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To achieve high energy extraction from a compact 2
FEL requires a method to negate the energy loss from tivbiere K is the undulator parameteA (B ). The magnet
electron beam. A number of proposals have been madeparameters are therefore scaled to match the chagging
incorporate an accelerating system within the FEL t¢E/mc) along its length, maintaining resonance with the
overcome this restriction. The present study has examine@velengthA. However there are severe problems with
various RF structures that can be conveniently integratéuis approach, most notably the fact that the single pass
with an undulator magnet and has assessed the resultgain is significantly reduced: in fact a dynamic taper not
performance limitations of possible infrared FELs. Thecting before saturation is desirable. The best result so far
muffin-tin geometry has been shown to be feasible faachieved was a 4-5 % energy extraction in a Los Alamos
longer output wavelengths, whereas a side-couplezkperiment [5].
structure looks more promising below 50 pm. Magnet
design options have also been explored and solutions for 2 REACCELERATION SCHEMES
practical FELs are proposed that should allow high power the ajternative solution is to replace the lost electron

output despite relatively low electron energies. energy and so to preserve the wave-particle synchronism.
This was proposed both as a DC field scheme [6] and for
1 BACKGROUND use of microwaves [7], but the only active experimental
Free electron lasers (FELs) have now demonstrat@doject has been that of the Pantell group at Stanford.
that they can provide a unique source of radiation with Bheir initial proposal [8] was to copper plate the poles of
combination of very high power and wide tunability [1].an undulator magnet to create an integrated accelerating
They have been operated from the millimetre wavstructure. Because this was a permanent magnet structure
region all the way down to the present record of 240 nnits field strength was therefore necessarily fixed and the
but their greatest success so far has been in the infrafell could not be tunable, so the group adopted a novel
(IR) regime where many user facilities have now beestaggered pole array driven by a variable superconducting
established [2]. Despite the lack of a material lasingolenoidal field. A 10um experiment with a predicted
medium FELs still encounter a saturation phenomenafficiency of 20 % (HEFEL - High Efficiency FEL) is
that is due to a desynchronisation of the energy exchangederway with a2 mode structure that has been
process as the electrons give up their energy to the laseodelled and measured [9] and results are eagerly
field. The gain curve has a width (2f)for N magnetic awaited.
periods in the device so that maximun energy transfer is This paper presents two alternative proposals that
limited to this fraction of the initial electron energy; inrevert to the use of a conventional planar undulator
practice this limits the power efficiency of an FEL togeometry. The aim of the work is to demonstrate that a
about 1 % at saturation. Attempts have been made sinedatively simple device can be constructed and that the
the early days of FEL development to overcome this limutput power can be enhanced by at least an order of
by employing a so-called tapering of the FEL undulatomagnitude compared with FELs so far operated with
magnet properties along the interaction region [3,4fkimilar electron accelerators. This higher power is the
Inspection of the output wavelength equation illustrateattraction, rather than the actual efficiency increase, since
the requirement to vary either the magnet pekigdr the  the latter is less important in most FEL applications.
field strength (or both) since: In both versions the electron source is assumed to
have comparable quality to the FELIX linac that was
highly optimised for FEL use [10]. The shorter output
wavelength scheme adopts a novel side-coupled structure.



3 A FAR INFRARED SOLUTION effects (there is significant pole leakage in this geometry

The FEL arrangement is shown in Figure 1. It is §VEn for an on-axis field of only 0.15T).

series of coupled cells reminiscent of a disc-loaded linac
waveguide and it differs from the Stanford scheme in that
the structure is distinct from the undulator magnet poles, Electro-magnet
allowing field variation of a pure permanent magnet
(PPM) if desired by sliding of the poles. Assuming
S-band operation the periodicity is defined by the
operating mode, which has been assessed in MAFIA------ -~~~ _________ ¢

simulations by optimising critical dimensions [11]. The Figure 3: Alternative PPM and EM Schemes
mode has good shunt impedance and at 3 GHz implies a

magnet period of 100 mm; it has been modelled with & the ijeal small signal gain of an FEL based on this

