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A high-gain harmonic-generation free-electron laser is demonstrated. Our ap- 
proach uses a laser-seeded free-electron laser t o  produce amplified, longitu- 
dinally coherent, Fourier transform-limited output at a harmonic of the seed 
laser.A seed carbon dioxide laser at  a wavelength of 10.6 micrometers produced 
saturated, amplified free-electron laser output a t  the second-harmonic wave- 
length, 5.3 micrometers. The experiment verifies the theoretical foundation for 
the technique and prepares the way for the application of this technique in  the 
vacuum ultraviolet region of the spectrum, wi th  the ultimate goal of extending 
the approach t o  provide an intense, highly coherent source of hard x-rays. 

The invention of the laser provided a revolu- ence of a laser with the broad spectral cover- 
tionary source of coherent light that created age of a synchrotron. 
many new fields of scientific research. Mod- Several configurations of an FEL source 
em laser technology provides versatile per- are illustrated in Fig. 1. The most widespread 
formance throughout much of the electro- configuration involves the use of a high-Q 
magnetic spectrum. Optical resonators exist optical cavity (Q, quality factor) (6) and is 
in the infrared, visible, and ultraviolet regions very effective in wavelength regimes where 
of the spectrum, whereas nonlinear optics is appropriate mirrors are available. As in the 
used to extend coverage toward shorter wave- case of lasers, the use of an optical resonator 
lengths (<200 nm). However, the small non- can provide a high degree of spatial and 
linear susceptibilities available at short wave- temporal coherence. Conversely, the strategy 
lengths result in inefficient photon up-con- for developing a hard x-ray FEL (7 )  uses a 
version. Thus, an important objective in op- high-gain, single-pass amplifier scheme to 
tical physics is the development of coherent circumvent the lack of high-quality resonator 
intense sources at short wavelengths. Work to mirrors at short wavelengths. A straightfor- 
accomplish this is proceeding in several di- ward approach to single-pass amplification is 
rections. In particular, there have been ad- referred to as self-amplified spontaneous 
vances in high-harmonic ( I )  and x-ray (2, 3) emission (SASE) (8-21). In SASE, the spon- 
sources generated from intense laser-atom taneous radiation emitted by quivering elec- 
interactions and advances in the development trons near the beginning of a long undulator 
of plasma lasers (4). However, in the hard magnet is subsequently amplified as it co-
x-ray regime (1 A), the free-electron laser propagates with the electron beam through 
(FEL) emerges as a promising source that is the magnetic structure. This process is capa- 
capable of producing unprecedented intensi- ble of producing output with high peak power 
ties (5). Like synchrotron radiation sources, and excellent spatial mode, but a limitation 
FELs are based on accelerator technology. imposed by the random noise buildup is poor 
FELs represent an advance over synchrotron temporal coherence, i.e., coherence time that 
radiation, because in an FEL the radiation is much less than pulse duration. 
process benefits from multiparticle coher- In this report, we describe an alternative 
ence, whereas synchrotron radiation is emit- single-pass FEL approach, high-gain har-
ted incoherently by independently radiating monic generation (HGHG) (22-24), capable 
electrons. Consequently, FELs offer the pos- of providing the intensity and spatial coher- 
sibility of combining the intensity and coher- ence of SASE but with excellent temporal 
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modulator). The energy modulation is con- 
verted to a coherent spatial density modula- 
tion as the electron beam traverses a disper- 
sion magnet (a three-dipole chicane). A sec-
ond undulator (the radiator), tuned to a higher 
harmonic of the seed frequency w, causes the 
microbunched electron beam to emit coherent 
radiation at the harmonic frequency rzw, fol-
lowed by exponential amplification until sat- 
uration is achieved. The HGHG output radi- 
ation has a single phase determined by the 
seed laser, and its spectral bandwidth is Fou- 
rier transform limited. 

A major advantage of the HGHG FEL is 
that the output properties at the harmonic wake- 
length are a map of the characteristics of the 
high-quality fimdamental seed laser. This re- 
sults in a high degree of stability and control of 
the central wavelength, bandwidth, energy, and 
duration of the output pulse. As the duration of 
the HGHG radiation reflects the seed pulse 
characteristics, the output radiation pulse can be 
made shorter than the electron bunch length by 
simply using an appropriate duration seed laser 
pulse synchronized to the electron beam. In 
fact, high-peak-power output pulses of a few 
femtoseconds are possible with chirped pulse 
amplification (CPA) (29). On the other hand, a 
short SASE pulse requires an equally short 
electron bunch, which is presently beyond the 
state of the art below a few hundred femtosec- 
onds. More problematic is that the temporal 
profile of the SASE output varies because of the 
uncontrollable statistical fluctuations of the shot 
noise that provides the starting signal, and the 
SASE output is not Fourier transform limited 
but is a superposition of many wave trains with 
phases determined by individual electrons. 

