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Observation of Self-Amplified Spontaneous Emission in the Mid-Infrared
in a Free-Electron Laser
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We have produced and analyzed self-amplified spontaneous emission emitted by a relativistic electron
beam passing through an undulator for the first time in the mid-infrared. The spectral behavior of the
line exhibits an unexpected growth at the start-up of the process. [S0031-9007(97)02623-9]
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There are many kinds of free-electron lasers (FEL)uced by a single electron, traveling along an undulator
operating in various wavelength regions from millimeterof N magnetic periods. It is peaking at the so-called reso-
waves to ultraviolet [1]. The gain medium of the FEL nance wavelengthz = A, (1 + K?/2)/2vy? where\, and
[2] is a relativistic electron beam crossing a magneticK are, respectively, the period and the “deflection parame-
device (called the “undulator”’). This system producester” of the undulator, angmc is the electron beam en-
synchrotron radiation (called “spontaneous emission”) an@rgy. The single electron radiation is a wave trainNbf
creates an optical amplification by transfer of energyperiods, corresponding to a length8fAz. The spectral
from the electrons to the optical wave. The undulator idinewidth of the radiation isAw/w = 1/N. Consider-
installed in an optical cavity which stores the spontaneousg a bunch ofN, electrons and assuming that the elec-
emission and allows the laser operation. The wavelengtirons density is uniformly distributed in the bunch, the
is easily tunable in a large range by adjusting the magnetielectrons are incoherent sources, and the energy produced
field of the undulator and the electron beam energy. Iby SE scales a&N,. CSE is observed if the dimension
principle, the FEL is able to work in the x-ray spectral of the electron bunch is smaller than the emitted wave-
range. However, at present the quality of the opticalength. In this case, the individual sources (electrons) are
cavity mirrors and of the electron beam have not beern phase and the total emitted energy is scalingvag,
sufficient to produce the FEL oscillation at wavelengthsi.e., linearly with the undulator length, and quadractically
shorter than 240 nm [3]. Inthe infrared range, the gain camvith the electron current. In most FELSs, including CLIO,
be larger than 100% although only a few percent have beewhich is an infrared FEL and a user facility since 1993
achieved in the uv. Other related techniques, noticeablj10], the electron bunch length is larger than the emitted
the vacuum ultraviolet (VUV) harmonic generation in anwavelength, and the CSE should be negligible. Neverthe-
undulator [4] and x-ray generation by FEL intracavity less, a partial coherence still occurs if the electron bunch
Compton backscattering [5] have been demonstrated, blangitudinal density has sharp edges, or more generally,
are producing small power. Nevertheless, a solution hastrong components at high frequency in its Fourier spec-
been proposed about ten years ago to reach the x-ragum. In this case, a CSE component of intengity,(w)
range [6]. lts principle is to operate a very high gainadds to the SE intensityi.(w) = Iy(w)N., wWherel, is
FEL in single pass configuration, thus avoiding mirrors:the intensity emitted by one electron. This CSE compo-
The “spontaneous emission” produced by the electrons isent is described by the diffraction theory which yields a
amplified in a very long undulator (20 to 40 m) and reachesoherent intensity.on(w) = Ip(w)N2f*(w), wheref (w)
saturation in one pass. This so-called “self-amplifiedis the Fourier transform of the longitudinal electron den-
spontaneous emission” (SASE) requires a very high qualitgity. The total intensity7(w) = I.on + I, then, scales
electron beam (high peak current, low energy spreadas ~N(i + f2i), wherei is the electron beam average
small emittance). The SASE has so far been observecurrent. f is also a function of, when the electron lon-
only in mm waves [7] and in far-infrared [8] spectral gitudinal shape varies with the average current. Both
ranges. Indeed, the electron beam requirements need&t and the CSE are spontaneous emission and have, in
for SASE are more and more demanding as the wavelengfirst approximation, the same spectral distribution. The
decreases. Thus study of SASE in the mid-infrared regiotthird way of increasing the emission is by the FEL gain
is an important step in understanding the process and iprocess, induced by the interaction between the electron
extrapolating to the possible development of SASE sourcelsunch and an optical wave, which creates a periodical
in x-rays. modulation (microbunching) on the electron beam distri-

