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We report the first experimental evidence of enhancement of self-amplified spontaneous emission, due to
the use of an optical klystron. In this free-electron laser scheme, a relativistic electron beam passes through
two undulators, separated by a dispersive section. The latter converts the electron-beam energy modulation
produced in the first undulator in density modulation, thus enhancing the free-electron laser gain. The
experiment has been carried out at the FERMI facility in Trieste. Powerful radiation has been produced in
the extreme ultraviolet range, with an intensity a few orders of magnitude larger than in pure self-amplified
spontaneous emission mode. Data have been benchmarked with an existing theoretical model.
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Since the discovery of lasers [1,2], continuous progress
in the development of coherent sources has provided
invaluable investigation tools to the scientific community.
In this framework, free-electron lasers (FELs) are now
playing an important role with the construction and
operation of large infrastructures, offering the possibility
to extend many of the investigation techniques previously
implemented with optical lasers to the vacuum ultraviolet
(VUV), soft x-ray [3-5], and hard x-ray [6,7] wavelengths.

The first FELs were based on the oscillator configuration
[8] where an ultrarelativistic electron beam passing through
an undulator magnet interacts with the emitted radiation
stored in an optical cavity. Oscillator FELs were realized in
an extremely wide spectral range, from the THz [9,10] to
the VUV [11-18]. Progress in the technology of FEL
oscillators was provided by the optical klystron configura-
tion [19,20]. The optical klystron consists of two undulators
separated by a dispersive section, an element converting
the beam-energy modulation induced by the first undulator
into a longitudinal density modulation which enhances
the emission in the second undulator. This process, which
naturally occurs in a sufficiently long undulator, can be
controlled in an optical klystron by fine-tuning the value of
the dispersion. This parameter can be optimized to simul-
taneously maximize the FEL efficiency while minimizing
the signal rise time to reach saturation.

The optical klystron configuration was adopted in most
FELs operating in the UV and VUV spectral range [11-18].
However, further decreasing the wavelength required a
complete configuration change. The lack of mirrors that
could provide sufficient reflectivity to sustain the lasing
process in a oscillator cavity forced the design of FELs in
single-pass high-gain configurations where the interaction
takes place in a long sequence of undulators.
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In the self-amplified spontaneous emission (SASE)
configuration, this long FEL amplifier is seeded by the
incoherent spontaneous radiation emitted by the beam in
the first part of the undulator [21]. The laser power grows
exponentially along the undulator with a folding length
L,=2,/ (47\/3p) [21-23], where p is a characteristic
dimensionless parameter of the FEL [23,24], typically
in the range from 10~ to 1073, depending on the FEL
properties and operation spectral range. Saturation is
reached after about 20 L, a length which can be of the
order of ~100 m in hard x rays.

A possibility to reduce the overall saturation length in
a SASE amplifier consists in implementing the optical
klystron concept previously introduced in the frame
of FEL oscillators. Theoretical studies [25-29] have
shown that the increase in density modulation induced
by the optical klystron dispersive section significantly
reduces the total length of the undulator needed to reach
saturation.

In this Letter, we present the first experimental demon-
stration of the optical klystron output power enhancement
in a SASE FEL in the VUV regime. The experiment has
been performed at the FERMI facility [4]. The layout of
the FEL is shown in Fig. 1. Even if the first undulator
before the dispersive section and the other undulators in
the long final amplifier have different periods, this con-
figuration is perfectly suited to test the high-gain optical
klystron scheme by adjusting the undulator gaps and tuning
the resonance of all undulators at the same resonant
wavelength.

The optical klystron performance in a high-gain FEL is
strongly influenced by the electron beam relative uncorre-
lated energy spread o, which has to be much smaller than
the FEL parameter p. We report here the 1D approximate
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FIG. 1 (color online). FERMI FEL sketch including the
3-m-long modulator (planar undulator with a period of
100.3 mm), the dispersive section (three-pole wiggler with an
overall length of 700 mm) and six 2.3 m long radiators (Apple II
undulator, with a period of 55.2 mm and tunable both in linear
and in circular polarization).

expression of the optical klystron power gain G relative to
the value in pure SASE mode, as obtained in [29]:

Gr é [5 + D2~ (/") £ 2\/3De~ (/2] (1)
where A, = 27/k, is the resonant wavelength, D = k,.Rsep,
and Rsq is the momentum compaction of the dispersive
section. It is straightforward to obtain from Eq. (1) the

maximum theoretical power gain factor G,,,,, that occurs
when Rsgk,0 =1,

e[ (@ 250

Equation (2) confirms that the smaller uncorrelated energy
spread the beam has, the higher G, is expected to be.

