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ELFA (Electron Laser Facility for Acceleration) has both a fundamental and a technological novel goal : (i) the fundamental goal
is to test with short bunches the existence of three different high-gain regimes at the heart of FEL physics : the already observed
steady-state regime and the two novel regimes of cooperative synchrotron radiation, i.e., weak and strong superradiance, (ii) the
technological goal consists in exploring the possibilities of matching the advanced technologies of high-gain FELs and of
superconductive acceleration . The experimental apparatus - photocathode injector, accelerating structure with 352 MHz supercon-
ducting cavities, wiggler - is discussed with emphasis on the problems related to the very high current, I _ 400 A. Alternative
normal-conducting acceleration schemes at 425 MHz are also discussed. The applications of ELFA should range from high-gradient
particle acceleration to plasma heating and condensed matter physics.

1. Introduction and general outline

ELFA is a project which intends to exploit the
capabilities and the flexibility of the FEL as a source of
tunable, coherent, high peak-power radiation in the
30-300 GHz range, focussed on the development of
new high-gradient accelerating structures and as a val-
uable tool for plasma heating in fusion research . In
particular, since about 20 GHz is the upper limit on
frequency accessible to conventional radiation sources
for rf linacs (klystrons), the use of FEL radiation in the
frequency range above this limit should allow very high
acceleration gradients (200-300 eV/m) with an in-
creased efficiency and a reduction in the length of
future 1 TeV x 1 TeV linear colliders . We believe that
FELs may provide the most economical and flexible
power source for future linear colliders, and that this
research on very high frequency radiation sources must
proceed in parallel with the development of new high-
gradient accelerating structures .

Furthermore one of the most promising novel accel-
eration schemes is the two-beam accelerator (TBA)
based on high-gain amplifiers. In the TBA/FELscheme,
the power provided from a high-efficiency linear accel-
erator to a first low-energy eiection bearn, Is transferred
to a second high-energy electron beam via coherent
FEL radiation. This scheme, first proposed by Sessler
[11 with an induction linac and long electron bunches,
and by Amaldi and Pellegrini [2] with a superconductive
linac and short electron bunches, has been very recently
reformulated [31 in a way that overcomes or greatly
reduces its major difficulties (c .g ., the control of the rf
phase). Our project can play a basic role in the develop-
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ment of a TBA/FEL with European technologies, along
the lines proposed by Amaldi and Pellegrini, because
both the operation in the superradiant regime and the
velocity control by waveguides should allow for oper-
ation in the microwave region even with a superconduc-
tive accelerator and short electron bunches.

1.1 . Basic pltvsics

In ELFA the FEL is configurated as a single-pass
amplifier at A = 3 mm operating in the high-gain
Compton regime described in refs . [4,51. In this regime
microwave radiation (A = 9 mm) was

	

obtained at
Livermore, with peak power in the 100 MW (1 GW)
range with an untapered [61 (tapered [71) wiggler, by
means of the long-bunch (10 ns or 3 m), very-high
current (I= 1 kA) electron beams provided by an
induction linac. These performances are based on the
existence of a collective instability of the system, which
leads to electron self-bunching and stimulated emission
of radiation with an exponential growth of radiated
power up to saturation, with peak power scaling as 14/3,
where 1 is the electron current. After saturation the
amplification process is replaced by an oscillatory en-

exchange 1nrween the electrons and the radiation,. . $)
field at the synchrotron frequency. This is the so-called
steady-state (SS) regime of a FEL. Only by means of a
variable parameter wiggler 181 saturation has been
avoided, with a strong tmproverr:ant of the efficiency of
the FEL process.

The ELFA project intends to investigate the high-
gain regime of the FEL possibly using European super-
conducting technologies, i .e ., with short-bunch (up to 160



ps) electron beams provided by 352 MHz superconduct-
ing LEP-11 cavities. The energy and the current should
be 10 MeV and 400 A, respectively . Such short bunches
set a fundamental problem, namely, the effect of the
slippage of radiation over the electrons due to the
different velocities of photons and particles . In fact,
propagation effects can he dramatic, and the physics
quite different from the steady-state (SS) regime, in
which slippage is negligible as in the Livermore experi-
ments . In this case the slippage is negligible by the use
of very long bunches and of a rather short wiggler. We
have shown [9,10] that if slippage is properly taken into
account, there are two basically different dynamical regi-
mes of a high-gain FEL, which are defined as short-bunch
or long-bunch regimes with respect to a suitably defined
cooperation length [11]. The SS regime discussed above
is only a limiting case of high-gain FEL dynamics in the
long-bunch regime as discussed below .

In the short-bunch regime the radiation emitted by
the electrons escapes from the bunch in a time shorter
than the synchrotron period, so that the typical steady
state saturation can never occur . However, we have
predicted exponential growth of radiation [11], with
peak power scaling as 12, i .e. superradiance (SR) . The
occurrence of this phenomenon demands a properly
high current density which allows for self-bunching
leading to a new dynamical regime of cooperative
spontaneous emission of synchrotron radiation . We call
this regime weak SR because the peak power is lower
with respect to SS . However, a continuous extraction of
energy from the electrons without radiation reabsorp-
tion takes place with an untopered wiggler so that the
system exhibits a kind of self-tapering.

