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(Received 17 July 2020; accepted 14 October 2020; published 17 November 2020)

Extension of stable longitudinal coherence from vacuum ultraviolet to x rays is highly sought after in the
free-electron laser (FEL) community, but it is often prevented by bandwidth broadening originated in the
electron beam microbunching instability. We demonstrate that a proper tuning of the linear optics before
the beam enters the undulator mitigates the microbunching-induced sideband instability. The experiment
was conducted at the Fermi FEL operated in echo-enabled harmonic generation mode, where the spectral
brightness at 7 nm wavelength was doubled. The FEL performance is compared to nonoptimized optics
solutions and characterized in terms of peak intensity and spectral bandwidth shot-to-shot stability. The
technique has straightforward implementation, because it uses quadrupole magnets routinely adopted for
beam transport, and it applies to any FEL architecture, so paving the way to the production of high-intensity
Fourier-transform limited x-ray pulses in existing and planned FEL facilities.
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I. INTRODUCTION

UV and x-ray free-electron lasers (FELs) have become
invaluable tools for the exploration of matter [1–4]. Using
x rays to perform a broad variety of four-wave mixing
(FWM) spectroscopies is of particular importance [5–8], as
the multiwave nature of FWM enables probing processes
and correlations involving different states of the system.
The use of highly brilliant photon pulses allows one to
monitor the dynamics of such a wealth of processes in real
time and on timescales ranging, e.g., from slow (micro-
second) structural relaxations to ultrafast (subpicosecond)
chemical reactions [9,10]. On top of exquisite synchroni-
zation and high intensities, temporal coherence of the FEL
pulses, which commonly translates into narrow spectral
bandwidth, is an essential requirement to FWM experi-
ments [11].
Self-amplified spontaneous emission FELs [12,13]

present a multispiky spectrum with little longitudinal

coherence. This is improved in x-ray self-seeding FELs,
but at the expense of large shot-to-shot intensity fluctua-
tions [14–16]. Stable longitudinal coherence, i.e., a repro-
ducible single spectral line, is to date produced only at
externally seeded vacuum ultraviolet (VUV) FELs operat-
ing in high gain harmonic generation [17–20] and echo-
enabled harmonic generation (EEHG) [21,22] scheme.
The possibility of extending stable longitudinal coher-

ence to x-ray photon energies (>300 eV), although highly
sought after in the light source user community [23], is
often prevented by broadband electron beam energy and
density modulations resulting from microbunching insta-
bility [24,25]. The instability captures and amplifies mod-
ulations up to a few hundreds of micrometer wavelength in
the initial beam distribution [26]. These are blueshifted by
bunch length compression, typically by a factor of 10–100,
to the scale of the FEL cooperation length [27], e.g., in the
range 0.1–1 μm for hard x rays, and up to a few microm-
eters in VUV and soft x rays. The mix of frequencies
induced by microbunching instability and by the FEL
coherent emission generates shot-to-shot fluctuations of
the multiline FEL spectrum [28–30]. In a seeded FEL, this
can be interpreted as the stochastic appearance of sidebands
at frequencies [31]

kFEL ¼ hkseed �mkMBI; ð1Þ
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where, for example, h ∼ 36 is the FEL harmonic jump from
the seed laser wave number kseed ∼ 2π=260 nm−1, m ∼ 10

is the bunch length compression factor, and kMBI ∼
2π=50 μm−1 is the instability wave number evaluated
before compression. The spectral broadening averaged
over many shots is sometimes referred to as a “pedestal.”
Among several strategies proposed to mitigate the insta-

bility [32–35], several facilities have chosen energy Landau
damping [36–38]: The electron beam at ∼100 MeV energy
interacts with an infrared laser in a short undulator, the so-
called laser heater [39], which adds up to a few tens of keV
uncorrelated energy spread to the beam before the insta-
bility builds up. Transverse shaping of the laser beam
promises further improvement of the FEL performance
[40,41]. Nevertheless, the laser heater power is deliberately
limited to avoid depleting the FEL gain; this leads in some
configurations to deal with residual microbunching. In
cases where a very narrow FEL bandwidth is desired, the
laser heater power is strongly increased, at the expense of
the output intensity. In short, the optimum laser heater
intensity often consists in a balance of FEL spectral purity
and high pulse energy. Demanding experiments can require
both. Strategies for the mitigation of the microbunching
instability which do not rely on an increase of the beam
energy spread would allow high-intensity FEL pulses and a
stable, very narrow bandwidth. The investigation of a
solution of this kind is the subject of this article. We show
that linear optics control can be an additional knob,
complementary to the laser heater, for mitigation of the
microbunching instability. In particular, we report for the
first time mitigation of the FEL sideband instability by
tuning the momentum compaction (or R56) of a transfer line
upstream of the undulator (or “spreader”) to an isochronous
condition (henceforth identified by the condition R56 ¼ 0).
The study was conducted at the Fermi FEL operated in
EEHG mode and lasing at the fundamental wavelength of
7.3 nm [22].

