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High-brightness electron bunches, such as those generated and accelerated in free-electron lasers (FELs),
can develop small-scale structure in the longitudinal phase space. This causes variations in the slice energy
spread and current profile of the bunch which then undergo amplification, in an effect known as the
microbunching instability. By imposing energy spread modulations on the bunch in the low-energy section
of an accelerator, using an undulator and a modulated laser pulse in the center of a dispersive chicane, it is
possible to manipulate the bunch longitudinal phase space. This allows for the control and study of the
instability in unprecedented detail. We report measurements and analysis of such modulated electron
bunches in the 2D spectrotemporal domain at the Fermi FEL, for three different bunch compression
schemes. We also perform corresponding simulations of these experiments and show that the codes are
indeed able to reproduce the measurements across a wide spectral range. This detailed experimental
verification of the ability of codes to capture the essential beam dynamics of the microbunching instability
will benefit the design and performance of future FELs.
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I. INTRODUCTION

Laser heaters have proven to be invaluable components
of high-brightness, short wavelength free-electron lasers
(FELs) [1], utilized in order to suppress the microbunching
instability [1–3], a collective effect that can develop due
to shot noise [4] in the injector of such a machine, and
undergo amplification due to space-charge [1,5] and
coherent synchrotron radiation effects [6–8]. Any small-
scale structure in an electron bunch can develop and
amplify during acceleration, leading to deleterious effects
in the FEL process at the high-energy end of the machine.
The laser heater in its nominal configuration consists of a
small dispersive chicane, in the center of which is an

undulator. Copropagating with the electron beam in the
undulator is a laser pulse which imposes a correlated energy
spread modulation on the beam. At the exit of the chicane,
this modulation is removed due to the overlapping paths
traveled in longitudinal phase space by particles with
different energies. The resulting small uncorrelated energy
spread increase on the bunch in the low-energy section of
the accelerator means that small-scale modulations are not
able to propagate and amplify as a result of collective
effects, thereby improving the FEL spectral power output.
These devices are used routinely at a number of short
wavelength FEL facilities to improve the quality of the light
pulses produced by these machines [9–12].
A number of schemes that impose a density or energy

modulation on an electron bunch have been proposed or
verified experimentally [13–23], either by passing the bunch
through a wakefield-generating structure, taking advantage
of longitudinal space-charge oscillations, or by manipulating
the electron bunch directly with a laser pulse, either at the
point of generation or further down the accelerator. Methods
of imposing THz-scale modulations on an electron bunch
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could have wide-ranging applications [24], from manipu-
lating and accelerating particle beams [25–27] to scientific
and industrial imaging applications [28,29].
Recent experiments at the Fermi FEL [30] have inves-

tigated the possibility of using a laser pulse with a nonuni-
form longitudinal intensity profile to impose energy spread
modulations on the bunch in the laser heater, thereby seeding
themicrobunching at a known single frequency [31,32]. This
is achieved through chirped-pulse beating, in which the laser
pulse is chirped and split in an interferometer, then recom-
bined with a variable delay on one of the interferometer arms
[33]. The beating frequency of this chirped pulse is then
proportional to the delay between the two pulses. This study
builds on previous work done on premodulated beams in
storage rings [34]. By applying this technique to the laser
pulse used for the laser heater in its nominal configuration,
the beating wavelength of this modified pulse can be
increased by orders of magnitude, thus generating a laser
pulse with an effective wavelength of a similar order to the
length of the electron bunch. The imposition of such a laser
pulse onto the electron bunch initially causes an energy
spread modulation, which is then mixed into the longitudinal
phase space such that there exists a modulation in both
energy and longitudinal density at the exit of the laser heater
chicane. This effect is then further enhanced through
magnetic bunch length compression.
In this paper we study the effect of imposing such a

modulated laser pulse on the electron beam in the Fermi
laser heater for three bunch compression scenarios, and for
a range of laser pulse modulation frequencies and laser
pulse energies. By analysis of the full longitudinal phase
space, rather than only the current density, a more detailed
picture of the microbunching instability can be obtained, as
the evolution of the microbunching instability through the
oscillation between energy and density modulations can be
investigated in full [35].
An additional long-standing problem concerns the reli-

ability of simulation codes in terms of their ability to
reproduce the effect of the microbunching instability, being
a result of the collective interaction of a large number of
particles which occurs on a small length scale [3,4]. Full
start-to-end simulations of the experiments reported in this
paper have been conducted in order to assess the capability
of existing codes to model this longitudinal phase-space
manipulation, such that the measured bunching at the end
of the accelerator can be reflected in simulations. Accurate
and reliable simulations are essential for the design of
systems and future experiments that require control over the
bunch profile. Our work comprises a systematic, accurate
and quantitative characterization of the microbunching
instability in codes and in measurements across a wide
range of machine configurations. By benchmarking the
codes against experimental measurements, we have dem-
onstrated the feasibility of simulating microbunching over a
range of conditions.

