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GENERATION OF XUV LIGHT BY RESONANT FREQUENCY TRIPLING IN A TWO-WIGGLER
FEL AMPLIFIER
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FEL operation at short wavelengths is limited by electron-beam quality, by the availability of mirrors for oscillators and by the
availability of input sôurces for FEL amplifiers . It is possible to use an FEL amplifier as a resonant-frequency tripling device,
generating light and strong bunching at the third harmonic of a conventional input source in an initial wiggler section, then using a
second wiggler section resonant at the tripled frequency to amplify the short-wavelength light. Neither mirrors nor a short-wavelength
input source are required, and some relaxation of the electron-beam quality appears to be possible . We illustrate the scheme with a
one-dimensional model and then with NUTMEG simulations of an 80 nm FEL amplifier initiated by a 240 nm input signal, in which
an efficiency of the electron-beam power conversion to 80 nm light of nearly 10-° was obtained.

1 . Introduction

Free-electron lasers can be configured as oscillators
or amplifiers, with virtues and drawbacks to both . For
generation of very short-wavelength light, the oscillator
has the virtue of being tunable and of requiring no
input source, but the disadvantage of requiring mirrors
with adequate reflectivity to permit lasing. As the signal
wavelength becomes shorter, appropriate mirrors be-
come harder to find . (See ref . (1] for a review of oscilla-
tor approaches to FEL generation of XUV radiation .) A
single-pass FEL amplifier requires no mirrors, but usu-
ally requires an input signal . The input source becomes
more difficult to find as the wavelength gets shorter.
Single-pass amplifiers can be excited by spontaneous
emission in the wiggler ; this technique does not require
mirrors but a very long wiggler and produces a
broâder-bandwidth output signal (the coherence length
can be no longer than the slippage length, because
photons separated by more than the slippage length are
necessarily decoupled) than obtainable from an FEL
amplifier with a coherent input signal . In both the
oscillator and amplifier configurations, constraints on
electron-beam quality limit the wavelength that can be
achieved .

In this paper we propose an amplifier configuration
that requires no mirrors, no input signal at the w2cve-
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length of the output, and yet can retain the narrow
linewidth of the master-oscillator power-amplifier con-
figuration . The method also relaxes the requirements on
electron-beam quality, providing higher gain at short
wavelength than is possible in an amplifier excited by
noise . All that is required is a longer-wavelength
master-oscillator signal to provide a signal that is tri-
pled in the FEL amplifier .

The technique of using a free-electron laser amplifier
as a frequency tripler relies on the two facts that spatial
bunching in the exponential-gain regime can be very
strong and that in a linear wiggler electrons couple
strongly to odd harmonics. Even early in the exponen-
tial-gain regime some harmonic radiation is generated .
Close to saturation, quite large bunching and a large
amplitude of harmonic radiation are generated, but by
that point the energy spread induced in the beam by
amplification of the fundamental limits further third-
harmonic operation .

At some stage before saturation of the exponential-
gain regime, it is possible to change the wiggler field (or
period) abruptly, to bring the third-harmonic radiation
into resonance with the wiggler . The fundamental is
thrown away (it no longer couples to the electrons)
while the third harmonic in the first wiggler section
becomes the fundamental in the second section. Because
the beam has a large component of bunching at the

VII . APPLICATIONS
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short wavelength, coherent spontaneous emission is
copiously produced . It may even be possible to taper
the wiggler, enhancing the extraction efficiency well
above what could be achieved with the original electron
beam and a short-wavelength input signal alone.
We performed a preliminary analysis using sim-

plified 1D equations for the FEL (see, for example, ref .
[2]) . In the model, the electron and radiation variables
are described by dimensionless variables. The important
parameter describing the electron bunching at the n th
harmonic is b� , a dimensionless, complex bunching
parameter defined by

n~ L
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Fig . 2 . Behavior of the intensity of the radiation at the funda
mental frequency in the second wiggler section (the third-

harmonic radiation in the first section) .
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Fig . 1 . One-dimensional results showing the (a) fundamental, (b) third- and (c) fifth-harmonic intensities as a function of the
dimensionless position z in the first wiggler section. The behavior of the bunching parameter b� [eq. (1)] is shown for the same three

harmonics in (d-f) .

where ® °-- (k + kw )z - wt, k and kW being the wave
numbers of the fundamental radiation and the wiggler
field, respectively, and w the angular frequency of the
fundamental radiation, and where the angle brackets
denote an average over the electron distribution .

The 1D equations were integrated through the first
wiggler section . The radiation and electron variables

1
5 10 15 20

z (m)
Fig. 3 . Power at 80 nm vs z in a 20 m wiggler section, starting
with 100 W of input power . The 80 nm radiation is resonant
with the wiggler field throughout this wiggler . An exponential
gain of 1 .7 dB/m is apparent, with a final power of 88 kW at
20 m. Simulations were done with NUTMEG, the LLNL

harmonic code based on FRED.



were then rescaled at the input to the second wiggler
section, to account for the change in wiggler parame-
ters.