In the long-bunch regime there are two different
instabilities : one growing from the interaction of the
long electron bunch with the long radiation train emitted
by the electron beam itself, and this is the so-called
steady state instability, and the other growing from the
interaction of the very short radiation train emitted by
the trailing edge of the bunch slipping over the succes-
sive slices of electrons up to the head of the slippage
region . In free space the radiation emitted by an elec-
tron beam always slips over it by one wavelength per
wiggler period . However, when the electron bunch length
L b is very long compared to this slippage distance -
which implies that N,,X << Lb i .e. the slippage parame-
ters S --- N,,, AIL b << 1, where NW is the number of wig-
gler periods - practically the whole bunch is immersed
in the emitted radiation . The steady-state theory holds
along almost the whole bunch and the power scal s as
1a',3. 1--Iowcver, in the slippage region (a slippage dis-
tance from the trailing edge) the slippage turns out to
be responsible for the emission of high-power radiation
spikes, showing superradiant features (i .e . power scaling
as 12 ) . Due to the fact that this slippage region is a tiny
fraction of the bunch length this effect contributes little
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to the average energy extracted from the electrons, i .e .
to the overall efficiency. We call this trailing effect
Strong Superradiance. If, instead, S >_ 1, that is the
slippage distance is long with respect to the bunch
length (long wiggler case), the strong superradiant spik-
ing behaviour takes place over the whole bunch . The
radiation pulse emitted by the trailing edge runs over all
the bunch length, extracting large amounts of energy
from the electrons, which radiate in a correlated way to
produce superradiant spikes with peak power one-
order-of-magnitude higher than at SS .
A beautiful and unique feature of the ELFA project

is the possibility to test all these three high-gain regimes:
the steady-state (up to now observed only with long
electron bunches) with short bunches and the yet unob-
served weak and strong superradiant regimes with es-
sentially the same experimental setup . In fact, in order
to confine radiation in the millimeter range (A = 3 mm
for ELFA), the FEL process must take place in a
suitable waveguide. It follows that the "constraint" of
fixed radiation velocity c disappears ; on the contrary,
we can control both the phase velocity, involved in the
FEL resonance condition, and the group velocity, which
really controls the slippage in a waveguide . This can be
achieved by varying the height b (the minor dimension)
in a rectangular waveguide of transverse area ab and
correspondingly the beam energy, as we shall see in the
next section. Steady-state operation with short bunches,
has been proposed in the two-beam acceleration scheme
in ref . [2].

1.2 . Accelerator and wiggler

The ELFA accelerator will provide a 400 A-10 MeV
electron beam. Its basic components will be a photo-
cathode inj,:ctor and one superconducting 4-cell LEP II
module operating at 352 MHz. The acceleration system
is discussed in detail in section 3 .

The wiggler will be composed joining up two sec-
tions : a hybrid wiggler will be the first section and an
electromagnetic (e.m.) wiggler the second one . Both
wigglers will have canted poles in order to get focussing
in both horizontal and vertical planes. The e.m . wiggler
will allow for tapering. The analysis of the wiggler for
ELFA is the object of section 4 .

2.

	

e basic parameters and the dynamical regimes of a
high-gain FEL amplifier with application to ELFA

In this section we define the fundamental parameters
which allow a simple classification of the dynamical
regimes of a high-gain FEL amplifier. Also, we shall
take into account the effect of the waveguide. A general
discussion can be found in refs . [9,12] .
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Fig. 1 . Weak superradiance. (a) Output power [MW] vs time [ps] ; the bunch length L b is indicated above. (b) Efficiency vs wiggler
length. The main parameters are listed in table 7.

ELFA will operate in the high-gain exponential reg-
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In eq . (2), y, is the resonant electron energy in rest

mass units, B,� the wiggler peak field, I the electron
peak current, fb the usual difference of Bessel func-
tions fb(~) = Jo(t) - JI(t), where t = a2,/2(1 + a 2 ) and
a,,, is the undulator parameter (for a planar wiggler),
defined as aW=eBwS/mc2 and BT s = BW/ C2 . Our
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analysis is limited to a single Trot mode of a rectangu-
lar waveguide of width a and length b, with mode area
ab/2, dispersion relation k2 --- (WIC )2 = ki+ (~v/b)2 ,l
phase velocity vf = (k/k ll)c and group velocity vg =
(k ll/k)c ; X is the waveguide parameter [9,12]

In ELFA p >_ 0.01, so that the FEL is of the Comp-
ton type [13], with negligible plasma effect which on the
contrary are relevant in the Raman devices. Note that
the resonance condition for the FEL process with a
waveguide can be written (for on-axis propagation)

y~ = 2~	(1 +a,)(1 - f~
.U

where k is the wavenumber of the radiation field to be
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Fig. 2 . Steady state . (a) Saturation power (P,f� =274.5 MW) vs time [ps] . (b) Efficiency vs wiggler length . The main parameters are

listed in table 7.



Fig. 3 . Strong superradiance . (a) Output power [MWJ vs time [ps] ; the bunch length Lb is indicated above. (b) Efficiency vs wiggler
length . The main parameters are listed in table 7 .

amplified (provided by a gyrotron in ELFA. From eq .
(4) it follows that 0 < X < 2.

Let us first introduce: the slippage parameter

S =

	

Lb (1 - X),

	

(5)

where NwA ' - the slippage length in free space, Lb tl'e
bunch length and the factor (1 - X) takes into account
waveguide effects .
We classify the long . .iggler and the short wiggler

regime respectively by the conditions S > 1 and S << 1 .
We can now introduce the basic superradiant param-

cter K
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as the ratio between the

and the bunch length L b- emote that K is the slippage
when the electrons enter the high-gain regime, i .e . when
NW =(4 npo(1 - X/2)5/6 1-1 , so that G = 1.

