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Abstract

We discuss the use of a groove guide as the FEL interac-
tion structure for the ELFA experiment: the groove guide con-
fines the 100 GHz radiation and controls the slippage, permit-
ting to investigate different FEL regimes. The groove guide is
a laterally open structure: it supports a single guided mode
even if its dimensions are large compared with the wave-
length, as required in the experiment to accommodate the
beam. Thus, differently from conventional oversized rectangu-
lar waveguides, the groove guide allows the beam to interact
with a single mode, simplifying the design of the structure.
The lateral openings ease the beam diagnostics as well, and
overcome pumping problems.

1. INTRODUCTION

ELFA [1] is a high gain FEL designed to operate in the
millimeter wavelength range (A = 3 mm). One of the main
goal of ELFA is to study the different regimes of the FEL in-
teraction, i.e. the steady-state (SS) and the superradiance (SR)
[2]. This is accomplished by controlling the slippage due to
the different propagation velocities of the radiation and of the
electron beam. Thus the structure that guides the radiation
along the beam path is one of the critical component of the
experiment. A rectangular waveguide operating in the TEQ)
mode is the solution considered in previous FEL experiments
[3,4.5]. The rectangular waveguide that could be used for the
ELFA experiment would have a width of 50 mm and a height
of 8.7 mm (8S regime) or 9 mm (SR regime). The width of
50 mm depends on the amplitude of the transverse motion of
the bunches and on the necessity of providing a suitable clear-
ance for alignment purposes. These dimensions are very large
compared to A, and about 300 modes, many of them having
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potential interaction with the beam, could propagate at the
operating frequency of ELFA (100 GHz). Thus the use of
such an oversized waveguide would lead to many problems re-
lated to the control of unwanted modes excited by the beam it-
self and by any waveguide discontinuity. Moreover, the high
operating frequency and the huge number of high order modes
would preclude the use of standard waveguide components
(e.g. directional couplers, detectors, attenuators, loads, transi-
tions and so on) in the design of the microwave circuitry con-
necting the FEL waveguide to the generator and to the output
diagnostics.

To overcome these problems we considered a diffcrent guid-
ing system, the so called "groove-guide" (GG), which is a
typical low-loss transmission structure in the 3 mm band
[6.7,8]. It is an open waveguide, consisting of two parallel
conducting planes (see Fig. 1), where two longitudinal
grooves permit to trap the electromagnetic energy. In general,
the field inside the GG can be considered as the sum of some
trapped modes, plus a continuous eigenfunction spectrum [9].
When the GG is suitably designed. only one mode remains
trapped in proximity of the grooves: this mode is suitable for
FEL interaction, since it has a field distribution that resem-
bles the TEQ1 pattern in a rectangular waveguide (see Fig. 2).
Differently from a rectangular waveguide, however, in a GG
the beam interacts only locally with the ficlds associated with
the continuous eigenfunction spectrum, that in any case are
excited by the waveguide discontinuities and by the beam it-
self. In fact, the electromagnetic energy associated with these
ficlds is radiated laterally, and thus it is effectively removed
from the beam region. For this reason, when dealing with the
electron/radiation interaction in a GG, only the trapped mode
can be considered, since its field is the only one which gives
rise to a continuous interaction along the whole structure.

The use of a GG in FEL experiments appears very attrac-
tive also because the lateral openings make feasible a number
of sensing devices to be placed along the beam path to moni-
tor the beam/radiation interaction.

2. THE GROOVE GUIDE

Fig. 2 shows the gcometry of a GG and the electric field
pattern of its dominant mode. The GG offers single-mode
propagation up to a spacing b of the order of some wave-
lengths, provided the depth d of the grooves is about /4 and
their width a is of the order of & [10]. Since the fields of the
dominant mode decay exponentially in the transverse direc-

1569

PAC 1993



y 4 conducting planes
Jb ‘d
T S,
7 -
I X
| e a — -
w
Fig. 2

tion, the propagation properties of the GG do not depend on
the overall width w, provided it is sufficiently large. Thus the
dimension w of the structure is not critical, and a value of
about 6 times b is adequate [10].

