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Abstract

High-gain harmonic generation (HGHG) is a seeding
scheme for free-electron lasers (FELs), which improves the
longitudinal coherence of the radiation output and reduces
fluctuations of pulse energy, arrival time, and central wave-
length compared to self-amplified spontaneous emission. In
the HGHG scheme, a laser-induced energy modulation is
followed by a dispersive section, where part of the electrons
form density maxima (“microbunches”) with the period-
icity of the laser wavelength. The electrons between the
microbunches have an energy spread correlated with the
longitudinal coordinate. Longitudinal space charge (LSC)
in a drift section tends to dilute the microbunches, while the
correlated energy spread is flattened and can even change its
sign. In this case, a second dispersive section can be used
to form new density maxima from the electrons between
the initial microbunches, and the resulting energy modula-
tion amplitude may be significantly larger than the initial
one. Results from experimental demonstrations of this novel
LSC-enhanced modulation scheme at FERMI, a seeded FEL
user facility in Trieste, Italy, are presented.

INTRODUCTION

The FERMI [1] user facility at the Elettra laboratory
in Trieste, Italy, provides powerful radiation in the wave-
length range from 100 to 4 nm with two free-electron laser
(FEL) lines, FEL-1 [2] and FEL-2 [3]. Both rely on seeding
schemes with an external laser, which improve the longitudi-
nal coherence of the radiation output and reduce fluctuations
of pulse energy, arrival time, and central wavelength com-
pared to self-amplified spontaneous emission (SASE) [4]. In
the high-gain harmonic generation (HGHG) scheme [5, 6],
the interaction with a seed laser pulse in a short undulator
(“modulator”) leads to a sinusoidal modulation of the elec-
tron energy. In a subsequent dispersive section (“chicane”),
part of the electrons form density maxima (“microbunches”)
with the periodicity of the laser wavelength, while the elec-
trons between the microbunches have an energy spread cor-
related with the longitudinal coordinate as shown in Fig. 1(a).
FEL amplification and coherent emission take place in a long
undulator (“radiator”) tuned to a harmonic of the seed wave-
length. In order to extend the spectral range compared to
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Figure 1: Distribution of electrons in longitudinal phase
space, i.e., energy offset versus longitudinal position, (a) fol-
lowing a laser-induced energy modulation and a dispersive
section, (b,c) after two different drift lengths s under the
influence of LSC, and (d) after a second dispersive section.

the standard HGHG scheme, FEL-2 is based on two succes-
sive modulator-radiator stages [3], while FEL-1 was recently
upgraded [7, 8] from HGHG to echo-enabled harmonic gen-
eration (EEHG) [9, 10], a seeding scheme involving two
modulators and a radiator.

Experimental investigations to study the effect of lon-
gitudinal space charge (LSC) on density-modulated elec-
tron bunches in drift sections were conducted at FEL-1 and
FEL-2 [11-14]. LSC accelerates electrons ahead of each
density maximum while trailing electrons are decelerated.
This tends to broaden the microbunches and thus to reduce
their bunching factor while the correlated energy spread be-
tween the microbunches is flattened as shown in Fig. 1(b),
which may be advantageous for harmonic generation [15].
If the drift section is long enough, the correlated energy
spread rises again with opposite sign opening the possibility
to enhance an initially small laser-induced energy modu-
lation as proposed in Ref. [13]. When the electron distri-
bution of Fig. 1(c) passes another dispersive section, new
microbunches are formed from the electrons between the
initial density maxima as shown in Fig. 1(d). In the fol-
lowing, simulations and first experimental results of this
LSC-enhanced modulation scheme are presented.

