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Initiating the amplification process in a short-wavelength free-electron laser (FEL) by external seed laser
pulses results in radiation with a high degree of longitudinal and transverse coherence. The basic layout in
seeded harmonic generation involves a periodic electron energy modulation by laser-electron interaction in a
short undulator (the “modulator”), which is converted into a density modulation in a dispersive section
immediately followed by a long FEL undulator (the “radiator”) tuned to a harmonic of the seed laser
wavelength. With the advent of more complex seeding schemes, density-modulated beams may need to be
transported in drift sections before entering the radiator. Long FEL undulators may also contain several drift
spaces to accommodate focusing elements and diagnostics. Therefore, it is of general interest to study the
evolution of density-modulated electron beams in drift sections under the influence of repulsive Coulomb
forces. At FERMI, a seeded FEL user facility in Trieste, Italy, systematic studies of the impact of varying drift
length on coherent harmonic emission were undertaken. In order to make the underlying physics transparent,
the emphasis of this paper is on reproducing the experimental findings with analytical estimates and a simple
one-dimensional numerical model. Furthermore, the Coulomb forces in a drift section may be employed to
enhance the laser-induced energy modulation and yield an improved density modulation before entering the
FEL radiator.
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I. INTRODUCTION

With unprecedented brightness and femtosecond pulse
duration, high-gain free-electron lasers (FELs) in the

extreme ultraviolet and X-ray regime have significantly
extended the range of scientific opportunities compared to
conventional synchrotron light sources [1].
High-gain FELs are based on relativistic electrons from a

linear accelerator developing an instability during a single
pass in a long undulator magnet [2,3]. The electrons emit
radiation which acts back on them causing a periodic
modulation of the electron density which, in turn, gives rise
to coherent emission of radiation further enhancing the
modulation. This process amplifies the radiation field expo-
nentially within a narrow bandwidth around the central
wavelength λ given by the undulator period λU, the undulator
parameter K, and the Lorentz factor γ of the electrons:

λ¼ λU
2γ2

�
1þK2

2

�
with K¼ eB0λU

2πmec
; γ¼ E

mec2
: ð1Þ

Here, B0 is the amplitude of the sinusoidal magnetic field
along the undulator,E is the electron energy, c is the velocity
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of light, e is the elementary charge, and me is the electron
rest mass.
For brevity and as elsewhere in the literature (e.g., [2]),

the individual maxima of the modulated electron density
with periodicity λ will be called “microbunches” in contrast
to the whole electron bunch with a typical length in the
range of 10 to 100 μm. The formation of microbunches
may be initiated by the shot noise of the electrons in the
self-amplified spontaneous emission process [3,4] or by
“seeding” with an external radiation pulse. In the latter
case, the longitudinal coherence of the FEL pulses is
greatly improved, and pulse-to-pulse fluctuations of output
energy, arrival time, and central wavelength are reduced.
A well-established seeding scheme is high-gain har-

monic generation (HGHG) [5,6], where the interaction with
laser pulses in an undulator (the “modulator”) tuned to the
laser wavelength λL results in a sinusoidal modulation of
the electron energy. In a dispersive section, often a so-
called chicane composed of four dipole magnets, the
longitudinal electron position in a comoving frame changes
by Δz ¼ R56 · ΔE=E proportional to the energy offset ΔE
and the transfer matrix element R56 representing the
longitudinal dispersion. In the subsequent FEL undulator
(the “radiator”), the resulting microbunches with an equal
spacing of λL give rise to coherent emission of radiation at
harmonics λL=h of the laser wavelength, where the har-
monic number h is an integer.
The electron density modulation is quantified by the

harmonic content of the normalized longitudinal electron
density ρeðzÞ with

R
∞
−∞ ρeðzÞdz ¼ 1 given by Fourier

coefficients

bh ¼
1

λL

Z
λL

0

ρeðzÞ exp
�
−i2π

hz
λL

�
dz: ð2Þ

The absolute value jbhj is commonly known as the
bunching factor of the hth laser harmonic and the power
of coherently emitted radiation scales with jbhj2. In HGHG,
the bunching factor can be expressed as [6]

