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We present the results of numerical calculations of the effects of noise, slippage and superradiance in the UCLA infrared (IR)
free electron laser (FEL). The experiment, which uses a high brightness electron beam produced by a photocathode RF gun and a
1.5 cm period planar undulator, will compare the FELevolution starting from noise to that starting from an input signal . Numerical
studies indicate that we can observe saturation, optical guiding effects and a superradrant spike .

1. Introduction

Startup from noise and saturation are two regimes
of high gain free electron lasers that have received
much theoretical attention [1], but lack sufficient ex-
perimental study [2]. Understanding noise is critical for
future short wavelength devices where no sources are
available for use as input signals [3]. The trend towards
ever shorter beam bunches also has implications, in the
form of slippage effects, for FEL operation . New oper-
ating modes such as superradiance may provide a means
of extracting more power while improving the ampli-
tude fluctuations from an FEL. The saturation and
post-saturation regimes are interesting from a basic
physics perspective because of the collective nonlinear
behavior . Superradiance may provide a practical appli-
cation of this nonlinear physics.

The theoretical work on which this paper's analysis
is based has been presented as a separate contribution
to this Conference [4]. Nevertheless, it is useful to
define some length scales and associated normalized
variables. The FEL parameter, p, can parameterize a
number of characteristics such as the power, gain length
and bandwidth [5]. The gain length Lx = A ./4-rrp,
where A � is the undulator period, is the field e-folding
length in the high gain exponential growth regime . The
slippage parameter S = L,/L,, where L, = N�A is the
slippage length, L b is the electron bunch length, N, is
the number of undulator periods and A is the radiation
wavelength, is important for determining the signifi-
cance of propagation effects for a given undulator
length . For S - 1 the effect of the radiation moving
past the electron beam must be taken into account.
Slippage is responsible for the spiking seen in noise
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(discussed in the next section) and the superradiant
spikes formed at the trailing edge of the beam . The
cooperation length L c = A/4 ,rrp is the slippage in a
gain length and describes the interplay between gain
and slippage effects : it determines the scale over which
the slippage tends to "smooth out" any nonuniformity
along the radiation. If the initial noise exhibits fluctua-
tions on a smaller length scale, the slippage process
tends to smooth these variations to a scale length
-Lc. The cooperation length can also be thought of as
a measure of the portion of the electron beam "sam-
pled" at a given instant by the FEL process. The ratio
R = L,,/(2,rrLc) of the electron bunch length to the
cooperation length is a measure of the FEL sensitivity
to fluctuations in the noise: for R - 1 the sensitivity is
high while for R >> 1 the fluctuations are insignificant.

Table 1
The UCLA IR FEL parameters used in this paper. The
calculated cooperation length and slippage parameter are also
given. The emrttance listed and used in the simulations is
larger than the design figure .

Beam energy (nominal)
Energy spread
Emittance (normalized, rms)
Pulse length (rms, single bunch)
Peak current
Undulator period
Undulator length
Undulator parameter (K)
Radiation wavelength (A typical)
FEL parameter (p)
FEL 1D field gain length (L g )
FELcooperation length (L,)

FEL slippage parameter (S)

16 .5 MeV
0.1%
10 mmmrad
4 ps (L,= 1 .2 mm)
200 A
1 .5 cm
60 cm (40 periods)
1.05 (7 .5 kG peak field)
10 .6 Win
0.007
17 cm
0.12 mm
(R =Lb /2 , rrL, = 1 .6)

-1/3 (L,= 0 42 mm)
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2. Noise and fluctuations

2010 8

e 12108

ä
Q 8010 9

c a010 -9
o.

1 2 10-°

,01

	

_010-°
"r
:~ 80105
a

60105
72
a

4010 -5

3
0. 2 0 10 -5

0010°

C

R. Bonifacio et al. / Nucl. Instr. and Meth . in Phys. Res. A .î4l (1994) 285-288

The more wavelengths (i .e . the larger R), the more
random fluctuations (resulting in spikes of emitted
power) that are averaged to yield stable parameters .

The UCLA IR FEL may be well suited to studying
superradiance and start up from noise [6] . As the
parameters of Table 1 indicated, this high gain FEL
will have noticeable slippage effects and significant
fluctuations from noise. A limitation of the system is
the short undulator length which does not allow for
saturation when starting from noise . A proposed sec-
ond undulator would remedy this short coming . Seed-
ing the FEL with a CO2 laser would allow saturation
and superradiant effects to be studied with the existing
undulator, but startup effects could not be studied .

The following section describes numerical simula-
tions of noise and fluctuations . Subsequent sections
present slippage and superradiance effects in the
UCLA IR FEL.