NUMERICAL SIMULATIONS

One-dimensional simulations are based on the coupled
equations describing the motion of electrons in longitudinal
phase space

de;
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Figure 2: Amplitude of correlated energy spread for elec-
trons between the microbunches as function of drift length
for different combinations of initial modulation amplitude
A(0) and peak current /. For a given drift length, a higher
final amplitude A (s) is obtained by reducing A(0O) or increas-
ing I.

here shown in the notation of Ref. [15]. The equations are
iterated for macroparticles (i = 1,...n) in small steps of
plasma phase advance T, which translates into position s in
the laboratory frame via T = kp s, where
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is the plasma wave number [16] with the electron charge —e
and mass m,, the electron density n), the dielectric constant
£¢, and the Lorentz factor y . The phase space coordinates
are the relative energy offset p; = 5,/0, with ; = (y; -
70)/7o normalized to the relative energy spread o, and
the phase 6; = k; z; = 2mrz;/ A1, with the laser wavelength
Ar, and the longitudinal coordinate z; in a co-moving frame.
Furthermore,

1
by = o 3

n
Y expl(iht);)
i=1

is the bunching factor at laser harmonic &, which is updated
at every iteration, and the parameter « = (k/kp) o,/ y%
normalizes the frequency of the plasma oscillation given
by Eq. (1). The first of the coupled equations describes the
energy change due to a longitudinal electric field caused by
a gradient of the charge distribution. The second equation
can be rewritten as dz;/ds = 1;/y > meaning that relativistic
particles with an energy offset change their longitudinal
position due to velocity mismatch.

In the example of Fig. 1, the final energy modulation
amplitude exceeds the initial one by a factor of 2 and the
calculated bunching factor is significantly enhanced. In
good approximation, the energy modulation amplitude A(s)
normalized to the energy spread changes linearly with drift
length s according to

A(s) =gl - s = A(0). @)

Here, |g| = |dA/ds| = A(0)/s* is the gradient of amplitude
changing with s, and s* is the drift length at which the cor-
related energy spread is flat. The gradient is given by the
electron density (or peak current), but is largely independent
of A(0). As a counterintuitive result, the final modulation
amplitude after a given drift length is larger when the initial
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Figure 3: Example of the calculated bunching factor as
function of the longitudinal dispersion Rg%) of the second
chicane with the first chicane optimized for HGHG.

one is smaller. In this case, s* is shorter and leaves more
of the remaining drift length for the modulation with oppo-
site sign to develop. Figure 2 shows three examples with
different initial modulation amplitude and peak current.

In order to verify the existence of a phase space distri-
bution as in Fig. 1(d) experimentally, the longitudinal dis-
persion Rglg of the first chicane is tuned to maximize the
HGHG signal and then the dispersion R(526) of the second
chicane is scanned. The calculation in Fig. 3 shows that the
bunching factor decreases when R(526) rises above zero and
increases rapidly again when approaching the phase space
distribution of Fig. 1(d) with one maximum of the electron
density per seed wavelength. A further increase of R(526) leads
to a double peak per wavelength and a succession of smaller
maxima of the bunching factor. These maxima occur when
the double peak separation matches an integer multiple of
the FEL wavelength. While the calculation of Fig. 3 was
performed for a constant modulation amplitude, the maxima
of the bunching factor are expected to be smeared out in
an experiment, where the amplitude varies along the seed
pulse.

EXPERIMENTAL RESULTS

Measurements were performed at both FEL lines of
FERMI. After being upgraded for EEHG [8], the new con-
figuration of FEL-1 is

Ml - DS1 - M2 - DS2 - R.

With two dispersive sections, FEL-1 is well-suited to test
the LSC-enhanced seeding scheme. Here, the laser-electron
interaction took place in the first modulator M1 while the sec-
ond modulator M2 with fully open magnetic gap acted as a
drift space. The two dispersive sections, DS1 and DS2, were
employed as described above, and the radiator R consisted
of six 2.4 m long undulator modules.