jbhj ¼ exp

�
−
1

2
h2B2

�
Jh ðhABÞ ð3Þ

with Jh being the hth-order Bessel function of the first kind.
With the root-mean-square slice energy spread σE, A ¼
ΔE=σE is the relative energy modulation amplitude and
B ¼ ð2π=λLÞðσE=EÞR56 is the dimensionless longitudinal
dispersion. For σE=E of the order of 10−5, the FEL gain
drops strongly beyond h ≈ 15 [7]. More complex seeding
schemes have been designed to reach higher harmonics.
One option is to use two successive HGHG stages while
delaying the electrons by a chicane between them. In this
“fresh-bunch” scheme (HGHG-FB) [8], a pulse emitted by
one part of the electron bunch in the first radiator acts as a
seed on a different part of the bunch in the second

modulator. In 2009, echo-enabled harmonic generation
(EEHG) was proposed [9,10] employing a twofold laser-
electron interaction and two dispersive sections to generate
a complex electron density distribution with high harmonic
content. With jbhj ∝ h−1=3, much higher harmonics can be
reached compared to single-stage HGHG, as has been
demonstrated experimentally [11,12].
FEL facilities with multiple undulators and dispersive

sections offer the possibility to switch between HGHG and
a more complex seeding scheme depending on the wave-
length and other requirements of the respective scientific
application. Here, the electron beam may need to be
transported from the dispersive section to the FEL radiator
along extended drift sections. Furthermore, long radiators
may contain drift spaces that are required to accommodate
focusing and orbit-correcting magnets, beam position
monitors, and other diagnostics elements. Therefore, the
aim of the study presented here is to understand the
evolution of density-modulated electrons in a drift section
under the influence of repulsive Coulomb forces between
them. It is expected that the strongly increased charge
density of the microbunches gives rise to a significant
longitudinal space-charge (LSC) effect within a few meters
of drift space. LSC increases the energy spread within the
microbunches causing a nonlinear longitudinal elongation
(“debunching”). On the other hand, the correlated energy
spread (i.e., the energy offset of electrons between the
microbunches as function of z) can be reduced. This was
proposed as a way to improve the output of HGHG
FELs [13].
The experimental studies partly presented in [14,15] and

discussed below were performed at the FERMI user facility
[16] of the Elettra laboratory located in Trieste, Italy.
FERMI produces powerful radiation in the spectral range
from 100 to 4 nm with two seeded FEL lines, FEL-1 and
FEL-2. Both provide a high degree of longitudinal and
transverse coherence enabling experiments not possible
with other radiation sources. Until recently, FEL-1 [17] was
based on single-stage HGHG with a radiator composed of
six undulators as shown in Fig. 1. In order to extend its
spectral range, FEL-1 was recently upgraded to implement
the EEHG scheme [18] which was before demonstrated at
FEL-2 [12]. In routine operation, the FEL-2 beamline [19]

FIG. 1. Schematic view of the seeded FEL lines of FERMI as of
2022 with modulators (mod), radiators, dispersive sections (DS),
and a delay line (DL) for two-staged HGHG. Also indicated is the
shortest and longest drift length between DS and a radiator in
FEL-1 (not to scale, see also Table 1).
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employs the HGHG-FB scheme [8] based on two succes-
sive modulator-radiator stages. As a future upgrade, a
combination of EEHG with an HGHG-FB stage is being
considered [20].

II. ANALYTICAL ESTIMATES

A laser-induced sinusoidal modulation of the electron
energy followed by a dispersive section with an appropriate
longitudinal dispersion R56 leads to a tilted sinusoidal
phase space distribution with sharp density maxima along
the longitudinal z axis in a comoving frame as shown in the
top part of Fig. 2. Electrons preceding these microbunches
have negative, trailing electrons have positive energy offset.
The drift length over which the LSC force significantly
impairs the coherent emission of radiation at harmonic h of
a seed laser wavelength λL can be estimated by the
following considerations resulting in a simple formula.
As also shown in Fig. 2, the microbunches may be

modeled as disks with length σz, area a, and charge Q < 0
causing a longitudinal electric field E. According to the
usual sign convention, the electric field points toward the
disks, and the repulsive LSC force tends to increase their
length. The dilute electrons between the microbunches
form an almost homogeneous line charge with a radial
field, which is ignored in the following. Application of
Gauss’s law yields

