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First Observation of Self-Amplified Spontaneous Emission in a Free-Electron Laser
at 109 nm Wavelength
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We present the first observation of self-amplified spontaneous emission (SASE) in a free-electron
laser (FEL) in the vacuum ultraviolet regime at 109 nm wavelength (11 eV). The observed free-electron
laser gain (approximately 3000) and the radiation characteristics, such as dependency on bunch charge,

angular distribution, spectral width, and intensity fluctuations, are all consistent with the present models
for SASE FELs.
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X-ray lasers are expected to open up new and exciting
areas of basic and applied research in biology, chemistry,
and physics. Because of recent progress in accelerator
technology, the attainment of the long-sought-after goal
of wide-range tunable laser radiation in the vacuum ultra-
violet (VUV) and x-ray spectral regions is coming close
to realization with the construction of free-electron lasers
(FELs) [1] based on the principle of self-amplified spon-
taneous emission (SASE) [2,3]. In a SASE FEL, lasing
occurs in a single pass of a relativistic, high-quality elec-
tron bunch through a long undulator magnet structure.

The radiation wavelength Ay, of the first harmonic of
FEL radiation is related to the period length A, of a planar

undulator by
A ( K2>
Aph = 1+ —, 1

where ¥y = E/(m.c?) is the relativistic factor of the elec-
trons, K = eBy,A,/(2wm,.c) is the undulator parameter,
and B, is the peak magnetic field in the undulator. Equa-
tion (1) exhibits two main advantages of the free-electron
laser: (i) the free tunability of the wavelength by changing
the electron energy and (ii) the possibility to achieve very
short radiation wavelengths.

For most FELs presently in operation [4], the electron
beam quality and the undulator length result in a gain of
only a few percent per undulator passage, so that an opti-
cal cavity resonator and a synchronized multibunch elec-
tron beam have to be used. At very short wavelengths,
normal-incidence mirrors of high reflectivity are unavail-
able. Therefore the generation of an electron beam of
extremely high quality in terms of emittance, peak cur-
rent, and energy spread, and a high precision undulator of
sufficient length are essential. Provided the spontaneous
radiation from the first part of the undulator overlaps the
electron beam, the electromagnetic radiation interacts with
the electron bunch leading to a density modulation (mi-
crobunching) which enhances the power and coherence of
radiation. In this “high-gain mode” [5—7], the radiation
power P(z) grows exponentially with the distance z along
the undulator

P(z) = AP, eXP(ZZ/Lg) > ()

where L, is the field gain length, P;, is the effective input
power (see below), and A is the input coupling factor [6,7].
A is equal to 1/9 in one-dimensional FEL theory with an
ideal electron beam.

Since at short wavelengths there is no tunable laser to
provide the input power Pji,, the spontaneous undulator
radiation from the first part of the undulator is used as an
input signal to the downstream part. Typical parameters
for a SASE FEL operating in the VUV wavelength range
are Py, of about a few watts and power gain at saturation,
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G = Py /Pin, of about 108. Compared to state-of-the-art
synchrotron radiation sources, one expects full transverse
coherence, up to 4—6 orders of magnitude larger average
brilliance, and up to 8—10 orders of magnitude larger peak
brilliance at pulse lengths of about 200 fs FWHM [8-11]
(brilliance defined as photon spectral density per unit time
per unit radiating area per unit solid angle). Recently
there have been important advances in demonstrating a
high-gain SASE FEL at 12 um wavelength [12] and at
530 nm wavelength [13].

The experimental results presented in this paper
have been achieved at the TESLA Test Facility (TTF)
free-electron laser [14] at the Deutsches Elektronen-
Synchrotron DESY. The TESLA (TeV Energy Super-
conducting Linear Accelerator) collaboration consists of
39 institutes from 9 countries and aims at the construction
of a 500 GeV (center-of-mass) e e~ linear collider with
an integrated x-ray laser facility [10]. Major hardware
contributions to TTF have come from Germany, France,
Italy, and the USA. The goal of the TTF FEL is to
demonstrate SASE FEL emission in the VUV and, in a
second phase, to build a soft x-ray user facility [15,16].
The layout is shown in Fig. 1. The main parameters for
FEL operation are compiled in Table 1.

The injector is based on a laser-driven 1%—cell rf gun
electron source operating at 1.3 GHz [17]. The Cs,Te
cathode [18] is illuminated by a train of UV laser pulses
generated in a mode-locked solid-state laser system [19]
synchronized with the rf. The laser pulse length measured
with a streak camera is o, = 7.1 £ 0.6 ps. The super-
conducting accelerator structure has been described else-
where [20].