(vertical) beam aperture of 40 mm. scheme with a 1 m undulator has been calculated to be in
the range 35-60 % per pass at 100-g00in the absence
of electron beam energy spread, emittance and short
bunch length contributions, assuming the 70 A peak
current achieved at FELIX [10]. The real transverse
effects will depress this appreciably, by 10-15 % from
energy spread and by as much as a factor 5 at the longest
wavelength due to pulse lethargy. Nevertheless adequate
________________________________ ¢ gain is attainable for FEL operation. The layout of such
an FEL is given in Figure 4, showing a common source
Figure 1: Moving Pole with Fixed Waveguide of input power. Energy extraction occurs in the
downstream part of the FEL after bunching has formed so
It is most advantageous to maintain as low an electrqRe reacceleration is needed there. Although the input
energy as possible, based on cost, radiation shieldingswer should be ramped up in compensation as saturation
space etc, and a target of about 10 MeV is attractivgpproaches, with consequent need for fast phase and
Figure 2 plots the FEL output tuning range in this regiogmplitude control, it will also be necessary to supply
and it is seen that a notional range of 100-8@9 is  syfficient input to overcome beam loading losses.
achievable at modest K values.
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only limited by factors such as input power and structure
length. A 1 m waveguide has been estimated easily to
replace 5 MeV or about 50 % of the electron energy, so a

Selection of a suitable undulator magnet design h&9mpact, high power FEL is realisable. _
involved a comparison of permanent (NdFeB) and Finally an attempt has been made to see if _the output
electromagnet technology, illustrated in Figure 3. Avavelength could be shortened towardsumd without
hybrid undulator arrangement (steel pole plus sige need for much hlgh_er electron energies. ffRanode
magnets) is unattractive with the long pole piece her@!/lows the magnet period to be decreased to 50 mm but
Results of PANDIRA simulations confirm that theN©O acceptable undulator magnet solution can be found
desired tuning range can be achieved with either solutiofithout & comparable gap reduction. It became clear that
a maximum field of about 0.15 T being attainable (les§1® 40 mm aperture was close to the minimum to avoid
than 10 A/mrR in the coils).The minimum magnet gap is WangU|de cut-off problems in the coupling between cells
44 mm to provide for the waveguide wall thickness. Th& this approach was abandoned [11].
electromagnet solution is very promising for its ease of
tunability; the illustrated pole taper reduces saturation

K
Figure 2: Output Tuning Range for 100mm Period



4 NEW STRUCTURE FOR SHORT 50+ 20Mev
WAVELENGTHS

The problem of inter-cell coupling could be overcomeg
by adoption of a side-coupling philosophy, allowing thecso +
vertical aperture between accelerating cells to be cIosea
down and magnet period reduced by use of Wiz %]
structure. Extending this idea further, the waveguide can ,| =~
be abandoned and replaced by an array of simple single
cells, say the rectangular waveguide, half wavelength o : : ; ;
resonators as illustrated in Figure 5. It is then convenient °© 05 1 15 2
to feed input power via slots from a parallel coaxial line_. . .
that is also shown, as first proposed at Cornell [12]. Shoﬁgure 6 Output Tuning Range for 50mm Period
circuiting this line creates a standing wave that can be .
suitably phased for cavity control. Textbook solutions can A.‘S an exgmple, the calculated gain of such an FEL,
be used to study required cavity dimensions, which agegaln assuming a FELIX-type electron beam, would then
very narrow in the beam direction and can also have ¢ more than 20 % per pass al.e0.
smaller height than the waveguide structures, easing the
magnet design. Properties of the{plemode are readily 5 CONCLUSIONS
obtained but MAFIA checks have also been done [11]. Two promising schemes to integrate accelerating
structure with an FEL undulator have been identified. The
first is att mode waveguide that can be used with a far
infrared FEL (beyond 10Qm) and the second is a novel
solution achieving much shorter wavelength output by
use of a series of short single cells with side coupling to
allow undulator magnets with small gaps to be inserted
between them. In each case adequate gain can be
obtained and the prospect of at least 20 % energy transfer
from the electron beam achieved in a compact device.

It is intended to carry out a full simulation of
anticipated FEL behaviour, including evolution of
electron beam properties during operation. This will
determine the optimum energy replacement profile, both
in space and time. Measurements on model structures of
azlal types will be compared with these theoretical results.
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Figure 5: Side-coupled Rectangular Cell Array
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