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Abstract

Seeding of free-electron lasers (FELs) is based on a pe-
riodic modulation of the electron energy by an external ra-
diation pulse converted to a density modulation in a disper-
sive section. In complex configurations such as cascaded
high-gain harmonic generation (HGHG) or echo-enabled
harmonic generation (EEHG), the density-modulated elec-
tron beam may need to be propagated through drift spaces or
detuned undulators before starting the lasing process in the
FEL undulators. In such a case, space charge tends to smear
out the maxima of the electron density but also reduces the
energy spread of the electrons between them. Studies of the
evolution of the density-modulated beam in drift spaces and
detuned undulators were carried out in different configura-
tions of the FEL-1 beamline of FERMI, the FEL user facility
at Elettra Sincrotrone Trieste in Italy.

INTRODUCTION

The FERMI user facility [1] at the Elettra laboratory lo-
cated near Trieste, Italy, provides powerful radiation in the
spectral range from 100 to 4 nm with two free-electron laser
(FEL) lines, FEL-1 and FEL-2. Both rely on the use of
an external seed laser to initiate the process of FEL ampli-
fication and coherent emission in order to provide a high
degree of longitudinal and transverse coherence, enabling
experiments not possible with other radiation sources. Cur-
rently, FEL-1 [2] is based on high-gain harmonic genera-
tion (HGHG) [3,4] with a single undulator (modulator) for
seeding, a dispersive section to convert the laser-induced
energy modulation into a density modulation, and six undu-
lators (radiators) for the FEL process — see Fig. 1. In order
to extend its spectral range, FEL-1 is presently being up-
graded to implement the echo-enabled harmonic generation
(EEHG) [5-7] scheme, employing two modulators and two
dispersive sections to generate a longitudinal density distri-
bution with higher harmonic content [8]. FEL-2 [9], on the
other hand, is based on two successive modulator-radiator
stages employing a fresh-bunch scheme (HGHG-FB) [10].

In an externally seeded FEL, the transformation of the
energy modulation into a density modulation by a dispersive
section gives rise to longitudinal space charge (LSC) effects.
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Figure 1: Schematic view of the seeded FEL lines of FERMI
as of summer 2022 with modulators (mod), radiators, dis-
persive sections (DS), and a delay line (DL) for two-staged
HGHG (figure not to scale, see also Table 1).

If the radiator is placed immediately after the dispersive
section, the FEL process starts before LSC effects become
significant. On the other hand, the recent advent of more
complex seeding schemes, such as HGHG-FB and EEHG
mentioned above, may require the density-modulated elec-
trons to be transported through drift sections before entering
the radiator. Studies at FEL-2 with energy modulation in the
first modulator and using either the first or second dispersive
section (DS1 and DS2 in Fig. 1) showed a strong degrada-
tion of the density-modulated beam when it was transported
over 18.8 m (using DS1) instead of only 1.1 m (using DS2).
The energy of the FEL pulse from the second radiator was
reduced by a factor of four [11]. Recent results from the
remodeled FEL-1 line confirm that the HGHG output is not
influenced when the energy-modulated beam is transported
over a longer distance before the dispersive section.

After discussing the one-dimensional theory of beam dy-
namics under the influence of LSC, this paper shows results
of experiments conducted in 2022 at FEL-1, where the dis-
tance between the dispersive section (DS) and a subsequent
single radiator module (1 to 6) was varied to study the LSC
effect as a function of the drift length.

THEORY AND SIMULATION

A laser-induced sinusoidal modulation of the electron en-
ergy followed by a dispersive section with an appropriate
R5¢ value leads to sharp maxima of the longitudinal electron
density spaced at the laser wavelength 4;. Given a tilted
sinusoidal phase space distribution, electrons preceding a
density maximum have a negative, trailing electrons a pos-
itive energy offset. As shown in Fig. 2, the repulsive LSC
forces of the density maxima reduce the energy offset of elec-
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Figure 2: (a): Density-modulated electrons in longitudinal
phase space along one seed wavelength. (b) to (d): LSC-
induced evolution after drift lengths of 1.5 to 4.5 m.

trons between them, but the energy spread within the density
maxima increases. While the increased energy spread leads
to debunching, a previous simulation study [12] suggested
that the flat energy distribution between the maxima may
improve the output of HGHG at high harmonics because a
larger fraction of the electrons is within the FEL bandwidth.

A one-dimensional model already provides good insight
into the process. Following the notation of [12], the coupled
equations in longitudinal phase space

dpi _ 2 & Sinhﬁl- dﬁl _
aa X m =en O

are iterated for macroparticles (i = 1,...n) in small steps
of plasma phase advance 7, which translates into posi-
tion s in the laboratory frame via v = kps, where kp =

ye2ng/mec2egy? is the plasma wavenumber [13] with the

electron charge —e and mass m,, the electron density n,
the dielectric constant g, and the Lorentz factor y. One
phase space coordinate is the relative energy offset p;(7) =
1;/ 0, normalized to the relative energy spread o, with
n; = Ay,;/v, the other is the phase 0; = kyz; = 2mz;/ 1,
with the longitudinal coordinate z; in a co-moving frame.
Furthermore, b;, = (1/n) 3, exp(ihf,) is the bunching fac-
tor at laser harmonic A, which is updated at every iteration,
and the parameter o = (ki /kp) ‘771/72 normalizes the fre-
quency of the plasma oscillaton given by Eq. (1).
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Figure 3: Squared bunching factor of the 10th seed har-
monic as function of Rsq and drift length. The white lines
correspond to the drift between dispersive section and the
undulators of the FEL-1 radiator. See text for further details.
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Figure 4: (a): Energy-modulated electrons in longitudinal
phase space along one seed wavelength. (b) to (d): Density
modulation with different Rs¢ value of the dispersive section
(vertical lines show the positions of density maxima).