The two different dynamical regimes of a high-gain
FEL are classified as short-bunch regime if K >_ 1 and
long-bunch regime if K << 1 . In the former case, K > 1,
namely for an electron bunch shorter than one cooper-
ation length, we have the phenomenon of weak Sly
discussed in the previous section. In fig. 1 we report a
typical output for this regime obtained from the FEL
equations with slippage and waveguide, with the ELFA
parameters .

In the long-bunch case, Lb >> Lc or K << 1, we have
two different behaviours depending on the wiggler

z(em)

length . In the short-wiggler limit, S« 1, the slippage is
negligible and the system can approximately operate in
the SS regime as discussed in the introduction. Fig. 2
shows the characteristic behaviour of SS FEL efficiency
n again calculated for the ELFA parameters .

In the opposite long-wiggler limit, S > 1, we have
both analytical and numerical evidence of the occur-
rence of the phenomenon of strong SR as described in
the previous section. Fig . 3 exhibits this remarkable
-ffect as should be hopefully observed in the ELFA
experiment.

To sum up, by suitably v4rying the waveguide height
b, we can change accordingly the waveguide parameter
X (0 < X < 2) . More precisely :
(1) in an oversized waveguide, X << 1 ; then, with high

gain (G >> 1) and short bunch (K > 1), which im-
plies strong slippage (S >> 1), we expect to ohserve
weak SR.

(2) By strongly reducing the height b, we can approach
the condition X =1 for the suppression of slippage
and the observation of the steady state. In principle,
this regime can be observed only this way .

(3) By an intermediate choice of the dimension b such
that 0 < X < 1, we can reduce the slippage length
and keep the parameter S greater than one, and

Table 1
Three dynamical regimes for a hi -gain FEL

K >_ 1 short-bunch limit
weak superradiance I L 1` a n2

K l long-bunch lirni~
S << 1 small si:ppage
steady-state regime IE Iz a n.i3

S >_ 1 strong slippage
strong superradi<<nce I F I Z Cc n é



Table 2
Beam specifications

eventually observe strong SR . The occurrence of
different dynamical regimes is summarized in table
1 . A typical set of parameters in our experiment will
be shown in the last section.
In conclusion, in ELFA we can observe the three

dynamical regimes of a high-gain EEL: steady-state,
weak and strong superradiance just tuning the wave-
guide height and the beam energy . A general layout of
the experimental apparatus is shown in fig. 4 .

3 . A 352 MHz injector for ELFA

The theory, discussed in the previous section, impo-
ses onto the beam at the output of the linac the char-
acteristics listed in table 2 .

The linac consists of an injector with two normal
conducting cavities and an accelerating section, which is
a superconducting 352 MHz LEF II 4-cell module [141 .

The injector provides intense multiple bunches of elec-

trons at 3 MeV energy and 403 A current, with a
normalized emittance of 10-3 mrad and energy spread
of ty/y =1 %. The 4-cell module accelerates the elec-

trons up to 10 MeV. That 400 A current can be ob-
tained using a photoemiss on electron gun [15] . A cur-
rent higher than 200 A is a challenge for a conventional
thermoionic gun . A, thermoionic gun operates typically

with a cw current o: 10-20 A and with a
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Fig . 4. General layout of the ELFA experiment .1:he lengths are in mm) .
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bunching system which compresses a long section of the
beam typically by a factor 10. We want a factor four
times greater . This would lead to an excessive emittance
growth because the beam is too tightly bunched at low
energy.

The solution exploiting a thermoionic diode-gun (two
electrodes) with high current (I =100 A) having in turn
a small compression factor seems a better approach to
the problem [16] . That diode gun deliver :; bunches typi-
cally 1 lis long and a video deflection system gates the
regiäested bunch length . J . Haimson Co. made some
calculations for a system with a diode gun at 120 A, 100
keV and 1 [Ls pulse length, a modulating cavity which
select 25 ° and a preaccelerating cavity which speeds the
electrons up to 500 keV . The frequency of 425 MHz and
the power of 1 .5 MW were chosen for the accelerator.

In this case, with - 2.5 compression factor, they re-
ported 250-300 A with a bunch length of = 100 ps, and
the previously mentioned beam characteristics 117] .

Oil the other hand, a photoemission electron gun

recently developed at Los Alamos can provide very
intense electron beams [15,18,191 . In this device a

CsK 2Sb photosensitive cathode is illuminated by an
optical beam from a frequency-doublee , mode-locked

and Q-switched ltd-YAG laser (fig . 5) . The cathode is

incorporated into the back wall of an rf cavity where a

LASER

ISOLATC .R
117 W.-L,

8S - BEAM SPLITTEP

GUADRUPLER

	

ISOLATDR- FARADAY ROTATOR

Fig . 5 . Block diagram of the mode-locked laser sysi. rn .
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moderately high electric field quickly accelerates the
electrons to relativistic ,elocities. Therefore the space-
charge force, which scales as y-2 for electron bunches,
is very soon minimized . The space charge effect be-
comes negligible if the accelerating field is high enough.
In this case the current intensity is governed by the laser
intensity. The energy of Nd-YAG laser with doubled
frequency (A = 532 run) is 2 .3 eV. The photocurrent I is
related to the incident laser power P by :