II. EXPERIMENT

The solution R56 ¼ 0 was built following the prescrip-
tions in Ref. [42] for minimization of the coherent
synchrotron radiation (CSR)-induced microbunching; i.e.,
the line was made globally and locally isochronous (R56 is
also zeroed at intermediate locations along the line) and
with small absolute values of the local R56. In short, this
design relies on the minimization of the term:

ξ ¼
�
�
�
�
maxfRs0→s

56 g k
1=3

ρ2=3
ΔL

�
�
�
�
; ð2Þ

which drives the CSR instability [43,44] in a multibend
line. Rs0→s

56 is the value of R56 evaluated at consecutive
dipole locations s0 and s along the beam line, ρ the dipole
bending radius, and ΔL ¼ s0 − s.

The list of parameters adopted during the experiment is
given in Table I. Each branch of the Fermi spreader line is
made of two double bend achromatic cells separated by
quadrupole magnets. The EEHG spectrum and intensity
was recorded for three values of the spreader momentum
compaction, i.e., R56 ≅ −2; 0;þ2 mm (four-dipole chi-
canes have negative R56 with this convention). The linear
optics functions are shown in Fig. 1, and the R56 along the
line is in Fig. 2. For each setting of the quadrupole magnets
devoted to produce a specific R56 value, the FEL intensity
was reoptimized as a function of the electron beam optical
Twiss parameters at the entrance of the undulator, seed laser
parameters, and strength of the dispersive sections of the
EEHG scheme.
By virtue of the small correlated energy spread at the

entrance of the spreader (<0.1%, rms value), the bunch
length differences between datasets due to first- and higher-
order transport matrix terms were negligible (<2%).
Finally, the spreader optics was tuned to also preserve
the beam bend-plane emittance from CSR emitted in the
dipoles [45]. The final emittance values reported in Table I

TABLE I. List of Fermi parameters (measured).

Linac Value Units

Bunch charge 0.7 nC
Initial peak current 70 A
Initial normalized emittance (x,y) 0.9, 0.8 μm rad
Beam energy at BC1 0.29 GeV
R56 of BC1 −41.9 mm
Compression factor 10
Final beam energy 1.31 GeV
Final energy spread, rms <0.1 %
Final linear energy chirp <6 MeV=ps
Final normalized emittance (x,y) 2.2,1.8 (�0.2) μm rad

Spreader
Dipole bending angle 52 mrad
Dipole length 0.4 m
Total R56 −2, 0, 2 mm
Maximum local jR56j 2, 0.2, 2 mm
Final normalized emittance (x) 2.2 (�0.2) μm rad
Final normalized emittance (y) 1.9 (�0.2) μm rad

Seed lasers
Central wavelength 264 nm
Pulse energy <50 μJ
Pulse duration, FWHM ∼150= ∼ 130 fs
Peak power 43=90 MW

EEHG FEL
Radiator, period length 3.5 cm
Radiator, number of periods 6 × 68
First dispersive section, jR56j 2.38 mm
Second dispersive section, jR56j 0.06 mm
Central wavelength 7.3 nm
FEL pulse energy, maximum value ∼25 μJ
FEL pulse duration, FWHM ∼60 fs
FEL gain length 1.9 m
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are the largest values among all the measurements, which
were repeated at each change of R56.
The EEHG output was recorded on a single-shot basis at

the on-line spectrometer. In the following, the FEL data
refer to the average of 41 consecutive FEL shots recorded at
50 Hz. Each dataset was measured as a function of the laser
heater pulse energy, as shown in Fig. 3(a). The contribution
of the pedestal to the spectrum was evaluated by fitting the
central FEL line with a Gaussian. The area of the Gaussian
was subtracted from the total integrated spectrum signal.
Doing so, we calculated the ratio of the pedestal signal
(ASB) and the total FEL signal (Atot), as shown in Fig. 3(b).
Finally, Fig. 3(c) shows the ratio of the FEL total signal and
the spectral bandwidth. The latter quantity is the width of
the spectrum image, corresponding to the interval contain-
ing 76% of the central profile area, in analogy to a
Gaussian FWHM.
Since the FEL signal is proportional to the pulse energy,

and since the spatial, angular, and temporal width of the
electron beam in the undulator does not change as the laser
heater is varied, the quantity in Fig. 3(c) is proportional to
the FEL spectral brightness (brilliance). In all plots, the
error bars are dominated by fluctuations driven by electron
beam shot-to-shot jitter. A closer look at the FEL spectrum
at low and moderate laser heater pulse energy is given
in Fig. 4.
Figure 3 highlights the improved spectral purity when

passing from positive to null to negative R56 of the spreader

line. In the latter case, however, there is no net increase of
the brilliance compared to the isochronous optics, and the
FEL intensity is reduced at the front of a higher spectral
purity. The evident stronger dependence of the FEL

FIG. 2. R56 along the spreader for the three optics in Fig. 1.

