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Abstract

An experimenial project aimed at demonsirating Free Electron Maser (FEM) operation wiih prebunching is under way at
Tel-Aviv university. The FEM utilizes a 1.0 A prebunched electron beam obtained from a microwave tube. The electron
beam is bunched at 4.87 GHz and is subsequently accelerated to 70 keV. The bunched beam is injected into a planar wiggler
(B,, =300 G, A, = 4.4 cm) constructed in a Halbach configuration with 17 periods. The wiggler utilizes a new scheme for
horizontal focusing based on the use of two long permanent magnets at the sides of the wiggler. We plan to study FEM gain
enhancement and radiation features due to the prebunched (superradiant) mode of operation. In an oscillator configuration
the experiment should be enable study of seed injection by prebunching. Simulation of FEL operation shows an expected
gain of approximately 100% and an rf output power of 5 kW. In this paper we review the design of the main parts of the
experimental set-up, and present recent analytical, numerical, and experimental results.

1. Introduction

The emission of coherent radiation from a FEL can be
enhanced if the e-beam is prebunched prior to entrance
into the interaction region [i—4]. Such a scheme should
allow for operation at high harmonic frequencies for high
harmonics components of the beam current [3-11]. A
linear theory for this scheme operated in the superradiant
and stimulated superradiant mode was presented in Ref. [1]
for both the low and the high gain regimes. A tabie top
low-energy and high-current Free Electron Maser (FEM) is
under development in Tel-Aviv university for experimental
study of prebunched FEM physics. The basic scheme is
shown in Fig. 1.

in the present scheme the electron beam is prebunched
by a microwave tube operated at 10 kV, 1.0 A and driven
at 4.87 GHz to produce a bunched e-beam. Upon exit from
the prebuncher, the beam is accelerated to 70 keV. After a
short acceleration region, the e-beam drifts, is focused and
is injected into the wiggier. Tabies 1, 2, and 3 contain the
main FEM characteristics.

The FEM device will be operated as an amplifier in the
low-gain, space-charge dominated regime. We plan to
study the FEM gain enhancement and radiation features in
the prebunched (superradiant) mode of operation of the
single-pass FEL with a long electron pulse. If one closes
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the rf out—rf in loop (Fig. 1) the device becomes an
oscillator. The oscillator configuration will be used to
study seed injection by e-beam prebunching and amplified
superradiant oscillation [1].

In this paper we describe the design of the main parts
of the experimental set-up and present recent analytical,
numerical, and experimental results including a novel
scheme for lateral focusing in the wiggler as described in
Section 2.

The planar wiggler consists of a stack of Sm-Co
permanent magnets comprising 17 periods, in a Halbach
arrangement. The wiggler parameters are presented in
Table 2.

To attain e-beam focusing in the lateral dimension of
the planar wiggler a novel scheme was developed based on
two longitudinal magnets, which provide a lateral field
gradient on the axis of the wiggler. To attain a circular
beam (kg, =kBy)’ equai focusing strength is required in
the vertical and horizontal dimensions. The horizontal
gradient of the vertical magnetic field required to satisfy
this condition is given by the following expression [12]:

e B2
w

2mc TyE’

M

where B, is the peak value of the vertical component of
the wiggler field. For the present experiment o =08, /0x
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Fig. 1. The basic scheme of the prebunched beam experiment at TAU.

=0.49 G/mm. The wiggler also includes matching mag-
net sections at the wiggler entrance and the wiggler exit.
The magnetic field of the wiggler in three dimensions was
calculated numerically using Biot—Savart’s law, following
Ref. [14].

For the magnets we use, the distance between the
longitudinal magnets is determined theoretically [12]; D =
10.42 cm. The same result is obtained by solving the 3D

problem numerically and measuring the beam parameters
experimentally. The electron beam cross-section measure-
ment for various cases of horizontal focusing inside the
wiggler are presented in Fig. 2. Good agreement is found
between experimental results, theoretical calculation and
numerical simulations. We used the pulsed-wire technique
[13] to construct and measure the proper wiggler field and
to minimize random field errors.