I [A] =

	

33 P [W] ,

	

(8)

where 71 is the quantum efficiency . For Q =10-2, the
A

current I = 400 A requires a peak power of P =100 kW
incident on the photocaihode. The value of il measured
with a fresh photocathode surface was 7.5% . Hence, the
1% value is a reasonable choice . In order to maintain a
high value for q a good clean vacuum of 10-9 Ton,
preferably 10 -1° Ton, must be assured . The maximum
measured current density J was 820 A/cm2 [19]. This
means that considering a reasonable surface degrada-
tion, a cathode surface of some cm2 should be enough
to get 400 A. In our case the radius of the photocathode
will be determinated also by the influence of the space
charge . In fact, this can not be completely neglected
because the accelerating field is not high enough (see
below) . The lifetime of the photocathode is 18 h with
0.5 A average [191 . Therefore, when necessary, the
surface must be rejuvenated each day with the deposi-
tion on the Mo substrate of Cs, K and Sb in situ (the
operation requires 3 h) . For this purpose the photo-
cathode holder is retractable.

The frequency of 352 MHz has been chosen for
several reasons . Among them we recall the already
available technology of superconducting cavities at
CERN and the possibility to obtain relatively long
electron bunches . Superconductivity will allow us to test
a highly efficient system (more power for beam loading
and therefore, in turn, for output radiation). Electron
bunches longer than 5 cm are more likely to produce
output FEL radiation with enough spectral purity for
acceleration purposes than shorter bunches provided by
higher-frequency accelerators . A multibunch operation
requires a detailed study of the higher-order modes
excited inside the cavities by the electron bunches
(wake-field effect) [201 . Therefore the possible develop-
ment of couplers to extract those models will be in-
vestigated .

The injector design depends on the power available
from the klystron : with the today available klystron of 1
MW, the injector has two normal conducting cavities
(as in fig . 4) ; with a ?. MW klystron the injector should
require only the first cavity . In fact, 1 MW power is
enough to feed both cavities with an average accelerat-
ing field Eac,,: respectively of 10 and 6 MW/m in the
two cavities. At this field level the electron energy at the
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Table 3
Cavities parameters

Cell l

	

Cell 2

exit of the first cavity is only around 1.2 MeV. Hence
the second cavity is necessary to reach the request
energy. The spatial average accelerating field Ei. has
been evaluated consistently with the expression Ec; rc =
(P,o.Z/L)112 , where Pl. is the klystron power availa-
ble for losses, Z is the shunt impedance of the cavities
computed with SUPERFISH code see table 3) and L
is the length of the cavities .

The 1 MW klystron operates in continuous wave
whereas we need a pulsed klystron . Thomson Co. will
change the operation mode. The company is studying
the possibility to increase the klystron power up to 2.4
MW. With the low-power klystron the peak accelerating
field will be 15 MV/m; on the contrary, with the
high-power klystron a field of 27 MV/m could be
reached . In this case the maximum field on the surface
will be approximately 38 MV/m which is about twice
the Kilpatrick peak surface limit. Anyway, we make all
our calculations and assessments with the already exist-
ing technology, that is with an accelerating field of 15
MV/m.

The peak field equal or greater than 15 MV/m up to
27 MV/m in the first injector cavity is very far from the
60-100 MV/m quoted in other experiments [21,22] .
With such a relatively low field and high current we
expect that the emittance will be a bit large . The space-
charge force is strong ; moreover it is effective for al-
most all the first cavity transit time, as the electr:.n
energy reaches 1 MeV only at the cavity exit . The
normalized emittance due to space charge effects can be
assessed with the equation of ref . [23] :

r
En 4 Epeak[MV/m]

71
where:
A - a e - transverse dimension

19Z

	

bunch length

IA = 17 x 103 A, 1L(A) is the transverse space charge
factor (plotted-in ref . [231), which in our case is 0.15 and
E

	

= 15 MV/m. This formula gives the spare-charge

Length [cm] 20 42.42
Radius [cm] 33.35 33.32
Stored energy [J] 11 .5 4.07
Power dissipation [MW] 0.58 0.24
Quality factor Q 35981 52504
Shunt impedance Z [Mll/m] 30 54
Average accelerating field [MV/m] 10 6
Max. electric field on boundary [MV/ml 22.5 20.7
Peak electric field [MV/m] 15.0 9.0
Filling time [Ws] 32 47



blowup in the hypothesis of linear radial fields [21,241.
With our numbers the normalized emittance comes out
to be : E� = 0.2 X 10-3 mrad .

The first rf cavity of the injector is based on the
design of Los Alamos researchers [21,231. Cell 2 is the
standard high shunt impedance, A/2 long, normal con-
ducting LEP-I cavity . The first cavity design accounts
for the fact that the electrons start with zero speed and
the focussing force has to be high enough with an
acceptable shunt impedance (fig . 6) .

The equation of motion solved for the single electron
inside the first cavity, choosing the transit time equal to
1/3 of the rf period in order to obtain the largest energy
gain with the lowest energy spread, gives a length 1= 20
cm instead of 21.21 cm, which is the half-length of cell
2 . Cell 1 should have a shape designed for linear radial
fields [17,191 in order to minimize emittance growth .
The radial fields are linear when the cavity hole-nose
shape is given by the equipotential surface [241 .