After tuning the longitudinal dispersion of DS1 for op-
timum HGHG signal, the longitudinal dispersion R(526) of
DS2 was scanned in steps of 2 um. The energy values of 50
FEL pulses per step were recorded using a monitor based
on the photo-ionization of a low-density rare gas [17]. The
measurements were performed for different seed pulse ener-
gies and peak currents. Figure 4 shows an example in which
the scan was repeated with 1 to 6 undulator modules acting
as radiator. This allows to extract a gain curve, i.e., pulse
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Figure 4: (a) Scan of the longitudinal dispersion Rg26) of
the second chicane in FEL-1 while recording the FEL pulse
energy. The length of the radiator was varied by closing the
magnetic gap of 1 to 6 undulator modules. (b) Gain curves
for three values of Rg-26).

energy as function of radiator length, for each R(S%) value. As

expected, the signal decreases with nonzero Rg26> and rises
again due to the formation of new microbunches, followed
by a tail of merging secondary peaks. The pulse energy
around Rg26> = 50 um is significantly (factor 1.7) higher than

the HGHG signal at zero R(526).

Upon closer inspection, the measurement deviates in sev-
eral aspects from the calculated bunching factor in Fig. 3.
Since the modulation amplitude is lower on the slopes of
the seed pulse, the HGHG signal has a tail towards higher
Rf526) while the LSC-induced peaks should have tails towards
lower R§26), because a lower initial amplitude A (0) leads to
higher A(s) of the new microbunches according to Eq. (4).
The FEL signal after the radiator depends on the gain curve.
Figure 4(b) shows saturation for the HGHG signal (solid
curve) and R(526) = 50um (dotted-dashed) but for 20 um
(dashed) the gain curve still rises. The occurrence of two
maxima with a dip at R(526) = 30 pm and similar observations
in other measurements suggest that the electron distribution
is not homogeneous. Variations in electron density lead to
different gradients g and final amplitudes A(s) in Eq. (4).
The respective R(526) values scale with 1/A(s).

Another set of measurements was performed at the FEL-2
line, where the configuration

M1 - DS1 - R1 - DL -» M2 - DS2 - R2

was designed for two-stage HGHG seeding [3]. After laser-
electron interaction in modulator M1, chicane DS1 and the
delay line DL were employed for the LSC scheme while
radiator R1 was disabled. The modulator M2 acted as ra-
diator, since the undulators of R2 are designed for shorter
wavelengths. Despite the short radiator, signals from the
LSC-induced modulation were clearly detected — see Fig. 5.
In the scans for different seed pulse energy, the respective
energy modulation amplitude is proportional to the inverse
longitudinal dispersion of the first maximum. According to

Figure 5: (a,b) Scans of the longitudinal dispersion Rglg
of the first chicane and Rglgl‘) of the delay line in FEL-2
while recording the FEL pulse energy for different seed pulse
energies. Dashed lines mark the values Ry and R\>™ of
the respective first maximum. (c) The LSC-induced energy
modulation amplitude ~ 1 /R(Slg” increases for decreasing

initial amplitude ~ I/Rglg.

Fig. 5 (c), the LSC-induced modulation amplitude increases
with decreasing seed pulse energy, i.e., smaller laser-induced
amplitude, as expected. For small initial modulation, the
RggL) values suggest LSC-induced amplitudes exceeding
the FEL bandwidth, which may be the reason for the small

signal at seed pulse energy 6 pJ.

SUMMARY AND CONCLUSIONS

Coherent radiation emission after LSC-induced reversal
of the correlated energy spread and formation of new mi-
crobunches in a second dispersive section has been demon-
strated in both FEL lines of FERMI. Depending on seed
pulse energy and peak current, the observed FEL pulse ener-
gies may exceed those of HGHG significantly and the results
are consistent with numerical simulations in longitudinal
phase space. Linear relations as in Eq. (4) are expected to
be modified by three-dimensional effects. The signal is very
sensitive to variations of the peak current and other electron
and laser parameters [13]. The influence of an inhomoge-
neous electron distribution and variations of FEL gain along
the radiator require further investigation. An enhancement
of the energy modulation amplitude is particularly attractive
when the initial amplitude is small, e.g., in seeded FELs
with high repetition rate, or to recover from the debunching
effect in an unavoidable drift section.
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