E ¼ Q
2aε0

¼ I
2πε0ckLσ2x;y

; ð4Þ

where ε0 is the vacuum permittivity, kL ¼ 2π=λL is the laser
wave number, and I is the electron current before passing
the dispersive section. The microbunch charge is estimated
to be Q ¼ IλL=ð2πcÞ ¼ I=ðckLÞ, i.e., a longitudinal

fraction 1=ð2πÞ of the initially homogeneous charge. The
transverse area is assumed to be a ¼ πσ2x;y with the root-
mean-square size σx;y of a round beam.
As function of the longitudinal position s after the

dispersive section, the repulsive force causes a difference
of the Lorentz factor at either end of themicrobunch given by

ΔγðsÞ ¼ eE
mec2

s: ð5Þ

With β ≈ 1 − 1=ð2γ2Þ, the resulting velocity mismatch is

ΔβðsÞ ¼ 1

2γ2
−

1

2½γ þ ΔγðsÞ�2 ≈
ΔγðsÞ
γ3

: ð6Þ

If, however, themicrobunches travel along an undulator with
strength parameter K, the average electron velocity is
reduced to β ≈ 1 − ð1þ K2=2Þ=ð2γ2Þ and Eq. (6) is modi-
fied to

ΔβðsÞ ¼
�
1þ K2

2

�
ΔγðsÞ
γ3

¼ ΔγðsÞ
γγ2r

; ð7Þ

where γr ¼ γ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2=2

p
is the reduced Lorentz factor. In

order not to influence the FEL radiation output, an undulator
acting as drift space with reduced Lorentz factor should be
tuned away from the seed harmonics. Over a distance L, the
microbunch is lengthened by

Δz ¼
Z

L

0

ΔβðsÞds ¼ eE
mec2γγ2r

L2

2

¼ eIL2

4πε0kLmec3σ2x;yγγ2r
¼ IL2

IAkLσ2x;yγγ2r
; ð8Þ

where IA ≡ 4πε0mec3=e ≈ 17 kA is theAlfvén current. The
broadening of an initially very short microbunch is consid-
ered to be significant when its length reaches

Δz ≈
λL
2πh

¼ 1

kLh
ð9Þ

and by comparison with Eq. (8), the final expression

L ≈ σx;yγr

ffiffiffiffiffiffiffi
γIA
hI

r
ð10Þ

is obtained. This order-of-magnitude estimate of the charac-
teristic debunching distance L depends on electron current I,
transverse size σx;y, and Lorentz factor γ, while the retarding
effect of a detuned undulator is included by γr. Equation (10)
is based on the assumption of a purely longitudinal electric
field which is valid for disklike microbunches with σx ≫
σz · γr [3]. Note that it does not depend on the laser-induced
modulation amplitude A because the A-dependent finite
length of the microbunch directly after the dispersive section
was neglected.

FIG. 2. Top: electrons in longitudinal phase space after energy
modulation followed by a dispersive section. Bottom: model of
microbunches with charge Q < 0 as disks (red) with area a and
thickness σz. The electric field E perpendicular to a short
cylindrical box surrounding charge Q (dashed lines) is given
by Gauss’s law: 2a · E ¼ Q=ε0. The electric field of the almost
homogeneous dilute charge between the microbunches (light red)
is predominantly radial.

