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Abstract
Techniques to bunch or shape an electron beam at low

energies (E < 15 MeV) have important implications toward
the realization of table-top radiation sources or to the de-
sign of compact multi-user free-electron lasers. This paper
provides an overview of alternative methods recently devel-
oped including techniques such as wakefield-based bunching,
space-charge-driven microbunching via wave-breaking, ab-
initio shaping of the electron-emission process, and phase
space exchangers. Practical applications of some of these
methods to foreseen free-electron-laser configurations are
also briefly discussed.

INTRODUCTION
Schemes to enhance the peak current of electron bunches

have a vast range of applications. In radiation processes ra-
diating at a given wavelength λ, electrons within a duration
τ ≤ λ/c radiate in phase thereby enhancing the radiation
flux [1]. Likewise low-energy short electron bunches can
be injected in short-wavelength accelerators, e.g., based
on laser-plasma wakefield [2]. In addition to compression,
the capability to tailor the current profile of these electron
bunches can also serve further applications, e.g., to pro-
duced narrow-band radiation (using a train of short electron
bunches) [1], enhance the transformer ratio for beam-driven
accelerator (ramped current profiles [3]) or mitigate phase-
space dilutions arising from collective effects, e.g., coherent
synchrotron radiation [4].

Techniques to alter the current distribution can be casted
into four categories: (i) ab-initio tailoring of the emis-
sion process, (ii) introduction of energy-position correlation
within the bunch with subsequent bunching in longitudinally-
dispersive beamline, (iii) the direct shaping of the beam by
ab-initio shaping of the bunch at its formation stage, and (iv)
phase-spacemanipulations between two degrees of freedoms
to map a transversely tailored distribution onto the current
profile.

Throughout this paper we employ the longitudinal phase
space (LPS) coordinates (ζ, δ) associated to an electron
within the bunch. Here ζ is the axial position with respect to
the bunch centre and δ is the fractional momentum spread.
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AB INITIO METHODS
Photoemission from Shaped Laser Pulses
Photoemission electron source are widespread in oper-

ating and foreseen FEL facilities. The electron bunches
produced in this type of sources have, at best, durations
comparable to the illuminating laser pulse. However the
duration is influenced by space charge and RF effects (in the
case of RF guns). Figure 1 illustrates the typically achieved
compression for a low (0 nC) and high (1 nC) bunch charge.
Some bunch compression can be achieved by phasing the
laser closer to zero crossing phase (ϕ = 0◦ in our conven-
tion) to the detriment of the transverse emittance. On another
hand employing shorter laser bunch results in operating the
source in the "blow-out" regime which leads to a large space-
charge-induced bunch lengthening [5–7]. The latter regime
of operation leads to linearized longitudinal phase space
(LPS) which can be subsequently manipulated to yield very
short bunches [5].

Figure 1: Compression factor (defined as the ratio of the
final electron-bunch duration to laser-pulse duration) com-
puted for an L-band RF gun with a 3-ps laser pulse with
(dash line) and without (solid trace) accounting for space
charge effects.

An interesting area of research is the possibility of tai-
loring the temporal profile of the emission process. This
is particularly attractive in photoemission sources where
the emitted electron-bunch distribution initially mirrors the
temporal profile of the laser pulse impinging on the cathode.
Consequently, laser shaping plays a central role and methods
to temporally tailor the laser have been extensively investi-
gated in combination with photo-emission electron sources.
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These pulse-shaping techniques include frequency-domain
techniques based on spatial-light modulators [8], and daz-
zler systems [9], or simpler time-domain methods using
delay lines [10], birefringent crystals [11] or lens with éche-
lon profiles [12]. However these pulse-shaping techniques
provide limited ability to form short bunches directly out of
an electron source (as pointed out above).

A shape of wide interest is a train of laser pulses to form
train of electron bunches. This type of bunches can support
the production of coherently enhanced narrowband radia-
tion, or are capable of resonantly exciting a given mode in
multi-mode beam-driven accelerating structures. At very
low charges, shaping was shown to lead to the formation of
electron bunch train [12]. However as the charge increase the
density modulation quickly dissipates (it become an energy
modulation). Reference [13] pointed out that the informa-
tion on the initial density modulations is actually imprinted
on the LPS and can be eventually recovered after, e.g., after
acceleration, using a beamline with the proper longitudinal
dispersion R56.
An emerging demand for shaped electron bunches also

comes from the mitigation of collective effects. Laser shap-
ing was suggested in Ref. [14] to form electron bunches
current profile able pre-compensate for energy spread in-
duced by geometric wakefield in, e.g., accelerating cav-
ities. This capability was recently demonstrated at the
Fermi@Elettra facility [15] where the “flattening" of the
LPS was directly measured.

Finally, an important application of shaped electron beams
regards the improvement of the transformer ratio R in
collinear beam-driven acceleration methods [3]. In this class
of acceleration methods, a drive bunch excites wakefields
which can accelerate a delayed "witness bunch". Maximiz-
ing R − the ratio between minimum decelerating field within
the drive bunch with the maximum accelerating field experi-
enced by the witness bunch − can enable longer interaction
lengths thereby giving rise to higher energy gain for a given
energy depletion of the drive bunch. Symmetric drive-bunch
distributions are limited to R ≤ 2. A recent proposal for
a compact short-wavelength mutli-user FEL facility based
on multiple beam-driven linacs call for transformer ratio
R ∼ 5 [16]. Most of the transformer-ratio-enhancing shapes
that have been proposed so far exhibit discontinuities and
are therefore challenging to experimentally realized [17].
Recent numerical investigations pointed out to a class of
smooth current profiles adequate to support beam-driven
acceleration with enhanced transformer ratios [18]. Figure 2
depicts a simulated laser shape (from a dazzler system) and
resulting electron-bunch distribution (green-shaded curve)
downstream of a linac with wakefield (blue trace) produced
in a DLW; see details in [18] .