The paper is laid out as follows. In Sec. II a brief review
of the theory of the microbunching instability is given. The
accelerator lattice and bunch parameters are described in
Sec. III, and the chirped-pulse beating setup is outlined in
Sec. IV. Section V gives an overview of the codes used for
simulating the experiment. Some examples of longitudinal
phase space images at the linac exit for the various lattice
configurations are shown in Sec. VI, and in Sec. VII the
microbunching parameters for each of these bunch com-
pression schemes are analyzed, and compared with results
from simulations.

II. MICROBUNCHING INSTABILITY

Previous experimental studies of the microbunching
instability have analyzed the structure along the longi-
tudinal plane of the bunch [2]; here, we use the procedure
introduced in Ref. [35] to analyze the bunching in both time
and energy. An example of the significance of the second of
these parameters is in a free-electron laser: if there are
discrete energy bands in an electron bunch upon its
entrance to the undulator, this may result in the generation
of multicolor photon pulses. This is analogous to the
process that occurs in the first modulator and chicane of
the echo-enabled harmonic generation scheme [36]. As a
result of longitudinal space charge (LSC) forces, there is a
plasma oscillation between energy and density modulations
that develops along the machine [37,38], and so the final
longitudinal phase space orientation of the microbunches
will depend on the plasma oscillation phase at this point.
Analysis of the full longitudinal phase space allows the
plasma oscillation phase at the measurement point to be
determined.
Here, we briefly review the theory of microbunching

due to LSC and coherent synchrotron radiation (CSR).
Since the space-charge field experienced by an electron in
the bunch is dependent on neighboring electrons, small
deviations in the density profile can cause a change in
energy for a given electron. In the vicinity of a peak in
the longitudinal charge density, space-charge forces
can accelerate particles ahead of the peak and decelerate
those behind. Over time, this changes a modulation in the
charge density to a modulation in the energy as a function
of longitudinal position in the bunch. Small variations
in particle velocity (in low or medium energy bunches)
then change the energy modulation back into a density
modulation.
Due to the mutual repulsion of electrons in a high-

density region, and the subsequent variation in electric field
that causes acceleration and deceleration of particles, a
longitudinal space-charge oscillation between energy and
density modulations takes place, which depends on the
LSC impedance ZLSC [5,39]. In the case of a relativistic
beam in a drift space, this oscillation has a characteristic
frequency given by [40]
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with an initial modulation wave number k0 and IA ≈ 17 kA
the Alfvén current. The initial peak current I0 ¼ nec for n
electrons per unit length, e the electron charge and c the
speed of light. Since this oscillation frequency is inversely
proportional to the beam energy, the period of the
oscillation between energy and density modulations can
become large (on the order of 10s or 100s of meters) for
ultrarelativistic beams. Nevertheless, due to the long
accelerating sections required to drive a short wavelength
FEL, this oscillation cannot be neglected when considering
the evolution of the microbunching instability in such
machines.
CSR emitted by a short bunch in a magnetic compressor

can cause self-interactions between the electrons in the
bunch, causing an increase in both the projected emittance
and correlated energy spread [41]. In the case of a bunch
with density perturbations in the longitudinal phase space,
there can be strong CSR emission at the wavelength of the
density modulation, inducing a modulation in energy. The
longitudinal dispersion R56 of the bunch compressor—
which relates the change in longitudinal position of a
particle (relative to a reference particle) to its energy—can
then convert these energy modulations into density mod-
ulations, thereby enhancing the microbunching in longi-
tudinal density.
The CSR impedance increases monotonically (but

weakly) with increasing k: i.e., the impedance (and hence
the energy modulation resulting from a given density
modulation) is larger at larger k, i.e., at smaller wavelength.
In a bunch compression chicane, the longitudinal density
modulation is no longer fixed, as the longitudinal motion in
a dipole is coupled to the horizontal motion, and the
modulation wavelength reduces with the bunch length.
Taking all of these effects into account, the micro-

bunching in the longitudinal phase space of a particle
bunch can be described using the bunching factor b [7].
When analyzing microbunching in the longitudinal plane
only, this bunching factor is described by the Fourier
transform of the current density of the bunch, which is
influenced by the impedance functions mentioned above. In
order to extend this analysis to two dimensions, we simply
take the two-dimensional Fourier transform of the longi-
tudinal phase space density, ρt;E:

bðk;mÞ ¼ 1

N

Z Z
ρt;Ee−iðktþmEÞdtdE; ð2Þ

where N is the number of particles, and k and m describe,
respectively, the frequency modulation in the temporal and
energy planes [35].

III. ACCELERATOR PARAMETERS

A schematic of the Fermi linac is shown in Fig. 1.
Electrons are produced in a high-brightness electron gun,
and accelerated in Linac 0 (L0) to around 100 MeV. The
laser heater consists of a small dispersive chicane, in the
center of which is a short planar undulator. Within this
undulator, an infrared laser beam is superimposed tempo-
rally and spatially onto the electron bunch, thus producing
an energy spread modulation on a scale proportional to
the laser wavelength. This modulation is then removed
as the bunch exits the second half of the laser heater
chicane. The laser heater parameters are given in Table I—
for more details on the system, see Ref. [11].
At the exit of the laser heater section, the bunch is

accelerated in Linac 1 (L1) to an energy of around
300 MeV—this accelerating section also includes an
x-band cavity to linearize the longitudinal phase space,

FIG. 1. Schematic of the Fermi linac (not to scale). The beam is
produced and accelerated initially in the gun (G), and is
subsequently accelerated in linacs L0–4. The laser heater
(LH), used for manipulating the electron bunch longitudinal
phase space, is located between L0 and L1. The two variable
bunch compressors are labeled as BC1 and BC2. At the exit of
L4, the beam is streaked via the transverse deflecting cavity (TC)
and observed in the diagnostics beam dump (DBD) line after
passing through a spectrometer dipole (SP) and being imaged on
a screen (SCR).