The undulator is a fixed 12 mm gap permanent magnet
device using a combined function magnet design [21] with
a period length of A, = 27.3 mm and a peak field of B, =
0.46 T, resulting in an undulator parameter of K = 1.17.
The beam pipe diameter in the undulator (9.5 mm) [22]
is much larger than the beam diameter (300 wm). Inte-
grated quadrupole structures produce a gradient of 12 T/m
superimposed on the periodic undulator field in order to
focus the electron beam along the undulator. The un-
dulator system is subdivided into three segments, each
4.5 m long and containing 10 quadrupole sections to build

4 MeV 16 MeV

laser-driven  pre-
rf-gun accelerator

120 MeV 233 MeV

photon beam

SC module SC module  undulator diagnostics

bunch

compressor
e-beam e-beam

diagnostics diagnostics

FIG. 1. Schematic layout of phase 1 of the SASE FEL at the
TESLA Test Facility at DESY, Hamburg. The linac contains two
12.2 m long cryogenic modules each equipped with eight 9-cell
superconducting accelerating cavities [20]. The total length
is 100 m.

laser
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TABLE I. Main parameters of the TESLA Test Facility for
FEL experiments (TTF FEL, phase 1).

Parameter Measured value
Beam energy 233 = 5 MeV
rms energy spread 0.3 £ 0.2 MeV
rms transverse beam size 100 = 30 um
Normalized emittance, €, 6 * 37 mrad mm
Electron bunch charge 1 nC
Peak electron current 400 = 200 A
Bunch spacing 1 us
Repetition rate 1 Hz
Undulator period, A, 27.3 mm
Undulator peak field 046 T
Effective undulator length 135 m
Avg. betatron function horizontal /vertical 1.2 m/1.1 m
Radiation wavelength, Ay 109 nm
FEL gain 3 X 10°
FEL radiation pulse length 0.4-1 ps

up 5 full focusing-defocusing periods. There is a spacing
of 0.3 m between adjacent segments for diagnostics. The
total length of the system is 14.1 m.

Beam orbit straightness in the undulator is necessary for
optimum overlap between the electron and light beams. It
is determined by the alignment precision of the superim-
posed permanent-magnet quadrupole fields which is better
than 50 wm in both vertical and horizontal directions [23].

Different techniques have been used to measure the
emittance of the electron beam [24] and yield values for the
normalized emittance of (4 *+ 1)7 mrad mm for a bunch
charge of 1 nC at the exit of the injector. The emittance in
the undulator was typically between 6 and 107 mrad mm
(in both horizontal and vertical phase space). It should
be noted that the measurement techniques applied deter-
mine the emittance integrated over the entire bunch length.
However, for FEL physics, the emittance of bunch slices
much shorter than the bunch length is the relevant pa-
rameter. It is likely that, due to spurious dispersion and
wakefields, the bunch axis is tilted about a transverse axis
such that the projected emittance is larger than the emit-
tance of any slice. Based on these considerations we es-
timate the normalized slice emittance in the undulator at
(6 = 3)7 mrad mm.

A bunch compressor is inserted between the two ac-
celerating modules, in order to increase the peak cur-
rent of the bunch up to 7 = 500 A. For a longitudinal
charge distribution with Gaussian density profile and to-
tal charge of Q@ = 1 nC, such a peak current corresponds
to a standard deviation (i.e., rms) of the bunch length of
os = Qc/(v27 1) = 0.24 mm or to an rms pulse length
of o, = oy/c = 0.8 ps. Experimentally, it is routinely
verified that a large fraction of the bunch charge is com-
pressed to a length below 0.4 mm (rms) [25]. There
are indications that the core is compressed even further.

We estimate the peak current for the FEL experiment at
(400 = 200) A.

For radiation intensity measurements we used a PtSi
photodiode integrating over all wavelengths. The detector
unit was placed 12 m downstream from the undulator exit.
A 0.5 mm iris was placed in front of the photodiode in
order to avoid saturation effects.

Strong evidence for the FEL process is a large increase
in the on-axis radiation intensity if the electron beam is in-
jected such that it overlaps with the radiation during the en-
tire passage through the undulator. The observed intensity
inside a window of £200 wm around the optimum beam
position was enhanced by a factor of more than 100 com-
pared to the intensity of spontaneous radiation observed
outside this window.

SASE gain is expected to depend on the bunch charge in
an extremely nonlinear way. Figure 2 shows the measured
intensity on axis as a function of bunch charge Q, while
the beam orbit is kept constant for optimum gain. The
solid line indicates the intensity of the spontaneous undu-
lator radiation multiplied by a factor of 100. The strongly
nonlinear increase of the intensity as a function of bunch
charge is definite proof of FEL action. The gain does not
further increase if the bunch charge exceeds some 0.6 nC.
This needs further study, but it is known that the beam
emittance becomes larger for increasing Q, thus reducing
the FEL gain.

The wavelength spectrum of the radiation (taken on axis
at maximum FEL gain) is presented in Fig. 3. The central
wavelength of 108.5 nm is consistent with the measured
beam energy of (233 = 5) MeV and the known undulator
parameter K = 1.17 [see Eq. (1)]. The intensity gain de-
termined with the CCD camera of the spectrometer is in
agreement with the photodiode result.

