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Observation of Self-Amplified Spontaneous Emission in the Mid-Infrared
in a Free-Electron Laser

R. Prazeres, J. M. Ortega, F. Glotin, D. A. Jaroszynski,* and O. Marcouillé
LURE, bât. 209d, Université de Paris-Sud, 91405 Orsay Cedex, France

(Received 7 November 1996)

We have produced and analyzed self-amplified spontaneous emission emitted by a relativistic electr
beam passing through an undulator for the first time in the mid-infrared. The spectral behavior of th
line exhibits an unexpected growth at the start-up of the process. [S0031-9007(97)02623-9]

PACS numbers: 41.60.Cr
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There are many kinds of free-electron lasers (FE
operating in various wavelength regions from millimet
waves to ultraviolet [1]. The gain medium of the FE
[2] is a relativistic electron beam crossing a magne
device (called the “undulator”). This system produc
synchrotron radiation (called “spontaneous emission”) a
creates an optical amplification by transfer of ener
from the electrons to the optical wave. The undulator
installed in an optical cavity which stores the spontaneo
emission and allows the laser operation. The wavelen
is easily tunable in a large range by adjusting the magn
field of the undulator and the electron beam energy.
principle, the FEL is able to work in the x-ray spectr
range. However, at present the quality of the optic
cavity mirrors and of the electron beam have not be
sufficient to produce the FEL oscillation at wavelengt
shorter than 240 nm [3]. In the infrared range, the gain c
be larger than 100% although only a few percent have b
achieved in the uv. Other related techniques, noticea
the vacuum ultraviolet (VUV) harmonic generation in a
undulator [4] and x-ray generation by FEL intracavi
Compton backscattering [5] have been demonstrated,
are producing small power. Nevertheless, a solution
been proposed about ten years ago to reach the x
range [6]. Its principle is to operate a very high ga
FEL in single pass configuration, thus avoiding mirro
The “spontaneous emission” produced by the electron
amplified in a very long undulator (20 to 40 m) and reach
saturation in one pass. This so-called “self-amplifi
spontaneous emission” (SASE) requires a very high qua
electron beam (high peak current, low energy spre
small emittance). The SASE has so far been obser
only in mm waves [7] and in far-infrared [8] spectra
ranges. Indeed, the electron beam requirements nee
for SASE are more and more demanding as the wavelen
decreases. Thus study of SASE in the mid-infrared reg
is an important step in understanding the process an
extrapolating to the possible development of SASE sour
in x-rays.

The SASE process is one aspect of the radiation wh
occurs in the FEL, and which involves either “spont
neous emission” (SE), “coherent spontaneous emiss
(CSE), “FEL gain,” or “SASE”. SE is the radiation pro
0031-9007y97y78(11)y2124(4)$10.00
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duced by a single electron, traveling along an undulato
of N magnetic periods. It is peaking at the so-called reso
nance wavelengthlR  lus1 1 K2y2dy2g2 wherelu and
K are, respectively, the period and the “deflection parame
ter” of the undulator, andgmc2 is the electron beam en-
ergy. The single electron radiation is a wave train ofN
periods, corresponding to a length ofNlR . The spectral
linewidth of the radiation isDvyv > 1yN. Consider-
ing a bunch ofNe electrons and assuming that the elec
trons density is uniformly distributed in the bunch, the
electrons are incoherent sources, and the energy produc
by SE scales asNNe. CSE is observed if the dimension
of the electron bunch is smaller than the emitted wave
length. In this case, the individual sources (electrons) a
in phase and the total emitted energy is scaling asNN2

e ,
i.e., linearly with the undulator length, and quadractically
with the electron current. In most FELs, including CLIO,
which is an infrared FEL and a user facility since 1993
[10], the electron bunch length is larger than the emitte
wavelength, and the CSE should be negligible. Neverthe
less, a partial coherence still occurs if the electron bunc
longitudinal density has sharp edges, or more generall
strong components at high frequency in its Fourier spec
trum. In this case, a CSE component of intensityIcohsvd
adds to the SE intensityIsesvd  I0svdNe, where I0 is
the intensity emitted by one electron. This CSE compo
nent is described by the diffraction theory which yields a
coherent intensityIcohsvd  I0svdN2

e f2svd, wherefsvd
is the Fourier transform of the longitudinal electron den
sity. The total intensityIT svd  Icoh 1 Ise, then, scales
as ,Nsi 1 f2i2d, where i is the electron beam average
current. f is also a function ofi, when the electron lon-
gitudinal shape varies with the average current. Bot
SE and the CSE are spontaneous emission and have,
first approximation, the same spectral distribution. The
third way of increasing the emission is by the FEL gain
process, induced by the interaction between the electro
bunch and an optical wave, which creates a periodica
modulation (microbunching) on the electron beam distri
bution and produces a strong Fourier component at th
resonant wavelength. This component adds to the initia
optical wave and constitutes the “gain”: with an ade
quate optical cavity, it produces the FEL oscillation [2].
© 1997 The American Physical Society
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Also, due to the gain, the spontaneous emission wh
is produced along the undulator is somewhat amplifi
in a single pass. This kind of radiation is self-amplifie
spontaneous emission. The analysis of this process
been done by several authors [6,9]. The power of SA
grows exponentially along the undulator axisz, with
Psase ~ expszyLgd, where Lg  luy8p