In the experiment conducted at FERMI, the dispersive
section has been exploited to enhance the bunching induced
by the spontaneous emission produced in the modulator.
The main parameters of the electron bunch are listed in
Table I.

FERMI has been designed to operate in high-gain
harmonic generation (HGHG) mode [30]. The electron
bunch has therefore strong requirements concerning the
slice energy spread, which has to be several times smaller
than the p parameter [31]. The electron beam generated by
the photoinjector [32] is compressed about 10 times by
means of a magnetic chicane compressor [33] to obtain a
bunch with a peak current of about 500 A. Microbunching
instability, driven by coherent synchrotron radiation [34]
occurring during the compression process and by longi-
tudinal space charge forces along the linac [35], could
degrade the final uncorrelated energy spread affecting the
FEL performance. For this reason, a laser heater system

TABLE I. Main parameters of the electron bunch.

Parameter Value Unit
Beam energy 1.05 GeV
Peak current 500 A
Slice normalized emittance 1.0 mm mrad
Bunch length (rms) 300 fs
Beam spot size at the radiator (rms) 100 um

[36] was installed after the photoinjector [37], at about
100 MeV, to properly increase the small natural uncorre-
lated energy spread from the photocathode rf gun and to
suppress the microbunching instability growth. It has been
demonstrated [38] that a fine-tuning of the laser heater
intensity, around 0.5-1.0 pJ, permits us to constrain the
relative uncorrelated energy spread after the compression
and the linac transport to less than 107 (i.e., =p/20 in
the considered experimental conditions), with a relevant
improvement in the FEL output performance [37].

In our experiment, we tuned both modulator and radiator
at 43 nm and without activating the dispersive section we
produced a SASE FEL output of few microjoules. In
particular, the radiator undulators are tuned in circular
polarization to increase the FEL pulse energy. Then, we
tuned the dispersive section Rs¢ in the range 0 to 300 ym
while measuring the progressive increment of the FEL
pulse energy associated with the optical klystron enhance-
ment. We have furthermore studied the behavior of the
optical klystron at different laser heater intensities. Figure 2
shows some relevant cases.

The FEL output energy has been measured shot-to-shot
by means of calibrated gas cells [39] and each point in the
curves corresponds to the average over 20 consecutive
shots; the error bar corresponds to the standard error of the
measurement. We call Rggt the experimental value of Rsg
that maximizes the optical klystron FEL pulse energy. The
case of the laser heater at 0.8 uJ (blue squares in Fig. 2) is
very close to the laser-heater setting that minimizes the slice
energy spread and the corresponding value of Rggt is
84 um. Increasing the intensity of the laser heater induces
larger slice energy spread that depletes the optical klystron
FEL gain and shifts the Rggt towards lower values (see red
triangles and green diamond points).

Table 1T reports the values of RS measured in the
three cases plotted in Fig. 2 and the relative slice energy
spread (6) of the electron beam at the undulator as inferred

FEL pulse energy at 43 nm (uJ)

T T T T 1
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Rsg (M)

FIG. 2 (color online). FEL output energy in optical klystron
SASE regime at 43 nm versus the chicane R4 for different laser-
heater intensities. Solid lines correspond to the theoretical gain
factor G calculated in each case by using Eq. (1).
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TABLE II. Relative slice energy spread ¢ calculated from the
condition R$:'k,& = 1 for different laser heater configurations
when the optical klystron FEL is tuned at 43 nm.

LH energy (uJ) 5 RY' (um)
0.8 8.1x107° 84+5
2.1 1.0 x 10~ 67 + 4
3.7 13 %1074 54+3

by the condition Rk, = 1. In all cases, § results to

be significantly smaller than the FEL p parameter, that is
1.7 x 1073 in the described condition.

The optical klystron gain G vs Rsq from Eq. (1) has been
calculated in the three cases, by assuming p = 1.7 x 1073
and the value of ¢ defined in Table II. The predicted optical
klystron FEL energy per pulse has been obtained multi-
plying the SASE pulse energy measured at Rsq = 0 by G.
The results are plotted in Fig. 2 (solid lines) for comparison
with the measurements.