Intensity / a.u.
T

| Spontaneous
L emission x 100

0 Vw\\\\\mgi:T-\:\\l\.\lw|M|\|\|H\M\
0 0.2 0.4 0.6 0.8
Bunch charge / nC

FIG. 2. SASE intensity versus bunch charge. The straight line
is the spontaneous intensity multiplied by a factor of 100. To
guide the eye, mean values of the radiation intensity are shown
for some bunch charges (dots). The vertical error bars indicate
the standard deviation of intensity fluctuations, which are due to
the statistical character of the SASE process [see Eq. (3)].
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FIG. 3. Wavelength spectrum of the central radiation cone
(collimation angle *=0.2 mrad), taken at maximum FEL gain.
The dotted line is the result of numerical simulation. The bunch
charge is 1 nC.

A characteristic feature of SASE FELs is the concen-
tration of radiation power into a cone much narrower than
that of wavelength integrated undulator radiation, whose
opening angle is on the order of 1/y. Measurements done
by moving the 0.5 mm iris horizontally together with the
photodiode confirm this expectation (see Fig. 4). To be
visible on this scale, the spontaneous intensity is amplified
by a factor of 30. The energy flux is 2 nJ/mm? at the lo-
cation of the detector, and the on-axis flux per unit solid
angle is about 0.3 J/sr (assuming a source position at the
end of the undulator). This value was used as a reference
point for the numerical simulation of the SASE FEL with
the code FAST [26]. The longitudinal profile of the bunch
current was assumed to be Gaussian with an rms length of
0.25 mm. The transverse distribution of the beam current
density was also taken to be Gaussian. Calculations have
been performed for a Gaussian energy spread of 0.1% and
the normalized emittance &, was varied in the simulations
between 2 and 1077 mrad mm. Our calculations show that
in this range of parameters the value of the effective power
of shot noise Pj, and coupling factor A = 0.1 [see Eq. (2)]
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FIG. 4. Horizontal intensity profile of SASE FEL and sponta-
neous undulator radiation (X30), measured with a photodiode
behind a 0.5 mm aperture in a distance of 12 m from the end
of the undulator. The dotted line is the result of numerical
simulation.
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are nearly constant. A level of energy flux of 0.3 J/sr is
obtained at five field gain lengths L,. With these parame-
ters the FEL gain can be estimated at G = 3 X 10* with
a factor of 3 uncertainty (i.e., 10° < G < 10%) which is
mainly due to the imprecise knowledge of the longitudi-
nal beam profile. If we assume that the entire undulator
contributes to the FEL amplification process, we estimate
the normalized emittance €, at 877 mrad mm, in reason-
able agreement with the measurements. This value of the
emittance was used for more detailed calculations of the
FEL characteristics. Figures 3 and 4 include typical theo-
retical spectral and angular distributions. In both cases the
experimental curves are wider than the simulation results.
A possible source of the widening is energy and orbit jitter,
since the experimental curves are the results of averaging
over many bunches.

It is essential to realize that the fluctuations seen in
Fig. 2 are not primarily due to unstable operation of the
accelerator but are inherent to the SASE process. Shot
noise in the electron beam causes fluctuations of the beam
density, which are random in time and space [27]. As a
result, the radiation produced by such a beam has random
amplitudes and phases in time and space, and can be de-
scribed in terms of statistical optics. In the linear regime
of a SASE FEL, the radiation pulse energy is expected to
fluctuate according to a gamma distribution p(E) [28],
() el ). o
ron\®) BN\ ME) Y
where (E) is the mean energy, I'(M) is the gamma function
with argument M, and M~ ! = ((E — (E))?*)/(E)? is the
normalized variance of E. The parameter M corresponds
to the number of optical modes. Note that the same type
of statistics applies for completely chaotic polarized light,
in particular for spontaneous undulator radiation.

For our statistical measurements the signals from 3000
radiation pulses have been recorded, with the small iris
(0.5 mm diam) in front of the photodiode to guarantee that

p(E)

151 =N 1
XK A =109 nm

3 — M=14.4
v o= 26%
w 1.0 4
k=
2
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2 osf 1
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o
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FIG. 5. Probability distribution of SASE intensity. The rms
fluctuation yields a number of longitudinal modes M = 14. The
solid curve is the gamma distribution for M = 14.4. The bunch
charge is 1 nC.
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transversely coherent radiation pulses are selected. Thus,
the parameter M corresponds to the number of longitudinal
modes. As one can see from Fig. 5, the distribution of the
energy in the radiation pulses is quite close to the gamma
distribution. The relative rms fluctuations are about 26%
corresponding to M = 14.4. One should take into account
the fact that these fluctuations arise not only from the shot
noise in the electron beam; the pulse-to-pulse variations
of the beam parameters can also contribute to the fluctua-
tions. Thus, the value M = 14 can be considered as a
lower limit for the number of longitudinal modes in the ra-
diation pulse. By using the standard deviation of the radia-
tion spectrum oa /0 = 0.36%, we calculate the coherence
time [28] according to Teon = /7 /(0 ar/a@pn) = 28 fs
(with wpy = 27c / Apn) and find that the part of the elec-
tron bunch contributing to the SASE process is at least
McTeon = 120 um long. From the quality of the agree-
ment with the gamma distribution we can also conclude
that the statistical properties of the radiation are described
with Gaussian statistics. In particular, this means that there
are no FEL saturation effects.
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