p
s3y2dr is the

“gain length,” which characterizes the exponential grow
of SASE and depends on a dimensionless “Pierce
rameter”r, which is proportional tosîyseg3d. î is the
peak electron current,se its transverse size, andgmc2

its energy. Therefore SASE requires higher intensiti
and smaller emittance (transverse size) as the energy
creases, i.e., as the desired wavelength is smaller. The
uration occurs forrN > 1. Far from saturationsrN ø

1d, the radiation is the spontaneous emission of an inc
herent electron beam, the spectral width being,1yN. In
the exponential growing regime, one expects a reduct
of the spectral linewidth toDvyv > srNd1y2yN.

We present here the successful production and obs
vation of SASE in the mid-infrared region atl  5 and
10 mm. These observations are done with the CLIO FE
which is an infrared free-electron laser and a user facil
since 1993 [10]. CLIO is based on a dedicated linear acc
erator. The parameters of the experiment are displayed
Table I. With these parameters, the gain lengthLg is about
1 m, and the saturation parameter isr 3 2N  0.07 ø 1
in our case. This indicates that the SASE radiation
necessarily far from saturation, which would occur fo
500 periods. The radiation is taken in an angular ap
ture sufficiently small to avoid spectral broadening. Th
linac must be carefully tuned in order to obtain SASE, ev
more than for operation of the FEL. The electron tran
verse section has a strong influence on the SASE intens
However, the more crucial parameter of the linac, whi
influences both the SASEyCSE and the FEL, is the phas
of the accelerating rf wave with respect to the electr
bunches (in the “prebuncher” rf cavity [10]): it determine
the electron peak current. The influence of such phase t
ing, leaving the average current unchanged, is display
on Fig. 1: the spontaneous emission intensity is stron
TABLE I. Parameters for free-electron laser facility CLIO.

Accelerator: Type Linear, radio frequency, 3 GHz
Energy 50 MeV
Peak current 100 A
90% emittance 150p mm mrad (normalized)

Time structure: Macropulse length 10ms
Micropulse length 8 ps (measured)

FEL: Undulator period 50.4 mm
Number of periods:N 19 (for each undulator)
Measured gain per pass Up to 500%
Pierce parameter:r 1.9 3 1023
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affected. One set of curves (“phase ON”) has been o
tained with optimum rf phase adjustment, corresponding
a strong maximum of emission intensity, and the other s
of curves (“phase OFF”) has been obtained with a detun
rf phase. While the average current remains constant,
peak current diminishes by approximately 50% [11]. Th
is an evident proof that the SASE or CSE process occu
since the SE is strictly proportional to the average curre
The very strong observed effect pleads for SASE rath
than CSE, that we discuss below.

The undulator of CLIO has 38 magnetic period
divided in two half-undulators ofN  19 periods, for
which each gap is independently adjustable. This featu
is made to run the FEL in a two color model [12], bu
it also allows discrimination between SASE and CS
effects, because CSE scales linearly with the undula
length and quadratically with the current, whereas SAS
scales exponentially. Figure 2 shows the spontaneo
emission intensity as a function of the electron bea
current with one or two undulators of an equal numb
of periods. The electron beam current has been var
by controlling the aperture of a beam slit on the lina
which in principle does not modify its longitudinal shape
The curveA (two undulators) exhibits clearly a nonlinea
behavior (the curveB, for one undulator, also, though
less obvious) which implies a coherence effect su
as CSE and/or SASE. The curveC is the curveB,
multiplied by a factor of 2. Since the CSE (and the SE
scales linearly with the undulator length, the differenc
between curvesA andC is necessarily due to the presenc
of SASE. Therefore SASE is present, which is als
shown by its nonlinear behavior, although some CS
may also exist. The SASE amplification acts on the to
spontaneous emission: SE1 CSE. It may occur also
in the first undulator, what may be responsible for th
small nonlinearity of curveB. However, the accuracy
is not sufficient to determine whether this behavior
exponential (SASE) or quadratic (CSE) with the curren
These curves have been taken with an electron be
transverse size adjusted for the FEL oscillator. When o
adjusts the size for maximum SASE, the intensity is on
2125
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FIG. 1. Influence of the electron peak current (rf pha
tuning) on the spontaneous intensity (top curves) during t
electron macropulse. The bottom curves show the aver
electron beam current.

slightly increased by the presence of the second undula
In this case ther parameter is maximized by a very
small electron beam size in the center of the fir
undulator. Thenr becomes almost negligible in the
second undulator, due to the divergence of the be
following a very small focus.