In fig. 1 we can see the evolution of the fundamental,
third- and fifth-harmonic components of the radiation
field and the bunching in the first wiggler. The wiggler
length was chosen to be well into the exponential-gain
regime, but without reaching saturation of the funda-
mental, in order to limit the energy spread induced by
the amplification while having non-negligible bunching
and field intensity in the third har-,~tonic. Indeed from
the figure we can see that the interaction with the first
wiggler section induces some growth of the harmonics
and, more important, strong bunching (I b3 l â0.5) in
the third harmonic . The intensity of the light at the
fundamental wavelength grows to about half the satura-
tion value of 1.4 (in dimensionless units [2j) .
We then change the wiggler, reducing the magnetic

field to bring the third harmonic into resonance as the
fundamental at the same electron energy . This is accom-
plished by reducing the field by roughly F (if we
suppose that aW >> 1, where aw is the usual dimension-
less rms vector potential describing the wiggler field). In
our dimensionless variables, this change results in a
reduction of the FEL parameter p [2] by a factor 3V3 .
We rescale the electron and field variables, and let the
electron beam interact with the field that was formerly
the third harmonic but is the fundamental in the second
wiggler section. The numerically integrated field ampli-
tude in the second wiggler is shown in fig . 2, along with
the bunching parameter. From the figure we can see
that the radiation field saturates approximately at ( A 12

0.2 (dimensionless notation), instead of its maximum
value in a single wiggler of 1 .4 [2] . Saturation at I A 12

0.2 instead of 1 .4 occurs because of the energy spread
induced in the first wiggler section. Note the similarity
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Fig. 4. Power at 240nm vs z in a 14 m wiggler section resonant
at 240 nm, starting from 100 W of 240 nm input power. An

exponential gain of 5.2 dB/m is evident .

of fig. 2 to the results of 2D simulations shown in fig. 5
below.

3. 2D simulations

We can further illustrate the method with several 2D
simulations done with the LLNL harmonics code
NUTMEG, an extension of FRED [3] to include the
treatment of harmonics . The parameters we choose are
listed in table 1.

Fig. 3 shows the result of operating entirely at 80
nm, with an assumed input power of 100 W at that
wavelength (100 W of 80 nm light is, of course, not
readily available). Gain is low (1.7 dB/m), and after 20
m of wiggler the power has only grown to 88 kW. The
illustrated gain is at the peak of the detuning curve, and
so represents the maximum gain achievable at 80 nm
with the chosen electron-beam parameters.
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Table 1
Simulation parameters

10 6

Electron beam :
Energy
Current

300 MeV
300 A

.
3

[

Normalized emittance
(enclosing 90% of the current) 40 -ff mmmrad d

Energy spread
0
Ca-

(enclosing 90% of the current) 0.5%
Wiggler:
Period 3 cm
Overall length <20m 10*1

Signal : 0

Fundamental 240nm
Input 100 W, focused at

Fig. 5. Coherentwiggler entrance
nm) light by bu

Third harmonic 80 nm
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Fig. 6. Amplification of the 80 nm radiation in the second, 5 m
long, wiggler section. The wiggler field has been reduced to
bring the 80 nm light into resonance; a burst of coherent
spontaneous emission amplifies the 80 nm power to - 3 MW
at 3.2 m. The 240 nm light that was generated in the first

wiggler section is decoupled from the electrons.

At 240 nm, a 100 W input signal is readily available
from an excimer (KrF) laser. Fig. 4 illustrates the gain
of 240 nm light in 14 m of wiggler; the signal has grown
at - 5.2 dB/m to 185 MW. At the same time, coherent
spontaneous emission from the electrons bunched at the
fundamental wavelength has produced over 500 kW of
80 nm light (fig. 5) . The beam is strongly bunched at
this point, with a significant energy spread induced by
the fundamental bunching . It is necessary to make the
first wiggler section long enough to bring the third-
harmonic bunching well above noise (numerical noise in
the simulation, shot noise in reality), but not so long as
to induce too much energy spread. We have not ex-
plored the transition sufficiently yet to have identified
the optimum length of the first wiggler.

At the 14 m point, the wiggler field is dropped from
10.7 to 4.6 kG to bring the 80 nm light into resonance.
Fig. 6 illustrates what happens: the 80 nm light is
generated in a non-exponential burst of coherent spon-
taneous emission in a short ( - 4 m) section of the
second wiggler. The 80 nm powerpeaks at nearly 3 MW
at 3.2 m. The improvement from the 80 nm power

generated with 100 W of 80 nm input (fig. 3) is over an
order of magnitude.

4. Discussion

We have suggested a technique for using an FEL to
generate short-wavelength light that presents an alterna-
tive to oscillators or conventional single-pass amplifiers.
Harmonics generated by the FEL itself permit a two-
wiggler amplifier configuration to triple the frequency
of an input signal resonantly, allowing the use of a
readily available input laser such as KrF to obtain
much shorter-wavelength light. The beam and wiggler
parameters of table 1 have not been optimized to maxi-
mize the output 80 nm power; they only represent an
example of what might be possible .

It may be possible to use the same technique with
the fifth (or higher) harmonic of the input signal . Higher
harmonics are produced with less power in the first
wiggler section and put tighter requirements on the
electron-beam quality; frequency quintupling must be
more difficult than frequency tripling. Nevertheless the
possibility exists, and we are examining its feasibility.

Note added in proof

Finally, let us remark that even if there is no radia-
tion on the even harmonics on the first wiggler, there is
however strong bunching, which gives rise to generation
of coherent spontaneous emission of radiation of even
harmonics in the second wiggler, as discussed in ref. [4].
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