EVOLUTION OF DENSITY-MODULATED ELECTRON … PHYS. REV. ACCEL. BEAMS 27, 040702 (2024)

040702-3



III. NUMERICAL SIMULATIONS

An optimized dispersive section results in a phase space
distribution as shown in Figs. 2 and 3(b). Increasing R56

further causes a double peak of the electron density.
Additional maxima of the bunching factor jbhj at the hth
seed harmonic are obtained when the peaks are an integer
multiple of λL=h apart as in Figs. 3(c) and 3(d).
In addition to increasing the energy spread within each

microbunch, the repulsive LSC forces accelerate the electrons
preceding a microbunch and reduce the energy of trailing
electrons. If the drift section is long enough, the correlated
energy spread of electrons between the microbunches is
first minimized and increases thereafter with the opposite
sign. This is shown in Fig. 4 using a one-dimensional
model, which provides good insight into the process.
Following the notation of Ref. [13], the coupled equations

dpi

dτ
¼ 2

α

X∞
h¼1

bh
sin hθi

h
and

dθi
dτ

¼ αpi ð11Þ

are iterated for macroparticles (i ¼ 1;…n) in small steps of
plasma phase advance τ. The phase space coordinates are
piðτÞ ¼ dEi=σE, where the energy offset dEi is normalized
to the energy spread σE, and θi ¼ kLzi with laser wave
number kL and zi being the longitudinal coordinate in a
comoving frame. The plasma phase advance τ translates into
longitudinal position s in the laboratory system via τ ¼ kP s,
where

kP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2n0=mec2ε0γ3

q
ð12Þ

is theplasmawavenumberwith the electrondensityn0,which
is assumed here to be constant. Furthermore, the parameter
α≡ ðkL=kPÞðσE=EÞ=γ2 normalizes the frequency of the
plasma oscillation described by Eq. (11). In this model,
the bunching factor is obtained by replacing the integral over
the charge density in Eq. (2) with a sum over macroparticles

jbhj ¼
1

n

����
Xn
i¼1

expðihθiÞ
����; ð13Þ

which has to be updated at every iteration.

FIG. 3. Relative energy offset in units of σE (top) and electron
density (bottom) as function of the longitudinal coordinate z over
one laser wavelength (here: λL ¼ 260 nm) after energy modula-
tion with amplitude ΔE=σE ¼ 26 and sections with different
longitudinal dispersion: (a) R56 ¼ 0 μm; (b) R56 ¼ 42 μm, opti-
mum density modulation; (c) R56 ¼ 58 μm, density modulation
with two peaks λL=10 apart; (d) R56 ¼ 70 μm, density modula-
tion with two peaks 2λL=10 apart. Cases (b)–(d) give rise to the
first three maxima of bunching factor jb10j as function of R56.

FIG. 4. Relative energy offset in units of σE as function of the
longitudinal coordinate z over one laser wavelength (here:
λL ¼ 260 nm) with increasing drift distance s after density
modulation: (a) s ¼ 0 m; (b) s ¼ 1.5 m, correlated energy spread
between the microbunches decreases; (c) s ¼ 3.0 m, minimum
correlated energy spread; (d) s ¼ 4.5 m, overshoot of energy offset
between the microbunches. While the energy spread within the
microbunch steadily increases with drift distance, the squared
bunching factor jb10j2 decreases from 0.078 to 0.068. In this
example: electron energy E ¼ 1300 MeV, peak current
I ¼ 700 A, and beam size σx;y ¼ 60 μm.

FIG. 5. Color-coded squared bunching factor jb10j2 of the 10th
seed harmonic as function of R56 and drift length. The white lines
correspond to the drift between the dispersive section and the
undulators of the FEL-1 beamline. Top: with negligible current,
no LSC. Bottom: with a current of 700 A.
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The first of the coupled equations (11) describes the
change in energy due to a longitudinal electric field caused
by a gradient of the charge distribution, which is here
assumed to be a periodic function and given by a Fourier
sum over harmonics h. The second equation can be
rewritten as dzi=ds ¼ ðdEi=EÞ=γ2 meaning that relativistic
particles with an energy offset dEi change their longi-
tudinal position due to a velocity mismatch.
As function of R56 and drift length, Fig. 5 shows the