The spectrum of the SASE has been measured for v
ous intensities of SASE, by acting on the rf phase.
spectrum is displayed on Fig. 3 for the case correspond
to the beam adjustment of Fig. 2. It is taken at 5mm, so
that we can use a sensitive InSb detector and meas
both the SE and SASE. The difference between the
two curves represents the amplification experienced by
SE along the undulator: clearly a moderate amplificati

FIG. 2. Intensity of SASE versus electron beam avera
current. The curvesA and B correspond, respectively, to
2N  38 and N  19 periods undulators. CurveC is two
times the curveB.
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FIG. 3. Spectra of the emission with and without SASE an
their difference atl  5 mm, with the FEL adjustment.

appears which is located at a slightly longer waveleng
than the central wavelength of the SE. This waveleng
shift sDlyl  1.4%d is close to the theoretical value
of 1

2 N expected at moderate FEL gain. In Fig. 4, w
have displayed the spectra obtained with the best be
adjustment, taken at 10mm, where the detector (HgCdTe)
is not sensitive enough to measure the SE: Whe
SASE increases, the spectrum linewidth increases and
central wavelength shifts toward large values. The larg
spectrum, corresponding to the larger SASE intensity,
displaced by 15% (at 11.5mm), and has a linewidth of
23%, much larger than the SE one (its theoretical value
2.6% but it is measured to be about 7% due to the electr
beam divergence). The resonance wavelength shift wou
be explained either by an angular error of 8 mrd or by

FIG. 4. Spectra of SASE for various SASE intensities (vary
ing the linac peak current) for the best beam tuning atl 
10 mm.
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relative energy variation of 7%, which would result
the loss of the beam. The experimental increasing
the linewidth up to 23% is not in agreement with th
SASE theory, which predicts a narrowing of the spectr
as compared to the SE. However, this theory consid
the exponential growth of intensity rather than the sta
up regime, as it is the case here. On the other hand
we assume this width to be Fourier limited, a linewid
of Dlyl  23% corresponds to a wave train of abo
Dz > 40 mm. This cannot be due to a substructure in t
electron micropulse, which would give rise, rather th
SASE, to a strong broadband CSE. Also, this value is
times shorter than the length,Nl  400 mm, of the SE
wave train. It could correspond to a short pulse regim
i.e., a “spiky” behavior of the SASE process. Indee
measurements of the SASE with a detector of 0.2ms of
rise time shows a noisy intensity from bunch to bunc
with about 100% fluctuations. This pleads for a spi
regime of the SASE which is, intrinsically, not a stab
process.

Therefore, the high gain, which can be obtained w
the CLIO infrared free electron laser, has allowed
to observe SASE in the mid-infrared region, around
and 10mm. Although far from saturation, since th
amplification is only 1 of order of magnitude, we hav
been able to measure the spectral behavior at star
and to observe an unexpected growth of the linewid
In the future, planned improvement of our accelera
should allow us to measure the SASE behavior at hig
in
of
e
m
ers
rt-
, if

th
ut
he
an
ten

e,
d,

h,
ky
le

ith
us
5

e
e
t-up
th.
tor
her

amplification rates.

*Permanent address: University of Strathclyde, Depa
ment of Physics and Applied Physics, John Anderso
Building, 107 Rottenrow, Glasgow G4 0NG, United
Kingdom.

[1] Proceedings of the FEL ’95 Conference[Nucl. Instrum.
Methods Phys. Res., Sect. A375, (1996)].

[2] Laser Handbook,edited by W. B. Colson, C. Pelle-
grini, and A. Renieri (North-Holland, Amsterdam, 1990)
Vol. 6.

[3] G. Kulipanov et al., Nucl. Instrum. Methods Phys. Res.
Sect. A296, 1 (1990).

[4] R. Prazereset al., Europhys. Lett.4, 817 (1987).
[5] F. Glotin et al., Phys. Rev. Lett.77, 3130 (1996).
[6] B. Bonifacio et al., Opt. Commun. 50, 373 (1984);

J. Murphy and C. Pellegrini, Nucl. Instrum. Methods Phy
Res., Sect. A237, 159 (1985).

[7] T. Orzechowski, Nucl. Instrum. Methods Phys. Res., Se
A 250, 144 (1986).

[8] D. Kirkpatrick, Nucl. Instrum. Methods Phys. Res., Sec
A 285, 43 (1989).

[9] K-J. Kim, Phys. Rev. Lett.57, 1871 (1986).
[10] J. M. Ortegaet al., Nucl. Instrum. Methods Phys. Res.

Sect. A375, 618 (1996); R. Chaputet al., Nucl. Instrum.
Methods Phys. Res., Sect. A331, 267 (1993).

[11] F. Glotin et al., Nucl. Instrum. Methods Phys. Res., Sec
A 341, 49 (1994).

[12] D. A. Jaroszynskiet al., Phys. Rev. Lett.72, 2387 (1994).
2127