TABLE I. Laser heater system parameters.

Beam transport

Chicane magnet bend angle 3.5°
Transverse offset in chicane 30 mm
Dispersion 30 cm
Beam energy 96 MeV
Emittance 0.35 mm-mrad
Transverse beam size 70 μm

Undulator
Period 40 mm
Number of full periods 12
Undulator parameter K 0.88

Laser
Wavelength 783 nm
Spot size 120 μm
Pulse length (FWHM) 16.5 ps
Pulse energy (maximum) 20 μJ
Spectral bandwidth 5 nm
Linear chirp coefficient −1.5 × 1023 s−2

Delay between pulses 4–30 ps
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and therefore the bunch compression process. The first
variable bunch compressor, BC1, is located at the exit of
this linac, after which point the bunch is further accelerated
in the remaining accelerating sections, Linacs 2, 3, and 4. A
second variable bunch compressor, BC2, is located
between L3 and L4. After L4, there is a full beam
diagnostics suite, including a vertically deflecting rf cavity
and a dipole magnet for longitudinal phase space mea-
surements [42]. For the purposes of our experiment, L4 was
switched off, meaning that the final beam energy at the
diagnostic point was around 715 MeV for one of the
compression schemes, and around 780 MeV for the other
two. The temporal and energy resolutions provided at the
diagnostics station were around 10 fs and 100 keV,
respectively.
Measurements of the bunch longitudinal phase space

were made at the diagnostics beam dump (DBD) screen.
Three different machine configurations were employed for
this study, corresponding to different combinations of
bunch compressors used to compress the beam: BC1 only,
BC2 only, and a combination of BC1 with BC2—the lattice
and beam parameters are summarized in Table II. For each
of these three lattice configurations, the longitudinal phase
space was measured for a number of settings of the laser
heater, including variations in power and intensity modu-
lation wavelength.

IV. CHIRPED-PULSE BEATING

Modulation of the laser heater pulse in Fermi is achieved
through chirped-pulse beating [33]. The initial pulse
(Gaussian in both the transverse and longitudinal dimen-
sions) is stretched temporally (or “chirped”), then split in a
Michelson interferometer, one arm of which has a variable
length. The two laser pulses are recombined, and they
overlap in the temporal domain. By varying the length of
the interferometer arm, a delay between the two pulses can
be created, giving rise to a laser pulse with a beat frequency
that is directly related to the delay τ. The intensity profile of
such a laser pulse is given by [18,43]

Itotðt; τÞ

¼ E0
2

�
Δt0
Δt1

�
½e½−2a1ðΔt1Þðtþτ=2Þ2� þ e½−2a1ðΔt1Þðt−τ=2Þ2�

þ ðe½−2a1ðΔt1Þðtþτ=2Þ2� cos ðω0τ þ 2b1ðΔt0Δt1ÞtτÞÞ�;
ð3Þ

with E0 the field strength of the initial pulse, Δt0 the
Gaussian half-width of the initial pulse, Δt1 the stretched
pulse half-width, ω0 the center of the optical pulse
spectrum, and

a1ðΔt1Þ ¼
2 lnð2Þ
Δt21

; ð4aÞ

b1ðΔt0;Δt1Þ ¼
2 lnð2Þ
Δt0Δt1

: ð4bÞ

For a frequency chirp rate of μ (i.e., the rate of change of
frequency with time), the beat frequency of the modulated
laser is given by fðτ; μÞ ≈ μτ=2π [33]. Using the param-
eters given in Table I, we calculate the beating frequency of
the laser as α · τ, where α ¼ −Δλc

λ2Δσ is the linear chirp
coefficient for a laser pulse with bandwidth Δλ and Δσ
the difference in pulse length between the stretched and
compressed pulses. The final modulation λf on the bunch
after compression is then equivalent to the initial modu-
lation λi divided by the compression factor C, which in this
case is approximately in the range 20–25 for the various
compression schemes.
By applying the chirped-pulse beating technique, we can

obtain a range of longitudinal laser intensity profiles. Some
examples are shown in Fig. 2. The flexibility of laser
intensity modulations provided by this technique can lead
to the generation of a range of customizable longitudinal
electron beam profiles.
In order to cross-check the measured electron bunch

modulation period with the beating wavelength of the
laser pulse, measurements of the variation in energy
spread along the bunch were taken at the low-energy rf
deflecting cavity, located at the exit of BC1 (see Fig. 1).
In this case, the bunch was uncompressed. The modula-
tion period along the length of the bunch was extracted
for a range of values of the laser beating delay τ. Figure 3
shows the variation of delay between pulses and the
corresponding modulation period on these bunches,
along with values for the beating wavelength of the laser
pulse from the theory. It can be seen that the measure-
ments agree well with the predictions. With a variation
of the delay τ between 4 and 30 ps—corresponding to
initial modulations imposed on the bunch in the range
0.6–4.5 THz—we are able to probe a wide range of
modulated longitudinal phase spaces.