maxima of the squared bunching factor for the 10th seed
harmonic as discussed in the context of Fig. 3. For small
current and negligible LSC (Fig. 5, top), the maxima are
shifted linearly with increasing drift length s, which
provides additional longitudinal dispersion Δz=ðΔγ=γÞ ¼
Δβs=ðΔγ=γÞ ¼ s=γ2 as described by Eq. (6) for the case of
constant Δγ. With a moderate current of I ¼ 700 A (Fig. 5,
bottom), the relationship between Δz and drift length is
nonlinear according to Eq. (8), and broadening of the
microbunches strongly reduces the bunching factor. From
the discussion in Sec. II and Eq. (10), it is obvious that the
first maximum decreases faster than the other ones. The
first maximum corresponds to a microbunch with chargeQ.
Since the other maxima are caused by the same charge
distributed over two density peaks and the gap between
them as shown in Figs. 3(c) and 3(d), their debunching
length should be more than a factor of

ffiffiffi
2

p
longer. Thus, the

relative height between the first and the other maxima
changes along the drift section.

IV. EXPERIMENTAL SETUP

In contrast to other experimental LSC studies (e.g., [21]),
the layout of FERMI shown in Fig. 1 allows to study the
evolution of microbunches under variation of the drift
length before entering the radiator. With the FEL-1 radiator
comprising six individual undulators, usingN undulators as
radiator simultaneously allows for 7 − N different values of
drift length. This paper concentrates on configurations with
N ¼ 1, i.e., a single undulator as radiator preceded by zero
to five undulators with detuned magnetic gap. If not
specified otherwise, these undulators were fully open

(gap 100 mm) and acted as drift spaces. The experimental
parameters are summarized in Table I.
The FEL pulse intensity generated at the 10th harmonic of

the laserwavelengthwas recorded using an intensitymonitor
(I0M) based on the photoionization of a low-density rare gas
[22]. In addition, a spectrometer (PRESTO) comprising a
dispersive grating and a CCD detector [23] could be used to
measure the intensity, but the pulse energy from a single
undulator turned out to be too low for this instrument.

TABLE I. Summary of experimental parameters.

Parameter Value

Beam energy E 1300 MeV
Relative slice energy spread σΔE=E 2 to 8 × 10−5

Bunch peak current I 350 to 1400 A
Normalized emittance εx;y 1 × 10−6 m rad
Average beta function βx;y 10 m
Seed wavelength λL 260 nm
Seed pulse energy EL 24 to 26 μJ
Longitudinal dispersion R56 0 to 100 μm
Drift length s in FEL-1 1.5 to 20.1 m (six steps)

FIG. 6. Measured single-undulator pulse energy at the 10th
seed harmonic as function of longitudinal dispersion R56 for drift
lengths from 1.5 to 20.1 m (radiator 1 to 6) and estimated currents
ranging from 350 to 1400 A.

FIG. 7. Color-coded visualization of the pulse energy values
shown in Fig. 6 as function of R56 and drift length. With
increasing drift, the centroid of the intensity distribution over
R56 (red dashed line) tends toward higher values while the
approximate position of the first maximum (blue dashed line)
shifts to lower R56 consistent with the simulation result shown
in Fig. 5.
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Measurements of the pulse energy were performed under
a variation of the R56 value of the dispersive section
following the modulator. These R56 scans were repeated
for the six radiator configurations mentioned above and for
different electron densities by modifying the bunch com-
pression accordingly. The peak current of the bunches was
estimated from radiation coherently emitted by the last
magnet of the bunch compressor BC1 and focused onto a
pyroelectric detector [24,25]. The slice energy spread is
assumed to scale linearly with the current.

V. RESULTS

Figure 6 shows the pulse energy from a single undulator
at beamline FEL-1 measured at the 10th harmonic of the
seed wavelength of 260 nm while scanning the R56 value
of the dispersive section (22 to 87 μm), for six different
drift lengths (1.5 to 20.1 m for radiator 1 to 6), and for four
different values of current (350 to 1400 A). Background
radiation from the dispersive section magnets, which
shows up with a characteristic R56 dependence in the
I0M monitor, was subtracted.
With a radiator length of 2.4 m, the effect of FEL

dynamics will be small and the pulse energies can be
assumed to be comparable to the squared bunching factors
obtained in the simulation. The effect of debunching, i.e.,
the reduction of pulse energy with drift length, depends
strongly on the current, confirming its collective nature. As
the drift length increases, the centroid of the intensity
distribution tends toward higher R56 values as indicated by
the red dashed lines in the color-coded representation of the
data in Fig. 7. The blue dashed lines indicate the

approximate position of the first maximum. With increas-
ing drift length, it shifts to lower R56 while the second peak
at larger R56 becomes more prominent.
The measured pulse energy for the standard current of

