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Abstract

Experimental and computational studies of free electron lasers op-
erating at high input powers have been undertaken. These studies
constitute a novel method of investigating saturation and trapping
effects in free electron lasers.

A crucial issue in the practical application of free electron lasers (FELs)
is the maximization of output efficiency. Since high efficiency operation in-
evitably occurs in the nonlinear regime, understanding FEL nonlinear be-
havior is very important. However, although FEL linear behavior is now
well explored and understood, there have been relatively few experimental
studies of FEL nonlinear behavior. Most saturated FEL experiments have
run as oscillators[1, 2, 3, 4, 5], where, because of the lack of precise control
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of the input conditions, it is difficult to carefully study the FEL behavior.
A few experiments have run as amplifiers[6, 7, 8, 9, 10], the most detailed
studies to date having been the elegant tapering experiments at LLNL[7]. In
this Letter we introduce a new nonlinear phenomenon directly related to the
fundamental FEL nonlinear saturation mechanism[11].

We find both in experiments and simulations that when the input radi-
ation power is increased to levels comparable to output power, the energy
that maximizes the FEL gain shifts upwards. This effect is directly related
to the height of the FEL ponderomotive trapping bucket[11]. By parametri-
cally surveying the extent of this energy shift we observe nonlinear trapping
bucket phenomenon. In some surveys the experimental results are well fitted
by computer simulations, however for other surveys the experimental results
are not in close agreement with simulations.

While this high input radiation power regime at first appears to be slightly
artificial, it is in fact precisely the regime in which all saturated low gain,
multipass oscillators operate. In such devices the output power generally
builds from low noise levels by multiple reflections. Initially the device is
in the linear regime, but it eventually leaves this regime for the high input
power regime described in this paper. Since the operation is significantly
different in the high input power regime, we predict that optimal behavior
may require a shift in the system parameters once saturation is achieved.

It is easy to understand the origin of the energy shifts by considering the
FEL longitudinal position and energy (',-y) phase space (Fig. 1). In this
phase space electrons with energy, y, greater (less) than the resonant energy
freestream forward (backward) in phase,*. As usual, the resonant energy is
defined to be the energy such that w = (k + k,)v., where w is the radiation
frequency, k is the radiation output wavenumber, k, = 27r/l is the wiggler
wavenumber, and v, is the axial beam velocity. The velocity v. that satisfies
this condition defines the resonant beam energy, 7re. = 1/(1 - v 2/c2)1/2. The
FEL interaction causes electrons with IF > 0 (1Q < 0) to move down (up) in
energy.

Our FEL operates in the Raman (collective) regime, and we will restrict
the remainder of our discussion to this regime. Similar arguments hold for
the other operating regimes (i.e. strong pump or temperature limited). In the
linear regime the energy that maximizes the gain is shifted upwards from the
resonant energy by an amount proportional to the beam plasma frequency.
Likewise, the energy that results in maximum absorption of energy from
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the radiation to the beam is lowered by an equal amount. Thus the actual
beam/radiation resonances occur at velocities shifted by the beam plasma
frequency[12];

w = (k + k,)v, ± p41/2 wpyjjy1/2 (1)

where w, is the nonrelativistic plasma frequency, yi is the relativistic con-
traction resulting from the beam axial velocity only, p, is the reduction to
the plasma frequency resulting from the finite beam radius and waveguide
walls, and 4 ~ 1 is a factor[13], not germaine to the phenomena under in-
vestigation in this paper, resulting from the interaction between the wiggler
and axial magnetic fields. Using Eq. 1, we can determine the beam energy
-yp7,in which results in the peak linear gain-i.e. the peak gain parameters are

= W + p1"/2 p/rIr1 /
2

k + k"

7pjn =1/(1 - v 2 n/c2)1/2  (2)

This energy corresponds to exciting a slow space-charge wave on the beam.
While a beam energy of exactly 7,ln will result in the maximum gain, beams
with energy in a small region around 7pin will also result in gain. Typically,
however, this region is significantly smaller than the energy difference be-
tween 'plin and 7re.. We can also define an equivalent -Ydln corresponding to
exciting the RF absorbing fast space-charge wave. The gain as a function of
energy is shown in the detuning curve of Fig. 2.