At the Accelerator Test Facility at 
Brookhaven National Laboratory, we per-
formed a proof-of-principle experiment to 
test the theoretical foundations of the HGHG 
process. By seeding an FEL at a wavelength 
of 10.6 k m  provided by a CO, laser. we 
observed saturated amplified output at the 
second-harmonic wavelength, 5.3 k m  (30). 
The HGHG pulse energy was measured to be 
-10' times as large as the spontaneous radi- 
ation and -lo6 times as large as the SASE 
signal, which, in the case of the HGHG ex- 
periment, provides a background noise. 

A schematic of the HGHG apparatus with 
typical operational parameters is illustrated in 
Fig. 2 (31). The source of the required high- 
brightness electron beam is the s-band pho- -
tocathode radio frequency (RF) electron gun 
(32). The 40-MeV electron beam employed 
in this experiment is characterized by a cur- 
rent of 120 A [0.8 nC in 6 ps full width at half 
maximum (FWHM)] with a normalized emit- 
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tance of 5 mm-mrad and a global energy 
spread of 0.6%. Operating the radiator in 
SASE mode (no CO, laser), the 5.3-pm 
SASE power was measured to be 13 times the 
spontaneous output (power observed in ab- 
sence of gain), in good agreement with theo- 
retical simulations. The SASE measurement 
was performed with a 2% bandwidth, a 5.3- 
pm band-pass filter, and a calibrated InSb 
detector. 

Seeding the modulator with 200-ps, 10.6- 
pm CO, laser light with a peak power of 0.5 
MW, we observed intense HGHG output at 
the second-harmonic wavelength of 5.3 pm. 
Increasing the attenuation of the filter preced- 
ing the InSb detector, we determined that 
the HGHG signal was 3 X lo6 times as large 
as the SASE signal produced in the same 
length of radiator (1.98 m). The HGHG pulse 
energy was independently measured with a 
Joule meter. The maximum output observed 
was 65 pJ. 

The spectral distribution of the FEL out- 
put was characterized with two methods. A 
scanning (multipulse) measurement provid- 
ed sufficient sensitivity for characterizing 
both the SASE and HGHG output. A sin- 
gle-shot imaging technique provided a 
more precise measure of the HGHG spec- 
trum, but it lacked the sensitivity for a 
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Fig. 1. FEL configurations. (top) Oscillator. 
The use of an optical resonator offers many 
benefits in wavelength regimes where suit- 
able mirrors exist. (middle) SASE. SASE cor- 
responds to the use of a single-pass FEL in 
which the starting signal is the radiation 
emitted by the electrons at the beginning of 
the undulator magnet. (bottom) HCHC. 
HGHG is a single-pass FEL in which a laser 
seed induces an energy modulation in the 
electron beam in the first undulator. This 
energy modulation is converted into a coher- 
ent spatial density modulation in the disper- 
sion magnet, and radiation at the nth har- 
monic of the seed laser wavelength is gener- 
ated and amplified to saturation in the sec- 
ond undulator. 

SASE measurement. Figure 3A shows the 
multipulse measurement. The SASE output 
is multiplied by a factor of lo6 for compar- 
ison to the HGHG spectrum. Each SASE 
point is an average of 10 shots, whereas the 
HGHG data are single shots normalized to 
the total HGHG pulse energy. The FWHM 
HGHG bandwidth is -20 nm, whereas the 
SASE bandwidth is six times as large. The 
HGHG single-shot spectrum was recorded 
by placing a thermal imaging camera at the 
exit plane of the spectrometer. The mea- 
sured spectrum is shown in Fig. 3B and has 
a FWHM bandwidth of 15 nm. 

Theory provides an important predictive 
tool for the push toward hard x-rays. Sim- 
ulation of the current experiment was car- 
ried out with a modified version of the 
three-dimensional axisymmetric code (23). 
In this model, the radiation process is sim- 
ulated with the Maxwell equations coupled 
to the classical equations describing the 
electron motion. A Monte Carlo method 
provides a random distribution of the initial 
conditions. Our calculation ignores slip- 
page effects. This is a reasonable approxi- 
mation for our parameters because the elec- 
tron bunch length (6 ps) is much longer 
than the slippage distance (1 ps). With the 
measured electron beam longitudinal pro- 
file (current versus time), the model pre- 
dicts a FWHM of the HGHG pulse of 3.5 
ps. The radiation pulse is narrowed relative 
to the electron pulse (6 ps FWHM) because 
the gain is largest in regions of high cur- 
rent. For a Fourier transform-limited 
(Gaussian) pulse of time duration (At),,,,, 
the ratio of the bandwidth to the central wave- 
length A is 

where c represents the speed of light. Using 
this approximation and taking (At),,,, = 
3.5 ps and A = 5.3 pm, one finds (AX/ 
A),,,, = 0.22%. However, the resolution of 
the spectrometer measurement is 0.1%. Thus, 
theory predicts an observable bandwidth of 

Dispersion Section 

L = 0 . 3 m  

v0.22, + 0.1, = 0.24%, in good agreement 
with the measured value of (AVA),,, = 15 
nmf5.3 p m  = 0.28%. 