The model behind Eq. (1) relies on the strong assumption
that the beam energy distribution over a radiation wave-
length is Gaussian and independent from the position along
the bunch, with a second moment that we indicate as J,,.
However, in a real electron beam, collective effects such as
the microbunching instability, lead to a dependence of the
energy distribution from the bunch longitudinal position.
We can therefore define the energy spread Jpg;, as that
one calculated over the longitudinal scale affecting the
FEL gain, i.e., the FEL cooperation length L. = A,/4zp.
The energy spread Jgg;, can be larger than §, , leading to a
reduced FEL emission.

In our measurements, when the laser-heater intensity
is very low (blue square data in Fig. 2), and the micro-
bunching instability is not completely suppressed,
experimental data and model expectations agree only
qualitatively. On the other side, when the laser heater is
strong enough to almost suppress the microbunching
instability (green diamond data), the increased energy
spread 6, is comparable to Opg, and the model is in
agreement with the experiment results.

In order to maximize the optical klystron FEL pulse
energy, it is necessary to find the best compromise between
microbunching instability suppression and a small induced
slice energy spread; thus a fine-tuning of the laser heater
energy is required. For this purpose we have scanned the
laser-heater intensity while keeping constant the Rsq at
84 um and the results are plotted in Fig. 3. Each data point
is the statistical average over 20 consecutive shot-to-shot
FEL pulses with an error bar corresponding to their
standard error. The three laser-heater energy cases previ-
ously considered are reported on the same curve with the
same markers used in Fig. 2.

We have exploited the optical klystron enhancement
to the SASE process at other two wavelengths (32.4 nm

N (2] © o
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FIG. 3 (color online). FEL intensity at 43 nm in optical klystron
configuration with Rsq = 84 ym versus laser heater intensity.
The three laser heater intensity cases (0.8 pJ, 2.1 uJ and 3.7 ul)
are plotted on the curve as blue, red, and green markers,
respectively.

and 20 nm), optimizing the laser-heater intensity to have
the maximum FEL intensity. In order to better compare the
three wavelengths explored, we have plotted in Fig. 4 the
behavior of the measured optical klystron FEL intensity
gain relative to the pure SASE (i.e., Rss = 0) as a function
of the chicane Rss. We have calculated the theoretical G,
by using Eq. (2) and assuming a slice energy spread which
satisfies R§§‘k,5 = 1, and we listed the results in Table III.
The obtained G, is in agreement (within 10%) with the
peak of the gain factor measured in our experiment.

The low efficiency of the optical klystron at 20 nm is
mainly due to the weak magnetic strength of the FERMI
modulator at this wavelength [40]. In fact despite the large
tuning range of the modulator, it has been designed to be
resonant in the range from 200-300 nm, so that at 20 nm
the poor coupling between the radiation and the electron
beam translates to very small beam-energy modulation and
consequently to small bunching.

35

-~ A =20.0 nm
-# A=324nm
A~ A=43.0nm

30+

FEL Gain in Opt. Klystron SASE relative to pure SASE mode
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FIG. 4 (color online). SASE FEL relative enhancement through
optical klystron at 43 nm, 32.4 nm and 20 nm. The optimum RS}
corresponding to the measured maximum gain is highlighted in
the plot for each wavelength case. Each data point is the statistical
average over 20 consecutive shot-to-shot FEL pulses with an

error bar corresponding to their standard error.
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TABLE III.  The p parameter, the theoretical G, as foreseen
by Eq. (2), and the optimum Rgg[ for the FERMI optical klystron
operating at 43 nm, 32.4 nm, and 20 nm.

A, (nm) p 8 (=6;) Gl RSy

43 1.7%x 1073 8.1 x107? 22.0 84+5
32.4 1.3x 1073 6.9 x 1073 19.8 75+ 4
20 1.1 x1073 9.1 x 1075 8.7 35+2

The optical klystron scheme has been furthermore tested
on the so-called FERMI FEL-2 line, consisting in a HGHG
double-stage cascade, whose layout is well described in
[5], which includes two dispersive sections. A fine-tuning
of the latter allowed us to strongly enhance the pure SASE
emission, obtaining intense photon pulses of about 100 uJ
at 12 nm.

The optical klystron enhancement to the SASE process
translates to a reduced number of undulators needed to
reach the FEL saturation. In order to evaluate the actual
advantage of this configuration, the FEL gain length has
been calculated by measuring the exponential growth of the
FEL output versus the number of resonant radiators
(progressively detuning each radiator undulator).