3
2 (~-~)(1--2P)+

	

-g2

P2 __
(i-W)

1-,
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Fig. 6 . Rf gun cavity design. The profile has been changed with
respect to two other experiments in order to have a strong

focussing field.

(10)

where p = r/20, J = z/20, x = -c0/Eozo and 0 is the
electric potential ; Eo is the (axial) electric field at the
origin (r = 0, z = 0) . The radial electric field is given
by:

__ P(î - d~)

	

(11)E~

	

(1-2u) '

zo denotes the position 3t which the axial electric field
vanishes for r = 0, pt is called the focussing parameter .
For 0 < P < 0.5 the radial electric field exerts a focuss-
ing force in the region 0 < z < ttz o . 'I'-MM fvacussâng
parameter is chosen pa = 0.2 because a strong focussing
is required [241 (see fig . 6). In table 3 the parameters of
the two cavities are listed for a klystron of 1 MW
power.
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The Los Alamos group has already verified that
injectors shaped as in eq. (10) reproduce the expected
experimental results . Anyway, it is worthwhile to notice
that in performing calculations static fields are as-
sumed, i.e . the Laplace equation has been solved. Solv-
ing Helmholtz equations, see ref. [231 and from a Fou-
rier analysis of a standing wave field with circular
symmetry, see ref. [221, the cavity wall shape results in

r2 = a2 - (
IT

)
2
In sin2d ), (12)

where a is the radius of the cavity aperture at the exit
z = d. Near z = d the curve is an hyperbola . The dif-
ference between the curves for eqc. (10) and (12) in the
region near the axis (the only one which is of interest
for us) is not so relevant for values of th-e focussing
parameter p less than 0.2 . We remark that the back wall
of the cavity must be re-entrant at the cathode in order
to set field lines with a focussing component just near
the cathode surface, that is wien the electrons have the
lowest energy .

The outer part of cell 1 is shaped to maximize the
cavity quality factor Q. The cell-2 shape has been cho-
sen for high impedance in order to get low losses.

In summary the primary design feature of the gun
(determined by consideration of space-charge force) is

that the accelerating field on the cathode has to be as
large as possible (the rf phase must be very near the
peak field) and due to the high current a focussing
radial field must be considered . So we are considering
for the injector different values for the focussing param-
eter pr, in eq . (10) . The final design will be decided after
a study made in a collaboration with the Los Alamos
National Laboratory photocathode group . Each cell has
its own rf drive, and the two drives are tuned to get
separately optimized phase and amplitude for best oper-
ation . The injector is followed by two focussing solenoids
and a chamber having inside a mirror for the laser beam
and a pepper pot plate to measure the emittance. After
the exit from the injector the beam enters the 4-cell
LEP-II module and is accelerated to 10 MeV . The
CERN LEP-II cavity is described in ref. [141. In ref. [251
it is shown that a 400 A bunch is well guided by the
electric field of that superconducting system
We began to study the proper electron phase at the

input of the injector and at the input of the LEP
module in order to minimize the energy spread . Using a

~~ ~~ao ;;âtnl1114 s�a~p charge force, we have ob-
tained a Ay/-y = 1 .50 with a final bunch length of 160
ps starting with 180 ps . These calculations will be, more
carefully, done with the PARMELA code.

About the repetition rate we point out that it can be
raised by simply adding a second klystron whose power
would be completely available for beam loading. In this
sentence it is taken for granted that the superconducting
cavity will accept such amount of power . Another way



to increase the repetition rate is to use a system with
two coupled cavities, the two injector cavities and a
spherical storage cavity with high Q(- 105 ), operating
at two slightly different frequencies [261 . This would
raise the shunt impedance Z of the system, hence mak-
ing part of the klystron power free for beam loading .
Two longer term solutions are possible. One is to add
an rf cavity (after the FEL section) that recovers part of
the energy of the spent electron beam (fig. 4). An
achromatic 180° bending magnet drives the beam from
the FEL into the cavity. The second one is to study and
to develop a superconducting injector . Concerning this
we observe that therd are at least three real problems :
one is that the shape of the injector cavity is determined
by the gun characteristics (and this can be in contrast
with the superconductivity request), the second one is
the possible presence of a focussing magnetic field
(which is incompatible with the superconductiviting
cavities), and the third problem is related to the photo-
catode fabrication, light diffusion and/or heating.

The electron beam characteristics are measured by
usual diagnostics tools :
- The current is measured by a calibrated shunt-wall

current monitor that delivers the current pulse to a
fast oscilloscope ;

- the bunch charge is measured by a fast Faraday cup
or, more easily, is derived from the integration of
pulse profiles ;

- the temporal profiles of the electron and laser beam
are measured by a streak camera ;

- the energy and energy spread are measured by a
magnetic spectrometer ;

- the emittance is measured by a pepper pot plate .

4 . The wi er

The wiggler characteristics of our experiment are
listed in table 4.

The two main_ features of the hybrid wiggler are the
high field and the focussing force on both horizontal
and vertical plane. The former feature is due to the high

Table 4
Wiggler specifications
.,__, f iruaxmagnetic field

	

B,, = 3.6 kU
Wavelength

	

X w =12 cm
Wiggler parameter

	

aw = 2.85
Gap

	

g= 3.6 cm
Length

	

L=4m
Period number

	

Nw = 34
Transverse dimension

	

!=10 cm
Horizontal focussing
Hybrid
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value of the FEL coupling factor a�,/-y required by
high-gain superradiant and steady-state regimes whose
test is the basic goal of the FEL; the latter feature is
required by the necessity to counteract the space charge
force due to the very high value of the electron beam
current .

