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ELFA (electron laser facility for acceleration) is a high-gam, microwave (P=100 GHz) free electron laser (FEL) facility driven by
an rf lmac ELFA will test the existence of the theoretically predicted regimes of strong and weak superradiance . Both regimes can be
studied with the same FEL by changing the height of the interaction waveguide, which controls the radiation group velocity, and thus
the relative slippage between electrons and photons. The operation of ELFA has been modeled using a modified version of the
two-dimensional, time-dependent sideband code GINGER. The simulations take into account the time and space variations of the
radiation field . as well as the space charge and transverse erruttance of the electron beam . The sensitivity of the superradiant signal to
variations of the beam emittance, energy and energy spread is examined .

1 . Introduction

ELFA is an INFN-funded rf linac-driven microwave
free electron laser (FEL) project . One of its goals is the
experimental test of the analytically [l] and numerically
[2] predicted regimes of cooperative spontaneous emis-
sion, namely the superradiant regimes, where the emitted
power scales as the square of the electron density, and
hence of the current. ELFA [3] will operate at the
frequency of 100 GHz, employing a 6 cm long, 10-20
MeV and 400 A electron beam . With this choice of
parameters, slippage effects and superradiance play an
important role in the FEL physics. ELFA, with a single
experimental apparatus, and three different waveguide
configurations, will have the possibility of exploring the
three dynamical regimes of a FEL : the already observed
steady-state regime and the two novel regimes of weak
and strong superradiance [4] .

These regimes were the object of several 1D numeri-
cal studies (see e.g ., refs . [4,5]), both for the case of free
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space and waveguide propagation . These models, how-
ever, do not take into account the transverse structure
of the electron beam, and cannot describe the effect of
beam emittance on the radiated power, nor the competi-
tion between the different waveguide modes. Conse-
quently, we have modified a microwave version of the
2D time-dependent sideband code GINGER [6] to take
into account the proper boundary conditions of the
transit time problem, necessary here to model effec-
tively the dynamical behavior of the short electron
bunches provided by the electron linac . We have done
extensive GINGER simulations to simulate three wave-
guide configurations, in order to predict ELFA main
features in each different case . We have then studied the
effect of beam emittance on the radiated power. A
description of the result is presented here.

Table 1 summarizes the overall parameters used in
the simulations

2. ELFA waveguides
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In many FELs such as those driven by long pulse
induction linacs, slippage effects are negligible because
the e-beam length Lb (- meters) is much greater than
the slippage length L, . However, in rf linac-driven
FELs, the electron pulses are much shorter (e.g . 6 cm in
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Table 1
Parameters used for GINGER ELFA simulations

ELFA) and the slippage length can be a significant
fraction of L t� especially at microwave wavelengths .
Since L, a (ug - v,1 ), one can reduce or even suppress
slippage when the FEL radiation propagates in a wave-
guide [7] . Here Vg = c2k,,/w is the radiation group veloc-
ity, oe , =w/(ku + kw ) is the longitudinal electron veloc-
ity at FEL resonance, kii and w are the radiation
longitudinal wavenumber and angular frequency respec-
tively. Use of the waveguide dispersion relation can
show that slippage is entirely suppressed when k1=
k,k, i ; for the TEQ, mode in ELFA with k1 = m/b, this
is equivalent to b = 0.95 cm . Thus, the three ELFA
waveguides of 1 .0, 1 .2, and 3.0 em (corresponding to
resonant y of 19.30, 17.28 and 14.76 respectively for a
normalized vector potential of aw, = 3), permit explora-
tion of a wide range of slippage length/beam length
ratios .

The fundamental FEL parameter [8] p in a wave-
guide is given by :
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J=
1/(ab/2) is the effective current density inside the
waveguide and f,, is the Bessel function difference for a
linear wiggler. The parameter p gives the upper limit on
the fractional energy spread for the classical high-gain
instability [8] .