The group velocity can be adjusted by a suitable choice of
the dimensions a, b and d of the GG. In particular, for given
dimensions ¢ and 4 of the grooves, the spacing b affects
mainly the group velocity. This fact suggests that it is
possible io use the same structure to experiment boih SS and
SR regimes, provided the mechanical design allows one to
trim the spacing b. Morecover, the dimensions of the groove
affect the amount of the confinement of the elcctromagnetic
energy. We can take advantage of this feature to increase the
density of the electromagnetic energy in the region spanned by
the beam and, consequently, the cfficiency of the FEL inter-
action.

3. DIMENSIONING OF THE STRUCTURE

The actual dimensioning of the GG is performed with the
aim of increasing as much as possible the coupling between
the beam and the field, keeping the spacing b adequate to
allow the beam alignment. To this end we carried out many
numerical tests on different structures, considering different
values of the dimensions a and b, and adjusting the groove
depth d to obtain the group velocity suitable for SS regime.
The resulting values of d are plotted in Fig. 3 as a function of
the groove width a for values of the plane spacing b ranging
from 5 mm to 7 mm (larger values of b result in poor
confinement of the field, whereas 5 mm was considered to be
the minimum allowable plane separation). The calculations
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were performed using the code PAGODA [11] that gives prop-
agation constants and modal field of arbitrarily shaped wave-
guides.

From the modal field we calculated the coupling C of the
wiggling electrons with the propagating electric field, normal-
ized to the coupling in a reference rectangular waveguide:

) (ECG .v),., _ (ESCvia )
(ERY v )a., (ESY vida,

where EGG and ERW are the (normalized) modal electric field
of the groove guide and of the rectangular waveguide respec-
tively, v is the velocity of the electrons and the average is
performed on the wiggler period Ay, (A, = 10 cm for ELFA).
When evaluating (1) it is possible to expand the electric ficld
around the beam axis (x=0, y=0, see Fig. 2), and to truncate
the expansion at the second order. It has been verified that this
approximation is very accurate up to a distance x;,2 {from the
beam axis where the field is 1/2 of its maximum value. The
distance x;;7 is of the order of /2 and increases for increasing
b, as shown in Fig. 4; in any case it is comparable or larger
than the amplitude I" of the wiggling motion of the electrons
(I' = 3.18 mm for ELFA). From (1) it is obtained:

2 RW pRW
= [ EL(0,0)+ OvE “4‘} N7 (2)

where the derivative is evaluated at the beam axis and
afW =50 mm, bRWY = 8.7 mm are the dimensions of the
reference rectangular waveguide (see the Introduction). Fig. 5
reports the values of C as a function of the groove width a for
different values of the plane spacing b: in all the considered
cases C is greater than 1, i.e. the coupling in the GG is larger
than in the reference rectangular waveguide. Moreover, it is
noted that for each value of the spacing, it is possible to max-
imize the coupling by choosing a suitable value of a. Since
the maximum values of C are only slightly different for the
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three curves, the largest spacing, more convenicnt to accom-
modate the beam, can be used. For these reason the dimen-
sions of the GG best suited for ELFA arc: @ = 6 mm,
b=7mm,d=152mm.

In order to verify the sensitivity of the slippage to the di-
mensional tolerances, some numerical evaluations have been
carried out, considering small variations of the above men-
tioned values. Delining the normalized slippage parameter
{/Ly as

Ay ve-vy

Ly, = vy
where /g is the "slippage length", L, the length of the wig-
gler, v, the group velocity and vy the longitudinal velocity of
the electrons, the following sensitivity values were found:

Kyl )da = 1.2 103 [mm!]
HlJLoy )dd = 5.6 105 [mm!]
Ny YOb = 55103 [mm!]

Since the length of the ELFA wiggler is 8 m, and assuming
that the slippage length must be controlled with an accuracy
of the order of 1 mm, the obtained sensitivitics show that the
dimensional tolerances required in the manufacturing of the
GG are not very critical, and precision milling of metal
blocks appears to be adequate. Morcover, the last sensitivity
value shows that it is possible to change the slippage length
from 0 (SS regime) to 15 mm (SR regime) by increasing the
plane spacing # from 7 mm to 7.34 mm.