TABLE II. Main beam parameters of the Fermi accelerator at
the end of Linac 4 for the three compression schemes.

Bunch parameters
BC1
only

BC2
only BC1þ BC2

Bunch charge (pC) 100 100 100
Beam energy (MeV) 775 715 780
Chicane bending angle (mrad) 105 90 105þ 28.5
Relative energy spread dE=E (%) 0.5 0.4 0.05
Longitudinal dispersion
R56 (mm)

−20.9 −10.6 −22.5;−3.5

Peak current (A) 620 540 650
Energy chirp (%/mm) −8.7 −5.6 −1.0
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V. SIMULATION TOOLS

Simulations of the Fermi injector (up to the exit of Linac
0, see Fig. 1) have been produced using the General Particle
Tracer (GPT) code [44]. In order to match accurately the

simulation to experimental conditions, the measured trans-
verse and longitudinal profiles of the photoinjector laser
were used as input parameters to the simulation, along with
geometric wakefields from the injector linac. Full 3D space-
charge effects were also included. The injector linac phase
was optimized for minimal energy spread—as is done in the
routine procedure of linac tuning—and good agreement was
found between the simulated and experimentally measured
bunch properties at the exit of the injector.
From this injector simulation, the bunch is smoothed

using a Poisson distribution, in order to simulate the shot
noise arising in the low-energy section of the machine.
The bunch is then tracked using the ELEGANT code [45]
through the rest of the machine up to the DBD screen.
Effects of linac wakefields [46,47] and the laser heater,
and 1D CSR [48] and LSC models [40] are included in the
tracking. The code computes the impedances of these
collective effects based on a binned histogram of the
longitudinal density distribution. The effect of the trans-
verse deflector and propagation of the beam to the
diagnostics line is also included, providing a complete
simulation of the measurement.
By comparing the measured and simulated bunching

factors, it is possible to determine an optimal setting for the
number of bins (and the number of macroparticles) to be
used in simulations of the microbunching instability. In our
case, since the ratio between the initial density modulation
wavelength and the bunch length in the laser heater
undulator is known, it is possible for the simulation code
to find a balance between underestimating and overesti-
mating the effect of CSR and LSC [49]. The user can also
apply a high-pass filter in order to control the effect of
numerical noise in the simulation.
The ELEGANT code also provides the functionality to

simulate the interaction between an electron and a user-
defined laser pulse in an undulator. By tracking a bunch
through the laser heater undulator using pulses generated
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FIG. 2. Calculated intensity profiles (blue) of modulated laser
pulses [from Eq. (3)] for delays between pulses of: a) 4 ps;
b) 8 ps; c) 16 ps. The intensity profiles for the two separated laser
pulses before recombination are shown in green.
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FIG. 3. Measured (blue) and predicted (red) modulation period
on the electron bunch as a function of interferometer delay τ, with
an uncompressed bunch.
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based on the parameters given in Table I and Eq. (3), it is
possible to reproduce the measured effect of a temporally
modulated laser heater pulse on the electron beam.

VI. INDUCED MODULATION IN DIFFERENT
COMPRESSION SCHEMES

The electron beam longitudinal phase space was mea-
sured for a number of machine configurations: in addition
to varying the bunch compression process using combina-
tions of the two variable bunch compressors, the micro-
bunching was seeded in the laser heater for a range of initial
modulation wavelengths and laser pulse energies. The
timing between the electron beam and the laser in the
laser heater chicane can also be varied, allowing for timing
scans that provided the largest amplification of the micro-
bunches. In this section, we present some sample mea-
surements of the longitudinal phase space for three
bunch compression schemes and their associated Fourier
transforms.

A. Double compression

We begin by analyzing the features in the longitudinal
phase space for the double compression scheme, i.e., using
both magnetic chicanes. Some example images are shown
in Fig. 4. In this case, the delay between the two laser

pulses in the laser heater was set to 12 ps (λi ¼ 166 μm and
λf ¼ 7.2 μm for C ¼ 23), and the initial laser pulse energy
(before splitting and recombination) was varied between
0.1 and 10 μJ, corresponding to an added energy spread (in
the single pulse mode) between 5 and 50 keV. Qualitatively,
it can be seen that, as the laser pulse energy increases, the
longitudinal density modulations in the bunch become
increasingly pronounced, and for the largest laser pulse
energy shown [Fig. 4(d)], the modulation in the slice
energy spread along the bunch becomes more prominent.
These images are representative of the majority of mea-
surements taken over 20 shots, although there was some
variation in the bunch length due to jitter in the rf structures.
As a result, the statistical analysis presented below
(Sec. VII) was performed only for those bunches in which
the current profile was close to the nominal value of around
600–650 A in the bunch centroid.
Through the use of 2D Fourier analysis, it is possible to

measure the bunching factor along both axes of the
longitudinal phase space simultaneously. This method
has the added benefit of providing a measurement of the
plasma oscillation phase of the microbunches as they
transition between energy and density modulations [35].
The variation in modulation frequency and bunching factor
as a function of laser heater energy can be quantified by
analyzing the 2D Fourier transform of the longitudinal