Table 2 displays p and the dimensionless parameters
G, S, and K of ref . [4], for the ELFA waveguides . These

Table 2
The gain and superradiant parameters for the three waveguides
of the ELFA project
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parameters characterize the dynamical regime of a
high-gain FEL. G = 41TpN,, is the gain parameter de-
fined where NW is the number of wiggler periods; S
LS/Lb is the slippage parameter; and K=S/G is the
superradiant parameter. Strong superradiance phenom-
ena require K<< 1, whereas weak superradiance can be
observed when S > 1 and K - 1 . Strictly speaking, the
pure steady state regime (i .e . no slippage effects) can be
observed only when S = 0.

3. Simulation results. steady-state experiment (b = 1 cm
waveguide)

In fig. 1 we show the time profile of the emitted
radiation intensity at the end of the wiggler for the
smaller waveguide. The time scale on this and the
following plots is reversed and starts at the trailing edge
of the radiation pulse. Since the slippage parameter is
small (S = 0.22), the radiation pulse is only slightly
lengthened from the initial electron beam length of 6
cm .

The radiation intensity profile exhibits the typical
shape of a strong superradiant (SR) spike in the trailing
edge of the electron pulse, whereas a trace of the
steady-state (SS) high-gain exponential growth along
the wiggler is seen in the leading edge of the radiation
pulse, [2,4] escaping from the electron pulse. However,
due to the small slippage distance, the SR spike reaches
the same order of magnitude of the SS saturated power,
namely 270 MW vs 190 MW. The SR spike has nearly
85% of its power in the TEoi mode, 13% in the TE21
and less than 2% in the higher order modes. The spiking
is confined to a very small region of the radiation pulse
and contributes little to the average radiated power, as
can be seen in fig . 2, where we plot the average power
and its mode decomposition along the wiggler. This plot
closely matches time-independent steady-state simula-
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Fig. 1 . 1 cm waveguide : time profile of the emitted radiation,
the time scale is reversed and starts from the trailing edge of
the radiation pulse. The beam enuttance used m thus simula-

tion was 0.05îr cmrad.

VIII . NUMERICAL SIMULATIONS

b p G S K

10 0.039 24 .5 0 .22 0.009
1 .2 0.035 22 .0 0 .92 0.042
3 .0 0 .025 15 .7 2 .25 0.143

Wiggler period x w 12 cm
Wiggler length Lw 6 m
Wiggler rms parameter a w - 3
Wiggler focussing factors k,, kx kw,/vf2
Beam Lorentz factor y 10-20
Radiation frequency v 100 GHz
Waveguide width a 5 cm
Waveguide height b 1-3 cm
Beam hard edge norm . emittance e � 0.05îr-1 .0Tr cmrad
Beam current I 400A
Beam length Lb 6 cm
Fundamental FEL parameter p 0.02-0.04
Signal input power P,n 20 W
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Fig 2. 1 cm wavegutde : average power in the radiation pulse as
a function of the position m the wiggler, for the same case of

fig. 1

tions where slippage effects are ignored. In this sense,
the b= 1 cm wavegutde configuration permits us to
observe the steady-state operation of ELFA with a very
short bunch of electrons

In fig. 3 we show the effect of increasing the electron
beam's transverse emittance upon the spike power, the
steady-state saturated power and the average power. As
we can see from the plot, a change of nearly an order of
magnitude in the emittance leads to a significant de-
crease in the emitted power, both in the steady-state
instability and the superradiant spiking. This plot shows
results only for those values of emittance for which the
radiation field saturates before the end of the 6 m
wiggler With higher values of emittance the super-
radiant trailing edge spiking can be still seen, reduced
by many orders of magnitude in power but with a
cleaner time shape.

The reduction in the SR spike and SS saturated
power arises mainly from the larger emittance electron
beam having a radius nearly equal to the wavegutde
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Fig. 3 1 em wavegutde : we show the value of the superradtant
spike (white triangles), of the steady-state saturation peak
(diamonds) and of the peak average power (black triangles),

for four different values of the beam emittance.
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emittance (cm rad)

Fig. 4 As fig . 1, for the 1.2 cm wavegutde and a beam
emittance of 0.1Tr cm rad.

height b, thus reducing the coupling between the beam
and TEQi radiation field . A lesser effect is the increase
in the effective fractional energy spread due to trans-
verse emittance,
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Here (Yl) and 8Yll are respectively the mean value and
rms spread in the individual beam electrons' longitudi-
nal Lorentz factors, and we have presumed curved pole
tip focussing [9] . For ELFA parameters with b= 1 cm
and e� = 0.4m cm rad, il - 0.011 which is still small
compared with FEL fundamental parameter p = 0.039 .