The hybrid wiggler configuration has been chosen
because it gives enough field strength and because the
field distribution depends on the pole surfaces. Hence a
proper pole profile allows a magnetic field configura-
tion that introduces a horizontal focussing force (a
plane wiggler has a natural vertical focussing). It is
worth noticing that the magnetic field of a hybrid
wiggler is less sensitive to the magnetic properties of the
individual PM blocks with respect to the pure PM
wiggler.

The wiggler will be joined in a second stage of the
experiment to another one (more sophi-,ticated) which is
of electromagnetic type and has the same characteristics
except for the length . The two wigglers will have in
between a transition section tailored to maintain the
phase relation between electrons and radiation field .

The assembling of the electromagnetic wiggler is
programmed for a second stage of experiments, after
demonstration of high-gain steady-state and super-
radiant regimes; therefore it will be built later on. In
these later experiments tapering is necessary, in the SS
case, to keep on extracting energy from the electrons
after reaching saturation ; this need leads to the electro-
magnetic choice.

The transition region is either a simple drift region
whose length is finely tunable or an achromatic three
small permanent magnet system with adjustable field .

4 .1 . The hybrid wiggler

In the hybrid wiggler design the Vanadium Permen-
dur poles are excited by permanent magnet (PM) blocks
(fig . 7) . The maximum obtainable field (in tesla) is
calculated as [271 :

=3 .33exp - ~w'5 .47-1 .8~w) ,

	

(13)

where g is the gap height and A w the period . A rema-
nent field of 0.9 T, a field of 0.18 T in the bulk material
and very wide poles in the transverse dimension are
assumed .

Since our wiggler has a gap/wavelength ratio g/Aw
= 0.3, a field level as high as 0.7 T could be obtained .

The request of a 3.6 kG field makes the wiggler an
easy one : this allows the design optimization for the
minimum harmonic level . Furthermore, the calculations
of pole profile and PM-block dimensions are easy be-
cause the saturation, if any, is negligible .

Conversely these favourable conditions :are rot pre-
sent in the electromagnetic section ; in fact the magnetic
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Fig. 7. A diagram of a longitudinal section of the hybrid
wiggler .

field intensity in that wiggler is very near to saturation .
The required PM volume and geometry have been

calculated using a combination of computer and ana-
lytical techniques in a pseudo 3-D analysis [281 . In this
calculation the contributions to the total flux into the
pole determine the pole surface scalar potential value.
The field value is obtained by comparing the calculated
scalar potential value to the 2-D scalar potential and the
corresponding field value from 2-D PANDIRA code
analysis. In the calculations the following assumptions
are made: no saturation, 1 T of remanent field (NdFe
has 1 .1. T of remanent field) and a peak field value
BW = 3.6 kG .

The 2-D PANDIRA code gives for the calculated
wiggler geometry an on-axis peak field B,, = 3850 G
and a maximum field inside the iron pole of 1 T. The
7% difference between 2-D and 3-D calculations is
reasonable for that design . No, or very little, disturbing
saturation effects are present (fig . 8 ).

The outputs of PANDIRA runs have been used to
calculate the harmonic content of the field . The mini-
mum value for the harmonics comes out when the pole
width/ wavelength ratio is wp/\ W = 0.21. Only 3rd and

Fig. 8. Magnetic field pattern computed by PANDIRA .

Table 5
E.m. wiggler specifications

Peak magnetic field
Wavelength
Gap
Pole heigth
Pole width
Coil size
Current density
Power/period
Maximum field in iron (no PM)

Bo= 3.6 kG
X,,, = 12 cm
g= 3.6 cm
hi, = 3.265 cm
wp =2.54cm
-11 cm2
J =1200A/cm2
3 kW
16 kG

5th harmonics are significant and their value is respec-
tively of - 0.9% and - 0.7%, that is the fields are 34
and 26 G. It is evident that they give no problem.

4.2. The electromagnetic PM-assisted wiggler

The hybrid wiggler section will be followed by an
e.m.-PM assisted wiggler. The PM blocks are attached
to the iron poles et the two sides with the aim of
reducing the field intensity inside the poles and, there-
fore, either to increase the maximum on axis field or to
lower saturation . The e.m . configuration ma:_ -s rela-
tively easy to taper the field : at zero approxima.ion the
field value is proportional to the exciting current value.
As we mentioned before, tapering is request-d by the
FEL interaction in order to avoid saturation in the high
gain steady state regime .

The pole and the coil height, together with the field
intensity inside the iron have been calculated using 3-D
semianalytical calculations, whose guidelines are the
same sketched for hybrid configuration (1C . Halbach's
help was fundamental) . In table 5 the results are listed .

To reduce the field level inside the iron we can use
the PM-assisted configuration . The low saturation level
assures a quasi-linear behaviour of the wiggler and,
therefore, simple field adjusting through the coil cur-
rent .

The current density in the coils is moderately high,
so the coil design will require only a bit of care [291 . The
2-D POISSON code has been used to compute fields for
our wiggler geometry. The maximum field in the iron
evaluated with POISSON was 12.8 kG .

The calculated field harmonic content was - 1% for
the 3rd harmonic and - 0.50 for the 5th harmonic .