FIG. 4. Single-shot measured longitudinal phase space for BC1 and BC2 bending angles set to 105 and 28.5 mrad, respectively,
for a laser heater beating frequency of 1.8 THz. The initial laser pulse energy from left to right was set to: a) 0.08 μJ, b) 0.6 μJ,
c) 2.9 μJ and d) 6.8 μJ.

b

0

0.2

0.4

0.6

0.8

1.0

(a)

b

0.2

0.4

0.6

0.8

1.0

(b)

b

0.2

0.4

0.6

0.8

1.0

(c)

b

0.2

0.4

0.6

0.8

1.0

(d)
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phase space. Examples of such transforms (corresponding
to the machine settings used for the images in Fig. 4, but
averaged over a number of shots) are shown in Fig. 5.
In this case, the sidebands that are offset from the dc term
in the center of each image in the Fourier transform
characterize the bunching in energy and longitudinal
density. The positions and amplitudes of the sidebands
provide measurements of the microbunching period, phase
and amplitude.
In the case of a 12 ps initial beating delay, corresponding

to an initial modulation frequency νi of 1.8 THz, the final
measured bunching period corresponds to a frequency νf in
the range 40–45 THz. By normalizing the pixel intensity
in Fourier space to the maximal value (at the center), a
measurement of the bunching factor as a function of
frequency in both dimensions (energy and time) can be
obtained (see Sec. VII C below).
The relationship between the initial bunching frequency

imposed by the modulated laser in the laser heater, the
compression factor (around 23) and the final bunching
frequency has been measured for one laser heater beating
frequency; we can now begin to analyze the development of
microbunching for a range of different settings. The beating
delay τ was varied between 8 and 20 ps for this compres-
sion scheme. Some example longitudinal phase space
measurements for two settings of the initial beating
frequency νi—1.2 and 2.4 THz—are shown in the top

row of plots in Fig. 6. In this case, the initial laser pulse
energy was set to 3.5 μJ. In the longitudinal phase spaces, it
can be seen that the number of microbunches present in the
bunch increases with the beating frequency.
For a compression factor of 23, these values of νi (1.2

and 2.4 THz) correspond to a predicted final bunching
frequency νf of 30 and 55 THz, respectively. We quantify
this by measuring the position of the satellites in Fourier
space relative to the dc term, as shown in the bottom row of
plots in Fig. 6. The separation of the satellites from the dc
term varies as a function of the initial modulation, and
agreement between the predicted and measured final
bunching frequency can clearly be seen. This relationship
is characterized for all three compression schemes, dis-
cussed in Sec. VII B.

B. Single compression

A similar set of measurements to those detailed above
were taken for bunches compressed using only BC2, the
second bunch compressor. This resulted in the electron
beam propagating with a lower peak current and uncom-
pressed imposed modulations for a longer distance, mean-
ing that short-range collective effects between the
microbunches were relatively suppressed compared to a
scheme in which the bunch is compressed at an earlier point
in the lattice. In this machine configuration, a beam scraper
was applied in the bunch compressor in order to suppress a
large current spike at the head of the bunch (due to strong
nonlinear compression), without having a measurable
effect on the modulations in the rest of the bunch.
In the case of bunches compressed using BC1 only, the

longitudinal charge density of the bunch was high during
the remainder of the acceleration process. This resulted in a
larger impact on the energy spread of the bunch via Landau
damping, and so the range of viable settings of the laser
heater power was smaller than in the other two compression
schemes: for 1 μJ laser pulse energy and above, no
significant modulation was observed on the bunch at the
end of the linac. Example images of the measured

FIG. 6. Single-shot measured longitudinal phase space (a,b)
and Fourier transform averaged over 20 shots (c,d) for the same
lattice settings as in Fig. 4, but with initial beating frequencies
of 1.2 (a,c) and 2.4 (b,d) THz, and an initial laser pulse energy
of 3.5 μJ. The color scale denotes the bunching factor [Eq. (2)].

FIG. 7. Single-shot measured longitudinal phase space for
bunches compressed using BC1-only (a) and BC2-only (b), with
an initial beating frequency of 1.8 THz.
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longitudinal phase spaces for these two configurations—
with an initial beating frequency of 1.8 THz—are shown in
Fig. 7. Across all three compression schemes, the final
bunching periods observed generally agree well with the
wavelength of the modulated laser heater pulse (see
Sec. VII B for further analysis), demonstrating the flexi-
bility of this technique for producing strongly modulated
bunches over a range of bunching periods.

VII. COMPARISON BETWEEN MEASUREMENTS
AND SIMULATIONS

There are a number of parameters that can be extracted
from both the measurements and simulations of the
longitudinal phase space of modulated beams. In addition
to the longitudinal phase space itself, microbunching
parameters such as the modulation period on the bunch,
the bunching factor, and the plasma oscillation phase can be
measured using 2D Fourier analysis. In this section, these
parameters will be characterized and compared between
measurement and simulation. A wide range of initial
modulation frequencies are imposed across multiple bunch
compression schemes, and so we can study the develop-
ment of the microbunching instability in detail.