At high RF powers, electrons inside an elliptically shaped separatrix cen-
tered around (- = res, ' = 0) are trapped and execute circular orbits. These
electrons are said to be in the FEL ponderomotive trapping "bucket". The
height of the RF trapping bucket scales as[14]

A7trap X P/4B 1 2 (3)

where P is the RF power, and B, is the wiggler field[15]. So long as the
input power is sufficiently low, the FEL will operate in the linear regime.
Specifically, linear operation in Raman regime requires that the trapping
energy 7trap = 'Yres + A /trap be significantly less than the linear gain energy
1'plin-

When the FEL input power is increased to the point that the trapping
energy Ytrap is comparable to the linear gain energy 'ypjn, the beam electron
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dynamics will be influenced by the trapping forces. In the very high in-
put power limit, the dynamics will be primarily determined by the trapping
forces. The peak linear gain energy, -pj,, will be less relevant. In fact, to
take advantage of the extreme height of the trapping bucket, the energy that
gives maximum gain will likely increase with ytrap[11]. This shift is illustrated
in Fig. 2.

Thus we can investigate trapping as follows: Fix the wiggler and beam
parameters, and use a wiggler length shorter than the length required to pro-
duce synchrotron oscillations at all RF input powers. Slowly increase the RF
input power Pin while continually monitoring the beam energy that gives the
maximum gain, 7peak. When the input power Pin is low, Ypeak = Yplin. Even-
tually the input power will be sufficient to cause the FEL interaction to be
nonlinear-thereafter Ypeak will steadily increase. By determining the energy
increase curve characteristics as a function of various system parameters, we
can map out the FEL ponderomotive trapping bucket. Note that the above
simplistic arguments are not entirely born out by proper theoretical[16] and
computation analysis, but are nevertheless a very useful guide.

We use the MIT X-Band collective free electron laser. This device has
previously been extensively described and characterized[9, 12, 17]. In brief,
the FEL uses a thermionic cathode electron gun to produce a low emittance,
-y ~ 1.3, r = 0.254cm, several ampere electron beam. Decreasing the cathode
heater current forces the gun into the temperature limited regime, and thus
can be used to decrease the beam current. The beam power ranges up to
approximately 210kW. The input microwave power (f = 9.31GHz, P <
15kW) is superimposed on the electron beam by a coupler, and the beam and
microwaves then stream into a I = 3.5cm, bifilar helical wiggler. The beam is
guided by a 1580G axial magnetic field. The beam and microwaves propagate
in standard WR-90 X-Band stainless steel waveguide in the lowest order mode
(TE 10 ), and the beam space charge reduction factor is p, ~ 0.5[18] . The
beam is dumped by a kicker magnet at 0.7m. The gain is generally less
than two. The output power is detected by a standard directional coupler,
variable attenuator, crystal detector setup. The system is powered by a
Physics International 615MR Marx generator; a crucial feature of which is
that its output voltage pulse closely resembles that of a decaying RC circuit.
Thus we get an entire voltage/energy scan on every shot.

In Fig. 3 we show the peak gain energy Ypeak as a function of input power

Pin for five values of the wiggler field. The beam current is held constant
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at I = 0.6A. The experimental data clearly shows an increase in 7pcak as
the input power is increased, and is in good agreement with the computer
simulations. The nonlinear onset occurs at lower input power as the wiggler
field increases. Experimental fluctuations interfere with assigning an exact
"knee" point to each curve. Indeed, the computer simulations indicates that
the knee has a soft onset. However if a somewhat arbitrarily identified knee
point is assigned to each curve (at the RF input power Pi, at which the
beam energy 7peak is statistically significantly greater than the linear gain
beam energy -yi,in), the relation BWPJj1e is loosely invariant[19] as predicted
by Eq. 3. Similar curves for the energy that gives the maximum decrease in
output power (the fast wave interaction) were also found (See also Fig. 2).
We found (not shown) that the dip knee is at a much higher RF power than
the gain knee. This is readily understood by remembering that the fast
wave interaction absorbs RF energy, consequently, for otherwise identical
parameters, the RF power available for trapping is lower.