700 A and radiator 1 to 6 is shown again in Fig. 8. The red
lines represent the simulation result from Fig. 5 for the
respective drift lengths. The peak structure of the simu-
lation is barely recognizable in the measured distribution.
While the simulation was performed using a uniform
modulation amplitude to investigate the LSC effect, the
seed laser pulses in the experiment follow longitudinally a
normal distribution. Therefore, the maximum energy
modulation is accompanied by a tail of lower ΔE=E,
which requires larger values of R56 ¼ Δz=ðΔE=EÞ for
optimum longitudinal displacement Δz. Thus, the low-
R56 edges of the observed peaks in Fig. 8 are consistent
with the simulation while their slopes toward higher R56 are
smeared out. In the simulation, the maximum modulation
amplitude was adapted to the low-R56 edge of the data
(ΔE=E ¼ 1.05 to 1.25 × 10−3). No further adjustment of,
e.g., emittance, average beta function, or current was
attempted to improve the match. As pointed out before,
the initial modulation amplitude does not enter the esti-
mated debunching length in Eq. (10), and repeating the
simulation with different modulation amplitudes also
shows little effect on the bunching factor as function of
drift distance.
As far as the peak structure can be identified in the

experimental data, the predicted shift of the peaks toward
lower R56 with increasing drift length is confirmed.
Also visible is the different dependence of the first and
the subsequent maxima on drift length as observed in the
simulation. While the maxima shift toward lower R56, the

FIG. 9. Left: pulse energy of the respective first maximum of
the R56 scans in Fig. 6 as function of drift length in μJ (top) and
normalized to the value at drift length 1.5 m (bottom). Right: drift
length at which the pulse energy reduces by a factor of 2
(interpolated from the left figure) as function of current. Dashed
line: debunching length from Eq. (10).

FIG. 8. Intensity in terms of pulse energy from radiator 1 to 6
(blue) and calculated values of jb10j2 (red) as function of R56 of
the dispersive section for a current of I ¼ 700 A. For each
radiator, the bunching factor was scaled to the maximum of the
measured pulse energy.
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debunching effect on the first maximum is stronger than on
the others, which causes the centroid of the distribution to
shift toward higher R56 values.
Figure 9 shows the pulse energy of the first maximum as

function of drift length for different electron currents. The
interpolated drift length at which the pulse energy reduces
by a factor of 2 is shown in the right figure as function of
current. The dashed line represents Eq. (10) for h ¼ 10,
σx;y ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εx;yβx;y=γ

p ¼ 67 μm, and γr ¼ γ ¼ 2244 (see
parameters in Table I). The analytical estimate of the
debunching length reproduces the right order of magnitude
and the dependence on current I. Given the simplicity of the
model, however, the very good numerical agreement is
certainly a lucky coincidence. Furthermore, the experimen-
tal data do not decrease steadily with drift length. Except
for high electron density (current 1400 A), the signal at a
drift of 5.2 m is comparable or even slightly larger than the
value at 1.5 m. Similar observations were made in other
experiments with more than one undulator as radiator
which are not discussed in this paper. The numerical
simulation, which only calculates the bunching factor at
the end of the drift section without FEL gain, does not
predict this feature. It becomes more pronounced with
decreasing current (i.e., increasing debunching length) and
may indicate the onset of FEL amplification enhanced by
the reduction of correlated energy spread between the
microbunches as suggested in [13]. However, it is difficult
to firmly rule out experimental uncertainties such as
variations of the gain in different radiators due to different
optical functions or imperfect electron trajectory. Definite
conclusions are subject to further analysis and may require
additional measurements, e.g., studying this apparent
enhancement at different harmonic numbers.
In a different series of measurements, a single undulator