A. Simulated longitudinal phase space measurements

Having measured the effect of the modulated laser heater
pulse on the electron beam for a range of pulse energies, it
is instructive to compare these measurements with those
from simulation. ELEGANT simulations were performed
using the same parameters as were used in the measure-
ments shown in Fig. 4. Collective effects and the modulated
laser pulse in the laser heater were included [using the
analytical expression for the laser pulse modulation,
Eq. (3)]. By including the effect of the deflecting cavity
at the end of the linac, and using the same calibration
factors as the measurement (pixel to mm to ps and MeV),
the simulation produced the longitudinal phase space
images shown in Fig. 8.
Due to the large number of machine configurations,

laser heater pulse energies and modulation wavelengths,

the majority of simulations were run for only 105 macro-
particles—a relatively small number compared with the real
number of particles in the bunch. A convergence study was
conducted for a subset of the experimental parameters
using up to 107 macroparticles, and varying the number of
longitudinal density bins used for the CSR and LSC
calculations. It was found that even this lower number
of particles was able to reproduce the measured bunching.
In cases where the modulation frequency on the bunch
is smaller than that used in this experiment, it is expected
that it would be necessary to run a larger simulation.
Nevertheless, it can be seen that the simulation is able to
reproduce the microbunching effects observed in the
measured data: the final longitudinal phase space with a
low-energy laser pulse exhibits similar macroscopic proper-
ties (in terms of total bunch length and energy spread);
and the microbunching in the phase space becomes more
prominent as the laser pulse energy increases. There is not
an exact match between the simulated and experimentally
measured distributions, in particular at the head and tail of
the bunch, but the peak current in the bunch core and the
periodicity of the modulations is similar (discussed below,
Sec. VII B). The slice energy spread for the BC2-only case
in the bunch core is slightly larger than the measured value,
but there is good agreement for the bunching factor
between the two (see Sec. VII C)
An example of the simulated longitudinal phase space

for the two single-compression configurations—with an
initial beating frequency of 1.8 THz—is shown in Fig. 9. It
can be seen in both of these cases that the simulation is able
to reproduce the experimentally measured macroscopic
bunch properties (see Fig. 7), in terms of bunch length and
energy spread, and that the modulations imposed have a
similar periodicity. The bunching period and bunching
factor is characterized in the subsections below.

B. Modulation period

The periodicity of microbunching in the electron bunch
can be quantified as a function of either the longitudinal
or energy density modulations. This can be achieved by
projecting the 2D Fourier representation of the bunch

FIG. 8. Simulated longitudinal phase spaces for the same machine settings as Fig. 4 (BC1þ BC2 compression).
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images shown above onto the frequency or inverse energy
axis. By doing this, we lose information concerning the
correlative relationship between the microbunching along
both axes, but this 1D information can provide a useful
benchmark for simulation and theory. Additionally, one
quantity may be more pertinent than another, for example
when multicolor FEL pulses are desired (in which case the
bunching in energy is more significant), or for cases in
which multiple bunches separated by time are required (and
so longitudinal density modulations are important).
In order to calculate the 1D projection of the bunching

along the frequency axis, we select one of the satellites in
Fourier space, and analyze only modulations above a
specified frequency, so as not to include the dc term in
our analysis, as this only provides information about the
bulk structure of the bunch. As the laser heater pulse energy
increases from zero, there is often a point at which the
bunching factor at a given frequency reaches a maximum
point, eventually decreasing in amplitude as the bunch slice
energy spread becomes larger. This increase in slice energy
spread reduces the depth of the modulations, in which case
the modulated laser pulse effectively acts as a laser heater in
its standard configuration.
A full summary of the relationship between the initial

beating frequency and the final measured modulation
frequency for all three compression schemes is shown in
Fig. 10. By calculating the compressed frequency of the
laser pulse in the laser heater, and comparing this with
the measured frequency of the modulation on the bunch,
it can be seen that, across all three compression schemes,
the agreement is good. Each point on this plot represents
the mean modulation frequency across a range of laser
heater pulse energies—this parameter stayed relatively
constant for a wide range of values. A measurement
of the compression factor that is independent of the
modulation wavelength is the peak current of the
bunch, which can be obtained by calculating the charge
density in the bunch core. We found excellent agreement

between these two measurements of the bunch compres-
sion factor.
Two different curves are presented for the compressed

laser wavelength. This is due to the fact that the bunch
compression was not exactly the same for all three lattice
configurations; namely, the bunch was slightly longer in the
BC2-only configuration (see Table II). This presents a
simple linear correlation between the initial laser beating
frequency and its compressed value. There is some diver-
gence between this simple model and the measured/
simulated final modulation frequency on the bunch itself
for larger initial beating frequency. This might be due to
nonlinear effects impacting the modulation on the bunch, or
the fact that the laser pulse energy was not sufficiently
strong to imprint significant modulations on the bunch at
these values of νi.
We also compare the measured values with those

produced by simulation, and it can be seen that the
agreement here is good in most cases. By varying either
the initial beating frequency or the compression factor, this
technique could easily produce modulations on the bunch
over an even wider range.
Due to the limitations of the pixel resolution of the

measurement system, it was not possible to resolve micro-
bunching at periods shorter than around 2 μm, as this
approaches the Nyquist limit of the system. Only a small
initial laser pulse energy (< 2 μJ) was required to override
the “natural” microbunching such that the period at which
the peak bunching factor is measured corresponds to the
modulation imposed in the laser heater. It can also be seen
that the simulated values of the bunching period agree well
with the measurements.