The SASE process is one aspect of the radiation whicbution and produces a strong Fourier component at the
occurs in the FEL, and which involves either “sponta-resonant wavelength. This component adds to the initial
neous emission” (SE), “coherent spontaneous emissiorgptical wave and constitutes the “gain™ with an ade-
(CSE), “FEL gain,” or “SASE”. SE is the radiation pro- quate optical cavity, it produces the FEL oscillation [2].
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Also, due to the gain, the spontaneous emission whichffected. One set of curves (“phase ON”") has been ob-
is produced along the undulator is somewhat amplifiedained with optimum rf phase adjustment, corresponding to
in a single pass. This kind of radiation is self-amplifieda strong maximum of emission intensity, and the other set
spontaneous emission. The analysis of this process has curves (“phase OFF”) has been obtained with a detuned
been done by several authors [6,9]. The power of SASEf phase. While the average current remains constant, the
grows exponentially along the undulator axds with  peak current diminishes by approximately 50% [11]. This
Pgse < €xpz/L,), Where L, = A,/874/(3/2)p is the is an evident proof that the SASE or CSE process occurs,
“gain length,” which characterizes the exponential growthsince the SE is strictly proportional to the average current.
of SASE and depends on a dimensionless “Pierce paFhe very strong observed effect pleads for SASE rather
rameter” p, which is proportional toi/o.y?). i is the than CSE, that we discuss below.
peak electron curreniy, its transverse size, angmc The undulator of CLIO has 38 magnetic periods,
its energy. Therefore SASE requires higher intensitieslivided in two half-undulators ofv = 19 periods, for
and smaller emittance (transverse size) as the energy im¢hich each gap is independently adjustable. This feature
creases, i.e., as the desired wavelength is smaller. The s@&-made to run the FEL in a two color model [12], but
uration occurs fop N = 1. Far from saturatioipN < it also allows discrimination between SASE and CSE
1), the radiation is the spontaneous emission of an incoeffects, because CSE scales linearly with the undulator
herent electron beam, the spectral width beinty N. In  length and quadratically with the current, whereas SASE
the exponential growing regime, one expects a reductioscales exponentially. Figure 2 shows the spontaneous
of the spectral linewidth tdw/w = (pN)'/2/N. emission intensity as a function of the electron beam
We present here the successful production and obsecurrent with one or two undulators of an equal number
vation of SASE in the mid-infrared region at= 5 and  of periods. The electron beam current has been varied
10 um. These observations are done with the CLIO FELby controlling the aperture of a beam slit on the linac,
which is an infrared free-electron laser and a user facilitywhich in principle does not modify its longitudinal shape.
since 1993 [10]. CLIO is based on a dedicated linear accelFhe curveA (two undulators) exhibits clearly a nonlinear
erator. The parameters of the experiment are displayed inehavior (the curveB, for one undulator, also, though
Table |. With these parameters, the gain lenigthis about  less obvious) which implies a coherence effect such
1 m, and the saturation parametepis< 2N = 0.07 < 1 as CSE and/or SASE. The cur@ is the curveB,
in our case. This indicates that the SASE radiation isnultiplied by a factor of 2. Since the CSE (and the SE)
necessarily far from saturation, which would occur forscales linearly with the undulator length, the difference
500 periods. The radiation is taken in an angular aperbetween curveé andC is necessarily due to the presence
ture sufficiently small to avoid spectral broadening. Theof SASE. Therefore SASE is present, which is also
linac must be carefully tuned in order to obtain SASE, evershown by its nonlinear behavior, although some CSE
more than for operation of the FEL. The electron trans-may also exist. The SASE amplification acts on the total
verse section has a strong influence on the SASE intensitgpontaneous emission: SECSE. It may occur also
However, the more crucial parameter of the linac, whichin the first undulator, what may be responsible for the
influences both the SASEESE and the FEL, is the phase small nonlinearity of curveB. However, the accuracy
of the accelerating rf wave with respect to the electrons not sufficient to determine whether this behavior is
bunches (in the “prebuncher” rf cavity [10]): it determines exponential (SASE) or quadratic (CSE) with the current.
the electron peak current. The influence of such phase tuf-hese curves have been taken with an electron beam
ing, leaving the average current unchanged, is displayetiansverse size adjusted for the FEL oscillator. When one
on Fig. 1: the spontaneous emission intensity is stronghadjusts the size for maximum SASE, the intensity is only

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 150 mmmrad (normalized)
Time structure: Macropulse length 105
Micropulse length 8 ps (measured)
FEL: Undulator period 50.4 mm
Number of periodsN 19 (for each undulator)
Measured gain per pass Up to 500%
Pierce parametep 1.9 X 1073
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FIG. 1. Influence of the electron peak current (rf phaseFIG. 3. Spectra of the emission with and without SASE and
tuning) on the spontaneous intensity (top curves) during théheir difference at = 5 um, with the FEL adjustment.
electron macropulse. The bottom curves show the average
electron beam current.
appears which is located at a slightly longer wavelength

than the central wavelength of the SE. This wavelength
slightly increased by the presence of the second undulatoghift (AA/A = 1.4%) is close to the theoretical value
In this case thep parameter is maximized by a very of ;N expected at moderate FEL gain. In Fig. 4, we
small electron beam size in the center of the firsthave displayed the spectra obtained with the best beam
undulator. Thenp becomes almost negligible in the adjustment, taken at 1@m, where the detector (HgCdTe)
second undulator, due to the divergence of the bearns not sensitive enough to measure the SE: When
following a very small focus. SASE increases, the spectrum linewidth increases and the
The spectrum of the SASE has been measured for vargentral wavelength shifts toward large values. The larger
ous intensities of SASE, by acting on the rf phase. Aspectrum, corresponding to the larger SASE intensity, is
spectrum is displayed on Fig. 3 for the case correspondingisplaced by 15% (at 11.5m), and has a linewidth of
to the beam adjustment of Fig. 2. Itis taken g, so  23%, much larger than the SE one (its theoretical value is
that we can use a sensitive InSh detector and measupe6% but it is measured to be about 7% due to the electron
both the SE and SASE. The difference between thesgeam divergence). The resonance wavelength shift would

two curves represents the amplification experienced by thise explained either by an angular error of 8 mrd or by a
SE along the undulator: clearly a moderate amplification
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FIG. 2. Intensity of SASE versus electron beam average

current. The curvesA and B correspond, respectively, to FIG. 4. Spectra of SASE for various SASE intensities (vary-
2N =38 and N = 19 periods undulators. Curv€ is two ing the linac peak current) for the best beam tuning\at
times the curveB. 10 wm.
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relative energy variation of 7%, which would result in amplification rates.
the loss of the beam. The experimental increasing of
the linewidth up to 23% is not in agreement with the
SASE theory, which predicts a narrowing of the spectrum
as compared to the SE. However, this theory considers
the exponential growth of intensity rather than the start- *Permanent address: University of Strathclyde, Depart-
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