Fig. 2. Measurements of e-beam cross section inside the wiggler. (a) e-beam cross-section with horizontal overfocusing, {b) without
horizontal focusing, (c) with horizontal focusing. (d) The current density of the e-beam inside the wiggler.
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Table 1
Electron beam parameters
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Table 3
Microwave (TE,, mode) parameters

Electron beam energy
Beam current

Beam diameter

Plasma frequency
Macropulse duration
Electron bunch duration
Energy spread

E,=70keV
I,=10A
ry=2.0 mm
fp =05 GHz
T=1-20 ps
T, =02 ns
0x /& =05%

Table 2

Planar wiggler parameters

Wiggler field B,=300G (a,=012)
Period length A, =44cm

Number of periods N, =17

Wiggler length L,=0.748m

Gap g=51cm

Betatron wavenumber kg, =kg,=23.4r12ad/m

3. Microwave interaction region

The parameters of the waveguide operating in the TE ,
mode which has been chosen for FEL interaction are given
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Waveguide dimensions ax b=47.55X22.15 mm*

Cutoff frequency f., =3.15GHz
Frequency f.=4.87 GHz
Signal wavelength A, =62cm
Losses a=0.04dB/m

Power filling factor A /A, =0063

in Table 3. The fundamental mode TE,, of a WR-187
rectangular waveguide (47.55 X 22.15 mm? cross section)
is used for the FEM interaction. The cutoff frequency of
this mode is 3.15 GHz and the system is operated in a
frequency range of 4 to 6 GHz. In this frequency range,
the only mode that can propagate in the waveguide is the
fundamental mode (TE,,), all the higher order modes are
cut off. The dispersion curves are given in Fig. 3d.

The electron beam enters the interaction region through
a 9 mm diameter hole in the waveguide bend. This hole is
followed by a cylindrical section below cutoff so that it
allows injection of the beam with no rf power loss and
with rf power reflection of less than 5% of the total input
power in the 4-6 GHz frequency range [15). In order to
increase the power filling factor we may insert profiles
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Fig. 3. Predicted radiation emission from prebunched beam. (a) The gain vs. the signal frequency. The maximum gain is achieved at 4.87
GHz. (b) The power generated due to prebunched beam as a function of frequency. The peak power appears at 5 GHz. (¢) The power
generated due to stimulated prebunched beam emission as a function of frequency. The peak power appears at 5 GHz. (d) The dispersion
curves and the electron beam line. The electron beam is synchronized with the fundamental mode TE,,. In a frequency range of 4-6 GHz,
all the waveguide modes except TE,, are cutoff.
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along the waveguide walls. This lowers the cutoff fre-
quency and enables reduction of the waveguide dimen-
sions for the same cutoff frequency. Consequently, the
wiggler gap can be decreased and the wiggler field in-
creases resulting in higher gain.

4. Gain and power calculation

The FEL gain and radiated power were calculated for a
linear model of a prebunched cold beam [1]. This model
yields the following gain—dispersion equation:

C(s) = {[<sL -i8)" + 82| c.0)
: ) p. 1?2

/<5L[(SL—15)2+§P§] —ié}, (2)

where 8, Z,, and k, are the normalized detuning parame-
ter, the normalization power and the wavenumber of the
propagating waveguide mode, respectively. The reduced
plasma frequency parameter is:

_ )/
6y = —Lr, (3)
UOZ

where ), =[e’ny/(eyyoys.m)]/* and r is the plasma

frequency reduction factor. For our FEM design parame-
ters r is in the range of 0.2-0.5. The bunching power
parameter Py is given by:

1 Ho
Py = =
16Aem Bph €9

where B, is the phase velocity. The amplitude of the
generated radiation due the prebunched beam is propor-
tional to the velocity and current indices of modulation
which are defined asM;e'® = J,(0)/], M., =
V(0)/v. kL, where &; and &, are the phases of the
current density and axial velocity modulation waves with
respect to the ponderomotive wave phase. The gain param-
eter is given by:

o TR I I (5)
4 Acm YOBOZ Ph Vg, v

The field amplitude C(L) is derived by taking the

inverse Laplace transform of the gain Eq. (2): C(L)=

Z~HC(s)} and the output power is found from the relation

P,,.= | C(L)|*%,. The square of the absolute value (after

transformation) of the two parts in Eq. (2) produce three

a

- IoL] . 4

Yo BOz

terms corresponding to three different radiation emission
processes. The curves of gain and radiated power of the
various radiation processes are shown in Figs. 3a, 3b, and
3c. The gain of a conventional FEL (without prebunching)
is obtained from the first part on the r.h.s. of Eq. (2), the
pure prebunched beam emission (zero input signal) is due
to the second term (squared) in this equation.

The last emission process results from the mixed term
which involves the input signal and the bunched beam
parameters. We define the radiation due to this term as a
stimulated prebunched beam emission. The curves in Figs.
3 are obtained with the FEM design parameters which are
presented in Tables 1, 2, and 3, and with the assumptions
that , = ¢, =0, M, =0 and M, = 0.01. The device will
be operated by inserting an rf signal to either or both input
ports as shown in the experimental scheme (Fig. 1). We
shall experimentally verify the three radiation processes
described by theory and measure the corresponding emis-
sion curves (Figs. 3).
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