The first of the coupled equations describes the change
of energy 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 a velocity mismatch.

Figure 3 shows an example of the squared bunching factor
Ib,o|? as function of Rs¢ and drift length for a moderate peak
current of 700 A (before density modulation). Along the Rs¢
axis, the first maximum occurs for optimum density modula-
tion. The nth maximum results from a modulation with two
density maxima which are (n — 1) A1 /10 apart as illustrated
by Fig. 4 for n < 3. The bunching factor decreases strongly
over a drift length of 20 m, but the LSC-induced reduction
is different for each maximum, causing their relative height
to change. Furthermore, the maxima are slightly shifted
to lower Rsq with increasing drift length because the LSC
effect causes additional longitudinal dispersion.

In complex seeding setups, density-modulated electron
beams may also be transported through undulators with de-
tuned K parameters. Since an electron lags behind a pho-
ton by Ay (1 + K?/2) /2y? per undulator period Ay [14],
its motion can be described by a reduced Lorentz factor

ye=v/ ‘/1 + K2 /2. Thus, detuned undulators act like drift
spaces in which the propagation of the electrons is retarded
and the characteristic length for LSC-related effects is short-
ened. Both, drift spaces and detuned undulators, were stud-
ied experimentally as described next.

EXPERIMENTAL RESULTS

The layout of FERMI shown in Fig. 1 allows to study the
evolution of the electron beam under variation of the drift
length between dispersive section and radiator.

In one set of experiments, a single undulator of the FEL-1
radiator line was tuned to the 10th harmonic of the seed wave-
length (4 = 260 nm) and was preceded by zero to five undu-
lators with open magnetic gap acting as a variable drift space.
The FEL pulse intensity was recorded using an intensity mon-
itor (IpM) based on the photo-ionization of a low-density
rare gas [15]. Using a grating spectrometer (PRESTO [16])
was not possible because the single-undulator signal was
too low for this device. The measurements were performed
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Figure 5: Measured single-undulator pulse energy as func-
tion of Rs¢ for drift lengths from 1.5 to 20.1 m (sequence:
blue, red, orange, purple, green, cyan) and peak currents
from 350 to 1400 A. The dashed lines indicate the shift of
the first maximum towards lower Rs.

under variation of the strength Rs¢ of the dispersive section.
Data were recorded for different values of electron density
tuned by the magnetic bunch compressor BC1. Table 1
summarizes the experimental parameters.

Using a single undulator of length 2.4 m as radiator, the
effect of FEL dynamics is small and the pulse energies can be
assumed to correspond to the squared bunching factors from
the simulation. Figure 5 shows the pulse energy of the 10th
harmonic of the seed while scanning the Rs¢ value of the
dispersive section. Background radiation from the dispersive
section magnets, which shows up with a characteristic Rs¢-
dependence in the IM monitor, was subtracted. The scans
were performed for six values of drift length (color code
given in the figure caption) and four compressor settings
with the estimated peak current given in each panel.

The nearly Gaussian intensity distribution along the seed
pulse leads to a variation of the energy modulation amplitude
and thus to a spread of Rs¢ values for optimum bunching.
Therefore, the peak structure shown in the simulation with
uniform energy modulation is strongly washed out but still
recognizable in the Rsg scans. The effect of debunching, i.e.,

Table 1: Summary of Experimental Parameters

Parameter Value
beam energy E 1300 MeV
relative energy spread o, 4-107>
peak current / 350 to 1400 A
normalized emittance ¢, ,, 1-10"%mrad
average beta function g, ,, 10m
seed wavelength A 230 to 260 nm
seed pulse energy Ey. 15t025 ]
longitudinal dispersion Rsg 0 to 100 pm

drift length s 1.5 to 20.1 m (6 steps)
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Figure 6: Measured pulse energy in radiator 3 of FEL-1

(see Fig. 1) as function of the K parameter of the preceding

detuned undulators. The red line depends on the reduced

Lorentz factor y, decreasing with increasing K (see text).

the reduction of pulse energy with increasing drift length,
is stronger for higher peak current, confirming its collective
nature. The dashed lines in Fig. 5 indicate the tendency of
the maxima to shift towards lower Rsq with increasing drift
length as in the simulation. The debunching effect on the
first maximum is stronger than on the subsequent peaks,
which causes the centroid of the distribution to shift towards
higher Rs¢ values.

In another experiment, a single undulator of the FEL-1
radiator line was tuned to the 6th seed harmonic and was
preceded by detuned undulators. Figure 6 shows the case
of two undulators under variation of their K value. The red
line is proportional to exp(—2dy/y,. — d/y), where y, is
the reduced Lorentz factor along each undulator of length
dy while d is the combined length of the in-between drift
spaces. The measured intensity reduces with increasing K
value as expected.

CONCLUSIONS

For density-modulated electron beams in seeded FELs,
the peak current is high enough to cause LSC-induced de-
buncing over a few meters in a drift section. Measurements
at FERMI under variation of drift length, longitudinal disper-
sion, and electron density are in good qualitative agreement
with a simple one-dimensional model. Generally, long drift
spaces between dispersive section and radiator should be
avoided in the design of FELs with complex seeding schemes
whereas the propagation of an unbunched beam is not criti-
cal. Except for high electron density (peak current 1400 A),
the signals for the first two drift lengths (1.5 m and 5.2 m)
in Fig.5 seem to be comparable, which may indicate an
enhanced FEL amplification due to reduced energy spread
as suggested in [12]. Definitive conclusions, however, may
require further measurements.
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