaxed machining and mounting tolerances, together with 
the shorter wiggler length needed, due to the stronger 
coupling, seems to be a very promising interaction struc- 
ture. The higher order mode power, laterally radiated, must 

be monitored (for example with resistive sheets or liquid 
crystal sensors) if precision measurement of the FEL effi- 

ciency are needed. 

Acknowledgement 

The authors are indebted to Mr. D. Agnetti for 
technical drawings and his assistance in machining 

prototypes. 

References 

the 
the 

[l] R. Bonifacio et al., Nucl. Instr. and Mcth. A 296 (1990) 358. 

[2] W.M. Sharp, S.S. Yu, P. Pierini and G., Ccrchioni, Nucl. 

Instr. and Meth. A 296 (1990) 535. 

[3] E. Acerbi et al., Electron Laser Facility for Acceleration, 

Design Report (1992). 

[4] E. Acerbi et al., Proc. 1993 IEEE Particle Accelerator Conf., 

IEEE, Piscataway. NJ, 1993, p. 1524. 

[5] P. Arcioni, M. Bressan, F. Broggi, G. Conciauro and P. 

Pierini, Proc. 1993 IEEE Particle Accelerator Conf., IEEE, 

Piscataway. NJ, 1993. p. 1569. 

[6] P. Arcioni, M. Bressan and G. Conciauro, PAGODA: a 

Computer Code for the Analysis of Waveguides - Operating 

Manual, Technical Report 03/90. Dept. of Electronics of 

Pavia (1990). 

[7] R. Bonifacio et al., Riv. Nuovo Cimento 9 (1990). 

[8] R. Bonifacio. C. Pellegrini and L. Narducci, Opt. Common 

50 (1984) 313. 

[9] D.J. Harris and K.W. Lee, Electron. Len. 14 (1978) 101. 

[lo] J. Meissner. Electron. Lett. 20 (1984) 460. 

[ll] D.J. Harris and S. Mak. Electron. Lett. 17 (1981) 516. 

IV. LONG WAVELENGTH 