4. Simulation results : strong superradiance (b= 1.2 cm
wavegutde)

In the ELFA 1 .2 em wavegutde configuration, the
superradtant spike has more time to interact with the
electrons due to the increased slippage (S = 0.92), Fig. 4
displays the time profile of the calculated radiation
intensity from a simulation with E � = 0.hr cm rad. The
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Fig, 5 As fig 2, for the 1 2 cm wavegutde case .
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Fig. 6. As fig. 3, for the 1.2 cm waveguide case.

spike power reaches up to 440 MW and the steady-state
saturated power is 170 MW. Moreover, the average
emitted power (fig. 5) is also increased due to the large
area of the SR spike. As with the previous 1 cm wave-
guide case, an increase of the beam emittance of nearly
an order of magnitude reduces the predicted output
power (see fig. 6) due to the beam radius approaching b.

energy spread
Fig. 7. Behavior of the superradiant spike (white triangles), the
steady-state saturation peak (diamonds), and the peak average
power (black mangles) as a function of the absolute energy

spread Ay .

0 .0 I /

	

i\

	

i

	

i

	

I
0.0 200.

Time (ps .)
Fig. 8. Same parameters for fig. 4, but a 10% detuned wiggler

field .
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A number of simulations were done with nonzero
instantaneous energy spreads keeping the emittance
constant. The results showed that the SR spike re-
mained present (albeit at reduced power) until Ay ex-
ceeded 0.7 (see fig. 7) . This agrees with the energy
spread criterion Ay < yp = 0.60.

Fig. 8 shows the same case presented in fig. 4, but
with the wiggler field detuned 10% from resonance. In
this case the steady state part of the radiation pulse
does not exhibit any exponential growth, whereas the
trailing edge SR spike is greatly enhanced, reaching
nearly 1 GW of power. This off-resonant enhancement
is a feature of superradiance previously predicted by 1D
analysis [5].

5. Simulation results: weak superradiance (b = 3 cm
waveguide)

With the 3 cm waveguide and ELFA parameters, we
enter a completely different dynamical regime of a
high-gain FEL, the weak superradiant regime, never
observed experimentally . In this case the gain that a
photon experiences in slipping through the electron
pulse (given by K-1 ) is smaller than to the previous
cases, and the radiation escapes from the pulse before
experiencing saturation [4].

The predicted output radiation pulse (see fig. 9) is
both much longer in duration than the 200 ps electron
beam pulse, due to the increased slippage (S= 2.22),
and exhibits a totally different temporal shape than the
previous two cases. Now there is no flat (time-indepen-
dent) part of the radiation pulse, denoting regions of
stationary evolution, because S > 1 .

In fig. 10 we plot the peak output power and the
average power along the pulse as a function of emit-
tance, with four values ranging from 0.05Tr to 0.51r
cm mad. This variation of one order of magnitude in the
beam transverse emittance results just in a 10% varia-
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Fig. 9. 3 cm waveguide: time profile of the emitted radiation,

for a beam emittance of 0.5Tr cmrad.

VIII NUMERICAL SIMULATIONS
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Fig 10. 3 cm waveguide: peak superradiant power (triangles)
and peak average power (diamonds) for four values of the

beam emittance, ranging from 0.05Tr to 0 5m cmrad.

tion of the radiation power. Even with the 3 X increase
in beam size, there is still good coupling to the TEoj
field of the large waveguide while the increase in effec-
tive fractional energy spread to 0.014 (see eq . (2)) re-
mains smaller than the corresponding FEL parameter
p = 0.025 .

6. Conclusion

The 2D simulation results presented here show that
both strong and weak superradiance should be clearly
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present in the ELFA experiment, in accordance with
previous 1D work . There should not be difficulties with
transverse mode competition nor with transverse beam
emtttances up to E� = 0.51r cm rad so long as the beam
size remains a fraction of the waveguide height . Super-
radiance remains present for energy spreads up to Ay
0.5 .
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