The spontaneous emission produced by an electron
bunch traversing an undulator depends on the details
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Fig. 1 . A numerical simulation showing the time dependence
of the spontaneous startup noise generated by a beam with
UCLA parameters . The "noise" in the beam is simulated by
random offsets in the nominal positions the beam superparti-
cles . The top figure is near the entrance of the undulator
(after 2 gain lengths) and the bottom figure is well within the

exponential regime (after - 8 gain lengths)
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Fig . 2 . Simulations showing the scaled power (EL =

Pavg /PPbeam) as a function of the scaled distance (z = z/Lg)
along the undulator . The simulations are run with a random
beam distribution . Note the fluctuations in both the gain

length (distance to saturation) and the saturation level

of the electron distribution . Photon statistics and the
"random" location of the electrons yield an emission
spectrum with spikes in the time and amplitude distri-
bution (see Fig. 1). These spikes lead to fluctuations in
the startup power the FEL amplifies. Note however,
from the figure, that the initial fluctuations - assumed
to be characterized by a correlation length A, the
radiation wavelength - smooth out during the interac-
tion and give (in the exponential regime) no more than
R spikes along the beam . Fig. 2 displays the scaled
power along the undulator for several simulations each
with different random particle distributions . The simu-
lations were performed with Sarah, a ID FEL code
which contains bunch length and startup noise effects
[7] . While it may not be surprising that the beam noise
leads to fluctuations in the gain length, it is interesting
that the saturation level also changes. This effect is due
to fluctuations in the effecttoe beam density (but p
remains constant) . The number of electrons in a coop-
eration length varies from shot to shot . It is primarily
these electrons, and not the entire beam, which con-
tribute to the FEL action, when the beam is longer
than a single cooperation length .

3. Slippage effects and superradiance

The average FEL output is dependent on slippage
[10] ; however, it is possible to separate the effect of
slippage from that of the shot noise. In the startup
from noise, as is shown in ref. [5], the time and fre-
quency structure of the pulses exhibit a superradiant
spiking behavior, whereas the usual steady state FEL
physics can be used only to model the radiated power
averaged over the beam, up to saturation and in the
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long bunch regime . These effects are well documented
[8] . Simulating this is also straightforward: the input
radiation level is forced to a fixed level and the proper
boundary conditions for the finite beam length are
taken into account. The result of a 3D simulation
performed with the code GINGER [9] showing the
emitted power - averaged over the radiation pulse -
along the undulator is presented in Fig. 3. Slippage
reduces the steady state gain by limiting the FEL
feedback mechanism: the electron beam and radiation
do not overlap as much as in the no slip case . The
higher the slip the more radiation "escapes" the elec-
tron bunch, leading to the onset of the superradiant
regime .

Superradiance is a regime of coherent spontaneous
emission with peaks in the time structure of the beam .
When slippage is properly taken into account, it has
been shown that an FEL can actually operate in the
superradiant regime . The output radiation spike ampli-
tudes, starting from the trailing edge of the beam, scale
as the square of the beam current [10] . This effect is
more pronounced for longer undulators and shorter
bunch lengths. The long undulator example shown in
Fig. 3 could also apply to the present UCLA undulator
with a compressed beam .

Since the UCLA FEL is near the "short pulse"
(Lb < 2-rrL,) and high gain regime, the condition to
operate with superradiance is that there be sufficient
slippage, S > 1, implying the need for a sufficiently
long undulator. Figs. 3 and 4 show that once the
conventional exponential growth regime saturates, the
superradiant regime dominates.

Superradiance, when starting from noise, is pro-
duced by emission from the noise spikes in the electron
bunch current. Mathematically, the noise spike pro-
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Fig. 3. Two simulations performed with fixed input (radiation)
power. The solid line is for the no slip case (S= 0) while the
dashed line takes into account slippage . Note the difference
in saturated power levels and the onset of superradiance after

saturation from the slip case .
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Fig . 4. 3D Simulation output for the radiation pulse in the
UCLA FEL after 3 m of undulator (S = 1 .8) . The steady state
peak at - 16 MW is on right while the superradiant spike at
- 180 MW has formed on the left . Notice that the radiation

pulse is longer than the beam bunch due to slippage .

duces an essential discontinuity in the Green function
of the dimensionless field amplitude. This phe-
nomenon occurs because the noise spike is amplified
locally by the beam . The beam electrons within the
spike, or more precisely within a cooperation length,
act coherently (in phase) leading to further emission .
Multiple noise spikes within a cooperation length coa-
lesce to form one spike (see Fig. 1) . In the UCLA case
the beam is - 10 cooperation lengths long. This im-
plies that as the spike slips along the beam, further
amplification can occur. Thus, the UCLA case is in an
intermediate regime where only a few superradiant
spikes lie within the beam, but the beam is sufficiently
long to cause amplification. Fig. 4 shows a 3D simula-
tion of the radiation pulse profile in time with peaks
due to steady state and superradiant emission, in the
amplifier configuration, starting from an external sig-
nal, whereas Fig. 1 shows the superradiant spikes emit-
ted in the startup from noise case .
We note that the spiking due to the startup noise is

analogous to superradiance from a uniform input sig-
nal and emission occurring at the trailing edge of the
beam . In that case, the tail acts as a source (emitter)
and the remainder of the beam is the amplifier, as seen
in Fig. 4.

An impediment to observing superradiance at
UCLA is the undulator length required . While a sec-
ond undulator has been proposed, it may still be possi-
ble to measure superradiance with the existing 60 cm
undulator. This is because superradiance is insensitive
to detuning . Thus, the steady state FEL action can be
degraded and superradiance can dominate . Prelimi-
nary simulations have shown this to be feasible .

The saturation and post-saturation regimes are be-
ing explored numerically and await experimental com-
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parison. Observation of superradiance should be possi-
ble in the UCLA experiment, and the addition of a

second undulator would extend our ability to study

such physics.
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