4.3 . Electron bearn focusing along the wiggler

9

A linear wiggler has a natural harmonic focussing in

the vertical plane and no focussing in the horizontal
plane [301 . With a higl . current and poor emittance
electron beam, horizontal focussing is required in order

to confine the beam in traversing the wiggler.
With hybrid and e.m . wigglers the simplest solution
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is to create the requested field pattern through a proper
iron pole profiling . With pure permanent magnet wig-
glers usually external quadrupoles are added. However,
in our case this solution is not practical, not only for the
space needed by quadrupoles but also for the nonlinear
field superposition due to the presence of iron .

The horizontal focussing force could be provided
creating either a quadrupole term field or a sinusoidally
modulated sextupole term field. The first case occurs
when the north poles make a positive angle a and the
south poles make an angle -a with the horizontal
plane (canted poles) [31,32] ; in the second case the
poles must be shaped in the parabolic fashion [33] .

Canted poles are technically simpler to machine and
are much more likely to reproduce the requested field
than the other case . The required parabolic profile
must, definitely, be found by a prototype experiment.
However, this last solution, with a parabolic profile of
the poles, has the peculiar property that transverse
velocity (and therefore the longitudinal velocity as well)
of each electron (ave;raged over a wiggler period) re-
mains constant along its betatron orbit . Conversely, this
property is not present with quadrupole focussing. That
peculiarity of sextupole focussing makes it essential for
short radiation wavelength, long wigglers and bad beam
emittance, otherwise the relative phase between elec-
trons and radiation changes so much that the FEL
interaction vanishes [33].

Since with pole-canting a continuous constant
quadrupole field is created, we must be sure that the
condition for negligible dephasing of electrons, E, << A
is satisfied . In the above inequality A is the radiation
wavelength, and E r is the real beam emittance . Since in
our case this condition is satisfied, we have decided to
adopt the easier pole-canting solution .

The canting angle determines the betatron force (in
the horizontal plane) and, in turn, the electron beam-
spot shape . This must be always matched with the
radiation beam spot, in order to have a good superposi-
tion between electrons and radiation .

The radiation field covers all the horizontal dimen-
sion a of the waveguide and half the vertical dimension
b . Since a = 5 cm and b =1-3 cm (in the high-gain
steady-state and in the superradiant experiment, respec-
tively), the electron beam spot is better modelled with a
squeezed elliptic shape. For this reason, a good value
for the kA . . and ko_ (vertical anti hnri7nntal wave
number) ratio has been chosen 3 .

The canting angle a is related to the wave number
ratio by :

/ The ELFA project

In a plane wiggler the wave number of natural
(vertical) focussing is given by:

_ e B"

F2kß mc2 ?'

With our parameters it would be kß = 0.108 cm -1 in
the superradiant experiment and kß = 0.077 cm -1 in
the steady state one (the value of y is 14 and 19.3 in the
two different cases) .

Since in a canted poles wiggler

kß = kßx + kßy,

(15)

the two horizontal and vertical wave numbers come out
to be kß., = 0.034 cm-1 , kßy = 0.102 cm-1 (kp.,, = 0.024
cm-1 , kpy = 0.073 cm-1 in the SS experiment) .

The betatron wavelength in the horizontal plane is
180 cm, while in the vertical plane it is 60 cm (260 and
85 cm) . Assuming a normalized emittance in both trans-
verse directions of E� =10-3 mrad the horizontal and
vertical dimensions of the electron beam inside the
wiggler should be - 5 min and - 3 mm, respectively.
The amplitude of the wiggling motion :

results in -" 6 mm (- 4 mm in the SS experiment).
Adding this amplitude to the betatron amplitude the

electron beam will have an expected horizontal dimen-
sion of about 18 mm (13 mm in the SS experiment)
without taking into account the space charge effect . A
numerical simulation program is in progress to check all
these calculations .

5 .

	

L specifications

5.1 . FFf . parameters

On the basis of the discussion in the previous sec-
tions, we have summarized in table 6 a set of relevant
parameters for the electron beam, the wiggler, the radia-
tion field and the waveguide .

In table 6, E = 10 (7) MeV and b =1 (3) cm are for
the steady-state (superradiance) regime .

In order to operate at steady-state, we must match
the zero-slippage condition X = 1 (see eq . (5)) . Accord-
1T101V TPATII An d2i we choose 4t.v

	

.:.â .a L.. . ..b.. I_...b..7, ..v . .. vei. 11-J ss~.. s,.asa.rva~. t,sad ,waV6igt11t8C. IYGd~tjt d/,

îable 6
ELFA arameters2

e kßx Bwg
mc2 k 22 4y cosh( 7rg/À,, ) '

(14) Beam Wiggler Waveguide P.adiation
1=400A Xa,=12cm a=5cm A,=3mm

where g is the gap height and X,, is the wiggler period . E = 7/10 hieV Ir1u, = 32 b = 0.95/3 cm v = :GO GI-Iz
Therefore a = 9.5 mrad (about half a degree) . B,,=3.6kG B,np = 50kW



Table 7
Parameters for the three different states

which determines the electron resonance energy y, (eq .
(4)), the FEL parameter p = po(1 - X12)5/6 (eq . (2))
and the basic parameters G (eq . (1)), S (eq. (5)) and K
(eq. (6)), see table 7 .
A slight increase of b (b =1 cm), giving a nonzeia

slippage (X < 1, S 0 0), should allow for observation of
the strong-SR regime, see table 7 .