FIG. 9. Single-shot simulated longitudinal phase space for
bunches compressed using BC1-only (a) and BC2-only (b), with
an initial beating frequency of 1.8 THz.
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FIG. 10. Final measured modulation frequency νf as a function
of initial laser heater beating frequency νi for all three com-
pression schemes. The dashed lines show a simple correlation
between the initial and compressed laser frequency at two
different compression factors (CF ≈ 20 for BC2-only; CF ≈
23–25 for BC1-only and BC1þ BC2); solid circles show
measured values and solid triangles show simulated values.
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C. Bunching factor

It is also possible to quantify the maximum bunching
factor as a function of bunching period for each of the
initial beating wavelength settings—see Fig. 11. Each
maximum corresponds to the largest bunching factor for
a given laser pulse energy, irrespective of the modulation
frequency. This plot shows the bunching factors for the
double compression scheme. It can be seen that, in most
cases, as the initial laser pulse energy increases, the
maximum bunching measured reaches a peak for each
setting of the initial beating frequency, eventually falling to
a lower level as the energy spread induced in the laser
heater undulator reduces the amplitude of the modulations
in the bunch. We also note that the results from simulation
are able to capture the trends observed across the full range
of modulation wavelengths, although there are discrepan-
cies in terms of the absolute values of the bunching factor in
some cases. This is due to a combination of factors: the
statistical variation in the experimental results arises both
from the fact that microbunching is inherently a phenome-
non based on noise, and from jitter in the rf system causing
bunch length variation from shot to shot; additionally, the
simulations do not account for the full 3D collective effects
for the actual number of particles in the bunch, such as the
influence of transverse space-charge and CSR forces.
A comparison between the simulated and measured

maximum bunching factor across all three bunch compres-
sion schemes is shown in Fig. 12. The results shown cover
the ranges of initial laser beating frequencies used for each
configuration. A general trend of higher levels of bunching
at lower beating frequencies is observed (resulting in a
longer bunching period on the bunch at the end of the
linac). This is a result of the fact that the maximum intensity
of the laser pulse for a given initial pulse energy decreases

as the beating frequency increases (see Fig. 2). There is
some discrepancy between measurement and simulation in
terms of the absolute value of the maximum bunching
factor in some cases, but our results show that the code is
able to reproduce the trend observed experimentally.

D. Energy modulation

As in the previous case of bunching in longitudinal
density, the bunching in energy can also be studied (as
shown in Fig. 13). We restrict this analysis to just the
single-compression schemes, which exhibited significant
bunching in both energy and time since, in the case of
double compression, the bunches were separated only in
time, with the mean slice energy remaining constant. For
the single compression schemes, we can project the 2D
Fourier transform of the longitudinal phase space onto the
energy axis, revealing the point of maximum bunching in
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FIG. 11. Maximum bunching factor as a function of initial laser
pulse energy for a range of initial beating wavelengths in the
double compression scheme. Measured bunching factor is shown
by solid lines, and dashed lines show the simulated values. The
error bars represent the standard deviation in maximum bunching
factor over 20 shots.
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energy. It can clearly be seen that, as the initial laser heater
beating delay is increased (therefore increasing the fre-
quency of modulations imposed on the bunch), there is a
reduction in the measured periodicity along the energy
axis. This bunching in energy is of interest for FELs, in
particular schemes which aim to produce multicolor pulses
of light [25,31].
As with the analogous case for a projection onto the

longitudinal axis described above (Sec. VII B), the modu-
lation in energy is prominent for low settings of the laser
heater energy, and eventually decays as Landau damping
reduces the depth of the modulations in the bunch. The
results for the period and amplitude of bunching along the
time and energy axes demonstrate the flexibility of the 2D
Fourier transform technique for analysis of the longitudinal
dynamics of modulated bunches.

E. Microbunch angle

One feature of a microbunched beam that can only be
parametrized by analyzing the full longitudinal phase space
is the angle of rotation of the microbunches. As mentioned
above (Sec. II), the LSC forces within the bunch can cause
a plasma oscillation between microbunching in energy and
longitudinal density over a sufficiently long distance. This
manifests itself as a rotation of the microbunches in
longitudinal phase space [35]. This process of rotation is
further enhanced by bunch compression, which causes a
shearing in the phase space. From the perspective of the
generation of radiation in a light source, the plasma
oscillation phase can be of vital importance for optimizing
the quality of the electron beam, and so its characterization
can provide valuable information. For example, in order to
produce a monochromatic photon beam, the electron beam
must also be monoenergetic, and this will not be the case
if the plasma oscillation has caused bunching in energy at
the undulator.
The plasma oscillation phase (θp) of a microbunched