of the FEL-1 beamline was tuned to the 6th seed harmonic
and the pulse energy was recorded under variation of the K
value of the preceding detuned undulators. Figure 10 shows
the results for radiator 2 (left) and radiator 3 (right). Since
the debunching length is expected to scale linearly with the
reduced Lorentz factor according to Eq. (10), a function
I0 × expð−dU=γr − d=γÞ was fitted to the data with the

zero-K intensity I0 as a free parameter. Here, dU is the total
length of detuned undulators preceding the radiator, and d
represents the combined length of field-free drift spaces
between dispersive section and radiator. Since an increasing
K value decreases γr and shortens the debunching length,
the intensity at a fixed distance after the dispersive section
is reduced.

VI. SPACE-CHARGE-ENHANCED MODULATION

The effect of LSC allows to efficiently manipulate the
phase space distribution of electrons starting from a rather
small laser-induced modulation. In [26], for example, it was
proposed to replace the second electron-laser interaction in
the EEHG scheme by LSC in a long drift section. In the
following, a less elaborate scheme for space-charge-
enhanced modulation (SCEM) will be proposed.
Starting from the simulated phase space distribution in

Fig. 11(a) directly after laser-induced energy modulation
with amplitude A ¼ ΔE=σE ¼ 30 and a dispersive section
DS1, LSC reduces the correlated energy spread of electrons
between the microbunches as discussed above. This proc-
ess continues beyond the point of minimum energy spread
shown in Fig. 11(b) leading to a larger energy spread than
before with an opposite sign and a quite linear correla-
tion between energy and longitudinal coordinate—see
Fig. 11(c). After a second dispersive section DS2, new
microbunches are formed from the electrons between the
original density maxima as shown in Fig. 11(d). In a second
example with lower modulation amplitude (A ¼ 10) shown
in Figs. 11(e)–11(h), the difference between initial and final
energy spread is even larger. The R56 value of DS2 has to be

FIG. 10. Pulse energy from radiator 2 (left) and radiator 3
(right) under variation of the K parameter of the preceding
undulators. The red lines represent fits to the data points using
Eq. (10).

FIG. 11. Two examples of space-charge-enhanced modulation
with relative modulation amplitudes A ¼ 30 (top row) and A ¼
10 (bottom row). The initial maxima of the electron density are at
z ¼ 130 and 390 nm. The drift lengths s after the first dispersive
section are 0.0 m (a,e), 6.3 m (b,f), and 17.0 m (c,g) followed by a
second dispersive section (d,h) resulting in a new density
maximum at z ¼ 260 nm.
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adapted to the correlated energy spread of the electrons
between the initial microbunches in order to optimize the
bunching factor. As in the case ofDS1, a lower energy spread
requires a higher longitudinal dispersion.
The evolution of correlated energy spread between the

microbunches is shown in Fig. 12 (top) for two cases, A ¼
10 and 30, illustrating the counterintuitive result that a
lower initial modulation amplitude leads to a larger
modulation with opposite sign after a given drift length.
In other words, a lower initial modulation leads to the same
squared bunching factor at a shorter drift, see Fig. 12
(bottom). This is because the energy change per length
depends only little on A, as discussed in Sec. II, and a lower
correlated energy spread reaches its minimum earlier.
The second dispersive section DS2 may be placed at any

position beyond the minimum of the correlated energy
spread. The squared bunching factor of the new micro-
bunches rises with drift length and saturates at a value
depending only weakly on the initial modulation. Thus,
SCEM can be employed to significantly enhance the
bunching factor for an initially low modulation. At higher
amplitudes, it can be used to recover the initial bunching
factor after debunching in a drift space. Similar results are
obtained for other seed harmonics.
The calculation was performed for a current of I ¼