The exponential gain of the optical klystron SASE at
32.4 nm for three values of Rs4 is reported in logarithmic
scale in Fig. 5(a), and comparison with the corresponding
gain curve of the seeded FEL operating in HGHG mode at
the same wavelength is provided. In the latter case, the
bunching is induced by an external seed. This allows
obtaining significant emission already in the modulator
(data at z = 0) and in the first radiator (data at z = 2.34 m).
Instead, due to lethargy [41], the FEL provided by means of

(@)

4 |FEL Gain Curve at 32 nm:

—<— Seed FEL in HGHG mode: Lg=2.07 £ 0.03 m
10 o |-~ SASE Opt. kly. (R56=16 ym): Lg=1.16  0.03 m|
3 [-=— SASE Opt. Kly. (R56=26 ym): Lg=1.19 + 0.03 m
1 |2 SASE Opt. Kly. (R56=63 pm): Lg=1.23  0.02 m)

0.1 -F

FEL pulse energy (uJ)

0.01+

z (m)

FIG. 5 (color online).

the optical klystron reaches a detectable level only after the
second radiator but the exponential gain is more rapid,
because of the smaller slice energy spread. The resulting
gain length L is about 1.2 m, in very good agreement with
the expected value provided by GENEsIS 1.3 [42] simu-
lations, and in addition it is very similar to the expected L,
in pure SASE mode. Increasing the Rsq up to the optimum
value leads to increasing the FEL emission after the second
radiator but it does not affect the slope of the optical
klystron SASE gain curve: the gain length is independent of
the Rsq setting and this is also confirmed by FEL
simulations. At 32.4 nm, assuming a pure SASE saturation
length of ~20L,, corresponding to an undulator length
of 24 m, the optimization of the optical klystron
[Rs¢ =75 um (see Fig. 4)] would allow us to reach
saturation saving about 15% of the total undulators length,
with respect to standard SASE operation. Figure 5(b)
shows three consecutive FEL spectra acquired in the optical
klystron SASE configuration when all radiators are tuned at
32.4 nm. Averaging the spectrum profiles of 10 consecutive
FEL pulses and fitting with a Gaussian curve provides an
estimation of the optical klystron FEL spectrum bandwidth
that turns out to be 6,/4 = 3.3 x 1073 ~ 2p.

In conclusion, the optical klystron enhancement to
SASE FEL has been experimentally demonstrated at
FERMI, providing extreme ultraviolet photons with
energy per pulse on the order of 100 xJ. Our experiments
have confirmed that the optical klystron FEL performance
is strongly influenced by the electron beam relative
uncorrelated energy spread, which must be significantly
smaller than the FEL p parameter. The model in [29] can
reproduce the experimental results when microbunching
structures in the longitudinal phase space are fully

(b)

300x10° |
250 ]
200 |

150

100+

Spectrum intensity (arb. units)

50

32.6
Wavelength (nm)

(a) Comparison between the FEL gain curve measured in optical klystron SASE mode for different dispersive

section settings and in HGHG seeded mode at 32.4 nm. Each data point corresponds to an undulator length (2.32 m). In the HGHG
seeded FEL, we measured the output pulse energy also after the modulator and the first radiator. (b) Single-shot (color lines) optical
klystron FEL spectra when all radiator’s undulator are tuned at 32.4 nm and the dispersive section Rss = 63 um. Black bold solid line
shows the averaged spectrum over 10 shots (rms bandwidth: 3.3 x 1073).
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suppressed, i.e., §; = Sggr. The possibility to operate a
HGHG FEL in SASE mode with the optical klystron
scheme offers a number of opportunities. Despite the
different spectral and temporal properties, the SASE
operation mode is a backup solution providing an energy
per pulse similar to that available in seeded mode, when the
seed laser is unavailable. In addition users can benefit by
the possibility of having alternatively the FEL in seeded
and SASE optical klystron mode, to investigate particular
phenomena depending on the longitudinal coherence.
Finally, the optical klystron concept may be included in
the design of future SASE FEL facilities leading to a
significant reduction of the undulator length, or in existing
FELs, where this scheme would allow reaching saturation
earlier along the undulator, leaving room for efficiency
enhancement via tapering of the rest of the undulator.

Authors are grateful to all the FERMI commissioning
team for the valuable support in the optimization of the
machine during the described experiments and the
PADReS team for the help in delivering the radiation to
the end-station.
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