In Fig. 4 we show the peak gain energy ypeak as a function of input
power Pi, for 4 values of the beam current I. The wiggler field was fixed
at B, = 238G. Since the plasma frequency scales with the beam current,
we would expect the required knee RF power to increase with the beam
current. More precisely, Eq. 2 demonstrates that larger plasma frequencies
lead to larger linear peak gain energies 1rpin, and thus the onset of nonlinear
effects seems to require that the bucket height to be higher. Scaling of Eq. 3
indicates that Pkme OC wc oc V. Experimentally, we observed an effect in
the appropriate direction with approximately the appropriate magnitude.
However the magnitude of the effect found in simulations of the beam current
on P,,, is significantly smaller, though in the appropriate direction. We
do not at present understand this discrepancy. Further experimental and
theoretical study is necessary to resolve this question.

The comparison between experiment and simulation requires accurate
knowledge of the plasma frequency w,, corrected for relativistic, finite ra-
dius, axial field and other effects (See Eq. 1). Because the beam plasma
frequency is the more fundamental quantity, we employ a direct experimen-
tal measure of the corrected w,, rather than a measurement of the beam
current I and subsequent calculation of w,. Consequently we avoid many
classes of experimental error. To determine the plasma frequency directly we
measure the energy split between the linear fast and slow wave interactions;
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i.e. between the gain peak and dip in the linear power output versus beam
energy curve (see Eq. 1 and Fig. 2). This method has previously been shown
to be an accurate measure of the beam current[12], and the beam currents
reported in Figs. 3 and 4 are those inferred from the corrected w,.

The computer simulation employed in these figures is explained in detail
elsewhere[11]. The code utilizes an extended one-dimensional model to track
the nonlinear electron motions in the (-y, T) space. Instead of assuming a
helical wiggler field with constant amplitude, the code includes Bessel func-
tions in the wiggler field to generate more realistic electron orbits[20. The
presence of an axial magnetic field and rf space charge are also included.
The signal power is then given by the self-consistent coupling between the
electron beam and the fundamental TE10 mode.

Many possibilities have been considered in trying to reconcile the differ-
encies in Fig. 4 between experiment and simulation. We have considered
errors in the simulation itself such as inadequate time steps or particle num-
bers, as well as physical phenomena such as varying beam temperatures.
Unfortunately no explanation was found. The discrepancy may be due to
the inadequacy of the simplified model used in the code, namely excluding
the three-dimensional effects, the changes in the effective beam radius with
changes in B,, and I and the non-ideal electron orbits induced by the large
RF signal.

In conclusion, we have found a new nonlinear effect in free electron lasers.
The effect is directly related to ponderomotive bucket trapping, the funda-
mental FEL saturation mechanism. Thus we have found a new "probe" to
study saturation. The high input power regime we have investigated consti-
tutes a new method to study, with low energy beams, the mode in which low
gain saturated oscillator FELs operate.
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Fig. 1. FEL phase space (It, y) showing the ponderomotive trapping
buckets, the maximum gain energy, the resonant energy, and the maximum
absorption energy. The larger bucket corresponds to larger input power.

Fig. 2. Detuning curves showing gain vs. beam energy in the linear regime

(solid line,Pin = 15W) and the nonlinear (dashed line, Pin = 15kW)regime.
In both cases B. = 184G and I = 0.6A.

Fig. 3 Energy of peak gain 7peak vs. Pin for five values of the wiggler mag-
netic field. Note the progression to lower RF powers at higher wiggler fields
for the nonlinear onsets. The dots are experimental data, and the lines are
computer simulations. Note that the simulations is not extended into the re-
gion of highest wiggler field and input power because the electrons approach
gyro-resonance in this region and the simulation analytic orbit approxima-
tions break down.

Fig. 4 Energy of peak gain Ypeak vs. Pin for 4 values of the beam current.
The dots are experimental data. The lines are computer simulations. (a)I =

1.35A, (b)I = 0.9A, (c)I = 0.6A, and (d)I = 0.2A.
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