After the radiator, the electron beam is 
sent through an energy spectrometer. The 
image of the transverse horizontal profile re- 
veals the energy distribution, which is ob- 
served to exhibit a double peak. The largest 
peak is shifted to lower energy by 1%, i.e., 
close to the magnitude of the Pierce param- 
eter. The double peak as observed is charac- 
teristic of the electron energy distribution at 
saturation. Also, the output radiation power is 
insensitive to input laser power and charge 
fluctuation. This provides strong evidence 
that the system is in saturation. 

Our simulation predicts a saturated 
HGHG peak power output of 35 MW. As- 
suming an HGHG pulse duration of 3.5 ps, 
we estimate a pulse energy of 120 pJ, in 
reasonable agreement with the measured 
pulse energy of 65 pJ. In the future, a direct 
measurement of the HGHG pulse length will 
be performed with a second-harmonic inten- 
sity autocorrelator. 

The success of the current HGHG inves- 
tigation provides a promising roadmap to- 
ward shorter wavelengths. The next step is 
a facility [deep ultraviolet-FEL (DUV- 
FEL)] (33) capable of vacuum ultraviolet 
operation. In contrast to the present study, 
the DUV-FEL will use a higher energy 
linear accelerator (linac) (210 MeV) cou- 
pled with a 10-m-long undulator (NISUS) 
(34). A magnetic bunch compressor is in- 
stalled after 70 MeV of linac, and the 
source of electrons is an s-band photocath- 
ode RF gun. A tunable titanium-sapphire 
laser drives the photocathode at 266 nm 
(third harmonic of Ti3+:A120,) and will 
also provide the seed for the HGHG FEL. 
Initial operation in the visible will investi- 
gate control of the temporal profile of the 
output radiation and implementation of 
CPA for ultrashort pulse operation. Follow- 
ing the initial work in the visible, we plan 
to operate in the vacuum ultraviolet and use 
the output radiation in a series of proof-of- 
principle science experiments. 

HGHG FEL 

- - 

Modulator Section 
i - Radiator Section 

Fig. 2. Configuration for the HCHC FEL experiment as carried out at the Accelerator Test Facility 
at Brookhaven National Laboratory. The 40-MeV electron beam had a current of 120 A (0.8 nC in 
6 ps) with a normalized emittance of 5 mm-mrad. L, length; A, wavelength; P,, peak power; B,, 
peak undulator magnetic field; A,, undulator period. 
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This investigation has experimentally 
demonstrated the fundamental principles of 
HGHG FEL operation. The HGHG ap-
proach offers an alternative and attractive 
FEL scheme that combines the benefits of 
the coherence properties of a laser with the 
short-wavelength capabilities of an acceler- 
ator-based light source. A future x-ray 
HGHG FEL could use the best advances in 
short-wavelength tabletop lasers as seeds 
for amplifying and pushing toward shorter 
wavelengths. We are examining a number 
of different options for hard x-ray opera- 
tion. For example, the cascading of several 
HGHG stages (35) can provide a route for 
x-ray generation using current near-ultravi- 
olet seed laser performance. In this ap-
proach, the output of one HGHG stage 
provides the input seed to the next. Each 
stage is composed of a modulator, disper- 
sion section, and radiator. Within a single 
stage, the frequency is multiplied by a fac- 
tor of 3 to 5. For each stage, the coherent 

-HGHG 

wavelength (nm) 

Fig. 3. Output spectrum. (A) Scanning multi- 
pulse measurements of the output power spec- 
t rum for HCHC and SASE, on the experimental 
apparatus illustrated in Fig. 2. The graph plots 
power (in arbitrary units) against wavelength 
(in nanometers). The HCHC FEL bandwidth is 
one-sixth the SASE bandwidth. The SASE data 
are multiplied by a factor of lo6 to  bring them 
onto the same scale as the HCHC results. The 
SASE amplifier could achieve the same power 
level as the HCHC FEL if the radiator undulator 
was made three times Longer, but the SASE 
bandwidth would still be larger than that of the 
HCHC device. The solid line is a f i t  t o  the SASE 
spectral line, and the dashed line is a f i t  t o  the 
HCHC spectral line. (B) The HCHC single-shot 
spectrum as recorded by a thermal imaging 
camera placed at  the exit plane of the spec- 
trometer. The graph plots power (in arbitrary 
units) against wavelength (in nanometers). 
FWHM bandwidth is 15 nm. 

radiation produced by the prebunched beam 
in the radiator at the harmonic of the seed is 
many orders of magnitude higher in inten- 
sity than the SASE generated. In a specific 
example (35) , after cascading five HGHG 
stages, the frequency of the output is a 
factor of 5 X 5 X 5 X 4 X 3 = 1500 times 
the frequency of the input seed to the first 
stage. Dispersion sections are placed be- 
tween stages to shift the radiation to fresh 
portions (36) of the electron bunch to avoid 
the loss of gain due to the energy spread 
induced in the previous stage. 
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