In order to observe weak SR, we must operate with
an oversized waveguide, so that we can choose the
parameters of table 7 .

5.2 . Power and linewidth of output radiation

The peak power of the 400 A-10 MeV electron beam
is PC = 4 OW. Assuming to upgrade the micropulse
length up to 200 ps, corresponding to 25 ° of the rf
phase, the micropulse energy can be estimated as

Emicrop = 0.8 J . Hence, for a four-microbunch macro-
pulse we have an energy Emacrop= 3.2 J . The separation
between pulses, as set by the 350 MHz frequency, is
2.85 ns. With a 10 ns macropul_se duration, the macro-
pulse average power should be Pmarrop= 320 MW.

At steady state, by suitably tapering of the wiggler,
we should reach an efficiency rl >_ 25%, so that the peak
power and the macropulse average power of the radia-
tion beam can be estimated as > 1 GW and > 80 MW,
respectively.
A rough estimate car the spectral purity is:

Aw 1
w=

Nb
-- 0 .05,

	

(16a)

Aw
p.

As regards superradiance we are still investigating

both the weak and the strong SR regimes in order to
evaluate the efficiency of conversion of electron beam
power into radiation power . Hence we limit ourselves
onlv to some qualitative remarks concerning weak SR

(see fig . 1 for reference) . In weak SR the peak power is
depressed with respect to steady state, but tl e radiation
pulse length is enlarged . Due to the effect of slippage,
the energy extraction efficiency does not saturate, and

the average power can be higher than in the untapered

steady-state regime.
As for the linewidth, in weak SR the radiation pulse

length is enlarged by slippage so that the total number

of wavelengths contained in a radiation train is Nb + NW.
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This gives a drastic narrowing of the linewidth, which
becomes :

Aw 1
w

_
Nb+Nw' (16b)

at least for values of Nw for which we have a single
pulse . Anyway, the second superradiant pulse is so
weak compared with the first one that we can argue that
it will not affect the linewidth . In our case, Nw = 32,
Nb = 3 leading to Aw/w = 0.03, (again Aw/w = p),
which is smaller than the steady-state value.

The efficiency and linewidth in strong SR are pre-
sently under investigation.

In conclusion, the SS regime with short bunches is
very interesting for the radiation output power, whereas
the weak-SR regime seems more interesting for its
spectral purity, while strong SR looks very promising
for its remarkably high peak power. We are investigat-
ing intermediate regimes too, which can be more suita-
ble for specific applications .

5 .3 . Power considerations for a high-gradient linac (HGL)

The high-gradient structures proposed for the next
linac generation should operate at a frequency higher
than 10 GHz and with an accelerating field equal or
greater than 100 MV/m [35,361 .

The frequency of ELFA is in the range of frequen-
cies required by those structures . We are confident that

the FEL results in terms of power and spectral purity
will allow for a frequency of 60 GHz. Assuming a
travelling-wave design for HGL, and using the set of

formulae by Amaldi in ref . [371, one ends up to the
following equation :

Ea,c [MV/ml

PFrL [

	

1 -P[[-GHz1M~i

	

n AT

	

1
0.11

	

T d[ml
(17)

where Eacc is the accelerating field, PFEL is the peak

FEL output power, T is the filling time, n is the pulse
number during the time T, AT is the FEL pulse length
and d is the HG length structure to be powered and v

is the rf frequency . Note that since n = (7'/T), the

factor (n AT)/T is of the order of AT/T, so that eq .

b [cm] X Yr p G S K Lb

Steady state 0.95 1 19.3 0.05 10 .9 0 0 4.5
Strong superradiance 1 0 .9 18 .4 0.05 11 .2 0 .2 O .C2 4 .5
Weak superradiance 3 0 .1 14 0.03 12.5 10 .7 0.85 1
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MV/m. with A =10
A=1 cm (CLIC) and A = 0.5 cm (ELFA),

1.7 and 0.4 J/m, respectively. This
of using a smaller rf wave-

have outlined the basic physics and
apparatus of an experiment which has

following
(1) To test the existence of the two new dynamical

re; °mes of cooperative synchrotron radiation with
intensity proportional to the current squared:
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by the slippage (self-tapering) . The second
one (strong S) is obtained by tuning the wave

to

	

ow only for little slippage. Strong super-
from the amplification of weak su-

t pulses emitted by the trailing edge of the
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bunch. Peak power and efficiency can be-
come h larger than at steady state. The already
test

	

steady-state regime ' also be observed when
tuning
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'dejust to abolish the slippage .
o l

	

at the overall efficiency of high frequency
radiation production with superconducting accelera
tors

	

d, eventually, with energy recovery of the
spent electron beam.
To study a

	

of

	

th

	

e injector with very intense
electron

	

d relatively low accelerating volt-
a

(4) To test a wi
electromagnetic one.

g

	

e the research of ELFA interesting
y, for its program on fundamental FEL

er composed of an hybrid section and

theory, and technologically for the research program on
the very high current photocathode, and superconduct-
ing accelerator. The composite wiggler is another chal-
lenging technological goal .

For its range of frequency, power and energy, ELFA
looks particularly interesting for applications to high-

~dient acceleration and plasma heating. These and
other applications will be further discussed elsewhere.

e to the novelty, in ELFA, of superradiance, short
bunches and su

	

nducting technology, and due to
the applications not only to high-gradient accelerators,
a more proper name should be SELF, superradiant
electron laser facility.
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