beam can be measured using the 2D Fourier transform of
the bunch image. As above, we focus our analysis on the
satellites around the dc term in Fourier space. In this case,
the plasma oscillation phase (i.e., the orientation angle of
the microbunches) is given by the angle of the satellites in
2D frequency space with respect to the central term. Since
the modulation period in energy and longitudinal density
can be different by at least an order of magnitude (due to the
difference between bunch length in ps and the energy
spread in MeV), we have measured the “normalized”
plasma oscillation phase (θp;N) as arctan ðĒ mod =f̄ mod Þ,
where Ē mod ; f̄ mod denote the modulation frequencies in
Fourier space for these two normalized axes, respectively.
Using a method similar to transverse phase space tomog-
raphy analysis [50], the frequencies were normalized with
respect to the bunch length and energy spread of the beam.
In this case, a pure density modulation—similar to that
observed for the double compression scheme (see above,

Sec. VI A)—will give θp;N ¼ 0 or π, whereas a pure energy
modulation produces θp;N ¼ �π=2. Any intermediate
value between these pure modulations along one axis
indicates that there is some mixing between bunching in
energy and in density. More details on the measurement of
this parameter can be found in Ref. [35].
Measurements of the bunching factor as a function of

plasma oscillation phase are shown in Fig. 14 for all three
compression schemes. In each case, the initial beating
frequency was set to 1.8 THz. We also show the simulated
values for this parameter, with quite good agreement for all
three compression schemes.
It can be seen from the figure that, in the case of the

double compression scheme, the bunch exhibited a modu-
lation almost entirely in density (given that the maximum
bunching factor is located around θp;N ≈ 0). This can be
seen in the longitudinal phase space plots, in which the
orientation of the microbunches results in a density
modulation. In the case of single compression with
BC1-only and BC2-only, there is a clear mixing between
energy and density modulations, given that θp;N at the
location of maximum bunching factor has a nonzero value.
In such a case, the current profiles of these bunches exhibit
clear modulations in both energy and longitudinal density,
demonstrating that a purely 1D analysis would be insuffi-
cient to describe the microbunching for these more com-
plex structures.

VIII. CONCLUSION

In this paper, the development of the microbunching
instability in a high-brightness electron linac has been
investigated for a range of lattice and laser heater param-
eters. Through the use of a laser pulse that has been
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FIG. 14. Bunching factor as a function of plasma oscillation
angle θp;N for all three bunch compression schemes, each with an
initial laser heater beating frequency of 1.8 THz. Each curve
represents the mean bunching factor over 20 shots; solid lines
show the measured bunching factor, and dashed lines show the
corresponding simulations.
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modulated by means of the chirped-pulse beating tech-
nique, and imposing this modulation on the energy spread
of the electron bunch while propagating through the laser
heater undulator, microbunching can be stimulated over a
range of modulation wavelengths. By studying the longi-
tudinal phase space of the electron bunch at the exit of the
linac, in particular, by measuring the modulation amplitude
(or bunching factor), it is possible to benchmark models for
the microbunching instability. In addition, this technique
provides a wide range of possible longitudinal phase space
configurations through the variation of the laser pulse
properties and the lattice parameters, and will be of interest
for schemes which require microbunches that are separated
in time or in energy. It was found that all three compression
schemes resulted in similar maximum bunching factors. In
the case of bunches compressed using only the first bunch
compressor, the modulations on the bunch did not persist
for even moderate settings of the laser heater energy, as a
result of increased Landau damping for a bunch that
propagated for a longer time with a short bunch length.
On the other hand, the BC2-only compression scheme
allowed for the manipulated bunches to persist with strong
bunching over a wider range of laser heater energies.
We used a high-fidelity simulation of the Fermi injector

using the GPT code, based on experimentally measured
photoinjector laser parameters and including collective
effects such as 3D space charge and geometric wakefields
in the rf cavities. The simulated injector bunch was then
tracked through the remainder of the accelerator lattice
using ELEGANT, a code that is well suited to simulating the
microbunching instability, as it can both tackle large
numbers of particles relatively quickly and model the most
pertinent collective effects (LSC and CSR). Given that the
properties of the bunch longitudinal phase space are well
defined at the exit of the injector and in the laser heater, we
were able to produce a comparison between the simulated
and experimental measurements of the bunching at the exit
of the linac, analyzing both the modulation depth and the
final bunching period. In terms of the latter parameter, the
simulation was able to reproduce accurately the measured
results, demonstrating that this small-scale structure can
persist through a long, complex accelerator lattice. The
ELEGANT code employs 1D models for longitudinal
space charge and coherent synchrotron radiation imped-
ances, but it is still able to capture the physics of micro-
bunching in its 2D content. This systematic comparison of
microbunching in simulated and experimentally measured
beams across a wide range of parameters suggests that the
results from this code can be relied upon for future
accelerator designs in which microbunching is expected
to be an issue. The agreement between simulation and
measurement for the bunching factor is quite good in many
cases, and so this work provides a basis for simulating
microbunching and longitudinal phase space manipulation

in future accelerators, for example in beam-driven plasma
wakefield acceleration or novel FEL schemes.
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