FIG. 1. Betatron functions (x, green line; y, red line) and horizontal energy dispersion function (blue line) along the Fermi spreader, for
R56 ¼ þ2 mm (left), 0 (middle), and −2 mm (right). In gray, big rectangles are quadrupole magnets, and small rectangles are dipole
magnets.

FIG. 3. EEHG signal recorded at 7.3 nm, for the three spreader
optics in Fig. 1, as a function of the laser heater pulse energy.
From top to bottom: Total signal; ratio of the pedestal signal over
the total FEL signal; total signal over FWHM bandwidth. All
quantities are in arbitrary units.
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intensity from the laser heater (LH) for the negative R56

compared to the other two cases might suggest an abrupt
change of the experimental conditions, e.g., of the LH
operational parameters. This has not been revealed by an
analysis of the machine setting. Nevertheless, and in order
to disentangle the results from the actual LH setting, an
additional analysis is conducted by comparing the amount
of relative FEL pulse energy distributed into the sidebands
at the point of maximum FEL brilliance, i.e., for the LH
setting that optimizes the FEL performance in each of the
three experimental sessions. The same quantity is also
calculated for the LH turned off. The results are shown
in Fig. 5.
The trend of the experimental data with R56 is corrobo-

rated by a semianalytical prediction based on the model for
the microbunching instability introduced in Ref. [46]. This
allows us to follow the instability from the Fermi injector to
the spreader end, by including a two-dimensional modeling
of the laser heater effect [36], and an intrabeam scattering
theory revisited for single-pass systems [47]. The model

takes into account the coupled dynamics of density and
energy modulations, i.e., the successive translation of
bunching into energy modulation through longitudinal
space charge and CSR impedance and of energy modu-
lations into bunching via R56 terms [48].
Since the instability is broadband, but only modulation

periods in the range ∼1�10 μm are expected to have a
substantial impact on the FEL bandwidth [see Eq. (1)], we
collapsed the information of the microbunching instability
“strength” into the spectral integral of the energy modu-
lation curve in the aforementioned wavelength range,
weighted by the instability gain [47,49]. We refer to this
quantity as σMBI. Although the calculated σMBI cannot be
directly related to the measured FEL spectral purity, the
weaker the instability gain is, the lower the σMBI is, and the
smaller the amount of FEL energy is expected to be
dispersed into sidebands.

III. DISCUSSION

The microbunching instability model suggests an inter-
pretation of the experimental results for the negative R56

based on phase mixing [34]. When the beam reaches
the spreader with a density modulation generated by the
instability in the accelerator—this is the case of laser heater
turned off—the longitudinal slippage of particles, gener-
ated by the nonzero R56 times the local energy chirp at the
modulation scale, smoothens the beam longitudinal phase
space. This translates into a redshift of the peak gain toward
wavelengths that do not interference anymore with the FEL
natural bandwidth. This picture is consistent with theoreti-
cal and numerical results reported also in Refs. [50,51].
Contrary to energy Landau damping, the effect of phase

mixing depends on the sign of R56, which explains the
asymmetry of the measured areas for positive and negative
R56 values in Fig. 5. In general, the phase mixing has an
optimal effect, i.e., R56 is at the optimum nonzero value,
when the most harmful modulations incoming from the
accelerator are smoothened out. Increasing further R56

would not provide any additional benefit, while enhancing
the CSR-induced MBI due to the nonisochronous optics.
Therefore, an optimum value of R56 is expected depending
upon the actual machine configuration and the FEL wave-
length range under consideration.
We finally observe that, when the laser heater is turned

on, phase mixing is less effective, and the sideband area in
Fig. 5 decreases only from ∼40% to ∼10% across the full
R56 scan, compared to a reduction from ∼70% to ∼20%
when the heater is off.

IV. CONCLUSIONS

We have reported a characterization of the Fermi EEHG
FEL emission as a function of the linear momentum
compaction of the spreader line. The isochronous optics
provides both a higher FEL signal and a narrower

FIG. 4. EEHG spectrum (average over 31 shots) for the three
spreader optics in Fig. 1, at two laser heater pulse energies.

FIG. 5. Measured average spectral area of sidebands with the
laser heater turned off (red triangles) and on (green triangles),
the latter being the value which maximizes the FEL brilliance.
In the inset, predicted σMBI calculated for the laser heater off.
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bandwidth, compared to a positive value of R56, by
minimizing the CSR-induced microbunching instability
gain. An even higher spectral purity is observed at negative
R56, but this effect becomes more evident at lower laser
heater values and with no net improvement of the FEL
pulse energy. Our findings are interpreted in the light of a
revisited semianalytical model of the instability through the
whole beam line, which confirms that a complementary
action of laser heater and linear optics can substantially
increase the FEL spectral brightness.
The technique has straightforward implementation,

because it uses quadrupole magnets routinely adopted
for beam transport. Since it applies to any FEL architecture,
and owing to the notorious development of microbunching
instability in high-brightness electron linacs, the technique
finds application in nonseeded as well as externally and
self-seeded FELs. In particular, it supports the capability of
externally seeded FELs to produce stable, full longitudinal
coherence at x-ray photon energies.
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