4. INFLUENCE ON THE FEL GAIN AND ON THE
OUTPUT POWER

According to the 1-D FEL model [12], the enhanced cou-
pling between the guided mode and the electron beam gives
rise to an increase of the FEL gain parameter p, which deter-
mines all the relevant scaling laws and operating constraints
for a FEL [12]. Introducing the coefficient C, defined in the
previous section, in the FEL universal scaling of Ref. {13]. 1t
can be scen that the FEL gain paramcter p is multiplicd by a
factor C2/3. Considering a value of C = 1.95 for the preferred
GG (see Fig. 5), the gain paramceter p increases approximately
by a factor of 50%. All the quantitics relater to p changes ac-

cordingly. In particular, the gain length, i.e. the e-folding
length of the exponential growth of the radiation power along
the wiggler, is given by:

Aw

Loyin =——

guin 47l'p
Thus. the increase in the gain parameter p leads to a reduction
of the gain length by a rough factor of 30%, allowing for a
significantly shorter wiggler length required to saturate the
emitted radiation. Morcover, the emitted FEL power at satura-
tion is given by

Pow =p Ppoam

where Ppeam is the electron beam power. Again, the increase
in p due to the coupling enhancement predicts an increase of
the emitted FEL power of nearly 50%.

Also considering these 1-D scaling laws, the groove guide
appears (0 be a very promising interaction structure, having
superior characteristics with respect to the standard rectangular
waveguide used for previous FEL microwave experiments. A
more carcful 3-D analysis of the FEL interaction in the
groove guide is under way in order to verify these attractive
features of the use of this structure for microwave FEL experi-
ments.

REFERENCES
[t] E. Acerbi et al, "The Revised ELFA Project”, these
Proceedings.

[2] R. Bonifacio et al, Nucl. Instrum. and Meth., A 296
(1990), pp. 359-367.

[3] T.J.Orzechowsky et. al., "Microwave Radiation from a High
Gain Free-Electron Laser Amplifier," Phys. Rev. Lett. 54,
889 (1985).

(4] A.L Throop et. al., "Experimental Results of a High Gain
Microwave FEL at 140 GHz". Nucl. Instrum. and Meth., A
272, (1988), pp.15-21.

[5] R. Bartolini et al.,, "Theoretical and Experimental Aspects
of a Waveguide FEL", Nucl. Instrum. and Meth., A 304,
(1991), pp. 417-420.

[6] D.J. Harris, K. W. Lee, and R. J. Batt, "Low-Loss Single-
Mode Waveguide for Submillimetre and Millimetre
Wavelengths”, J. Infrared Physics, Vol. 19, pp.741-747,
1878.

[7]  D.J. Harris, K. W. Lee, and J. M. Reevs, "Groove and H-
Waveguide Design and Characteristics at Short Millimetric
Wavelength”, IEEE Trans. Microwave Theory and Tech.,
Vol. MTT-26, pp. 998-1001, Dec. 1978.

[®]  D. J. Harris, K. W. Lee, "Groove-Guide as a Low-Loss
Transmission System for Short Millimetric Waves”,
Electron. Lett., Vol 13, n. 25, 8 Dec. 1977, pp. 775-776.

[9] R. E. Collin, "Field Thepry of Guided Waves” - 2nd ed.
Chapter 11, 1EEE Press, New York, 1990.

{10} D. J. Harris, K. W. Lee, "Groove-Guide Propagation
Characteristics at 3mm Wavelength”, Electron. Lett., Vol.
14, n. 4, 16 Feb. 1978, pp. 101-102.

[11] P. Arcioni, M. Bressan, G. Conciauro: "PAGODA: a
Computer Code for the Analysis of Waveguides - Operating
Manual”, Technical Report 03/90, Dept. of Electronics of
Pavia, Jan. 1990.

[12] R.Bonifacio et al, "Physics of the High Gain FEL and
Superradiance”, La Rivista del Nuovo Cimento, vol 9,
1990,

[13] R.Bonifacio, C. Peliegrini and L.Narducei, "Collective
Instabiliticsand High Gain Regime in a Free Electron
Laser”, Opt. Commun, 50 (1984), 313.

1571
PAC 1993