350 A and the final bunching factor does not depend
significantly on the current except that the evolution
happens faster for a higher current. This may be different
in a full three-dimensional simulation where space charge
also influences the transverse bunch dimensions and thus
modifies the electron density n0 entering Eq. (12). For a

given position of DS2, excessive shot-to-shot variations of
the current would result in different correlated energy
spread, which in combination with a fixed R56 value leads
to fluctuations of the bunching factor.
While the bunching factor of the new microbunches still

rises with drift length, the strongly increasing energy spread
may limit the gain of a subsequent FEL. Setting a limit of
σΔE=σE ≤ 30, as an example, yields the maximum drift
length shown in Fig. 13 (left) as function of the initial
modulation amplitude. With this restriction, the resulting
squared bunching factor is still enhanced, especially at low
values of A (Fig. 13, right). Therefore, SCEM may be
particularly advantageous for seeded FELs with high
repetition rate or short seed wavelength, where the seed
pulse energy becomes a limiting factor. Of course, a lower
modulation amplitude will require a larger R56 value at DS1
to obtain the initial microbunches.
The use of LSC to create an energy modulation has

already been demonstrated with MeV-scale electron
bunches from a photoinjector driven by a laser pulse train
[27]. Here, the energy modulation does not change sign but
starts from zero under the influence of an initial density
modulation, leading to coherent radiation emission in the
terahertz regime. Another method to drive a seeded FEL
with low-energy laser pulses makes use of an optical
klystron configuration preceding the radiator [28,29],
where the weak laser-induced modulation in a first undu-
lator is converted to a slight density modulation in a
dispersive section followed by self-amplification in a
second undulator, both tuned to the seed wavelength.
Both FEL beamlines of FERMI (see Fig. 1) are suited for

first experimental tests of SCEM. In the two-stage HGHG
configuration of FEL-2, the dispersive section DS1 is
followed by a fixed drift length of 17 m before DS2 and
the radiator. The radiator of the first stage and the
modulator of the second stage would be disabled. The
beamline FEL-1 was recently modified for EEHG which
includes two modulators, each followed by a dispersive
section (not shown in Fig. 1) and a radiator [18]. Compared
to FEL-2, this configuration with the second EEHG
modulator disabled allows to test SCEM with larger R56

FIG. 12. Top: evolution of correlated energy spread (here: root
mean square value of energy offset excluding a region of�10 nm
around the microbunches) with initial modulation amplitude A ¼
10 (left column) and A ¼ 30 (right column). Bottom: squared
bunching factor jb10j2 of the 10th seed harmonic before (blue)
and after (red) a second dispersive section DS2 as function of drift
length between the two dispersive sections.

FIG. 13. Left: Maximum drift as function of the initial
modulation amplitude A for a correlated energy spread limited
to σΔE=σE ≤ 30. Right: Squared bunching factor after the first
dispersive section DS1 (blue) and after DS2 (red) placed at
maximum drift according to the left graph.

SHAUKAT KHAN et al. PHYS. REV. ACCEL. BEAMS 27, 040702 (2024)

040702-8



settings of DS1 and shorter drift length. In both cases, the
effective drift length between DS1 and DS2 can be
increased by tuning the reduced Lorentz factor γr with
the undulators between the two dispersive sections accord-
ing to Eq. (10).

VII. CONCLUSIONS

For density-modulated electron beams in seeded FELs,
the peak current is high enough to cause LSC-induced
debunching along a drift section of only a few meters in
length. Measurements at FERMI under variation of drift
length, longitudinal dispersion, and electron density are in
good qualitative agreement with one-dimensional numeri-
cal simulations.
As a general conclusion, the transport of density-

modulated beams along long drift spaces should be avoided
in the design of FELs with complex seeding schemes,
whereas the propagation of a beam without microbunches
is not critical. Further investigations will reveal whether
and to what degree the reduction of correlated energy
spread between the microbunches in a dedicated short drift
space could be beneficial for coherent harmonic emission.
In addition to laser-induced energy modulation, the

effect of LSC in drift spaces allows to modify the energy
of density-modulated electrons and provides an additional
handle on the longitudinal phase space distribution. First
numerical simulations suggest that an initially small laser-
induced energy modulation can be significantly enhanced.
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