Optically-assisted Field Emission
The capability of forming spatially and temporally local-

ized electron packets via optically-enhanced field-emission
from sharp tips has been demonstrated by several groups [19–
21]. In brief field emission is a macroscopic manifestation

Figure 2: Example of ab-initio temporal shaping of a laser
pulse (a) with resulting longitudinal phase space (density
plot) and current distribution (red trace) (b) along with final
(c) current distribution (green-shaded curve) and excited
wakefield in a dielectric accelerator (blue trace). Figure
adapted from Ref. [18].

of quantum tunneling, i.e. the "bending" of the potential
barrier under the influence of an applied external field. Field
emission typically occurs in the presence of high electric
field O(GV/m). This field can be locally achieved due to
sharp tips or cathode-surface roughness with macroscopic
fields on the order of E ∼ 10 MV/m only. Given the locally-
enhanced field Ee ≡ βeE, where βe is the enhancement
factor, the field-emitted current density is described by the
Fowler-Nordheim (FN) law [22]

jjj = aE2
e exp

(
−

b
Ee

)
n̂nn, (1)

where n̂nn is the normal to the local surface and a and b are
positive constants that depend on the material. When the
applied field is time dependent i.e. E(t) = E0 cosωt, the
field emission is pulsed jjj (t) and bunches are formed. In
a regime where a high-intensity laser pulse impinges the
cathode, the bunch duration is given by the laser period
(τ ∼ 2 fs for a 800-nm laser pulse).

Figure 3 presents particle-in-cell simulations results of
an optically-assisted field emission process from a nanohole
using the program warp [23]. The resulting LPS recorded
on a plane 300-nm downstream of the cathode displays mod-
ulation with periodicity on the order of 800 nm consistent
with the laser wavelength. The noise on this simulation is
dominated by the statistics: a single nanohole produces only
200 electrons. Combining several nanoholes in an array [24]
would reduce the shot noise and increase the bunching factor
at the triggering-laser wavelength. Preserving this imprinted
information on the LPS during the downstream acceleration,
e.g., in an RF gun, would be crucial to ensure the density
modulation can eventually be recovered and further com-
pressed.
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Figure 3: Particle-in-cell simulation of optically-enhanced
field emission. Zoomed view (left) of the LPS recorded 300-
nm from the cathode surface (the circles represent macropar-
ticle and the red trace is a population histogram) and (right)
overview of simulated nanohole geometry. Figure courtesy
from A. Lueangarawong (NIU).

This optically-enhanced field-emission technique could
in principle be extended by considering a two-dimensional
arrays of nanoholes thereby allowing for the generation of
electron “crystals" tailored for coherent emission in, e.g.,
inverse Compton scattering setups.

ENERGY-MODULATIONS TECHNIQUES
Bunching low energy-electron (non-relativistic) beams is

often accomplished via the introduction of velocity modula-
tions. This technique was further adapted for higher energy
electron beam, e.g., typically produced in photoinjectors
using energy-modulation methods to bunch the beam prior
to its injection in a downstream linac [25], or to produce
ultra-short bunch for, e.g., ultra-fast-electron-diffraction ap-
plication [5].
Introducing an energy modulation of the form δ0 =∑n
i=1 Ai cos(ki ζ0+φi ) (where Ai , ki and φi are respectively

the energy-normalized amplitude, wavevector and phase as-
sociated to the electromagnetic waves used to introduce the
modulation). Given the energy modulation and a down-
stream beamline with longitudinal dispersion R56, the final
electron position within the bunch is ζ = ζ0 + R56δ0 (linear
approximation). Typically the R56 is introduced by disper-
sive beam lines, e.g. chicanes. Here we note that for non
ultra-relativistic beam, a drift of length D has a longitudinal
dispersion given by R56 = −

D
β2γ2 .

Modulations via Radiation Fields
It has long been recognized that the short-range radiation

field or wakefield could be capitalized on to introduce corre-
lation in the LPS. Wakefields have been recently employed
to introduce energy modulation or remove remanent time-
energy chirps downstream of bunch compressors [26, 27].
The ability of some compact structures, e.g., dielectric-lined
waveguides (DLWs), to support high-frequency modes (e.g.
in the THz regime) has also enable the impression of energy
modulation for possible bunch-train generation [28]. It was
recently recognized that the introduced energy modulation
is large enough to directly enable bunching in a subsequent

drift when combine with low-energy beams [29]. The inter-
action of a bunch with its wakefield lead to an energy change
described by the convolution integral

∆E (ζ ) = LQ
∫ ζ

−∞

G(ζ − ζ ′)Λ(ζ ′)dζ ′, (2)

where Q is the bunch charge, L the length of the structure,
Λ(ζ ) is the charge distribution (satisfying

∫
Λ(ζ )dζ = 1),

and the Green’s function taken to beG(ζ ) = 2κ cos(kζ ) for a
single-mode structure with wavevector k and loss factor κ. In
order to illustrate the scheme we consider a parabolic charge-
density profile Λ(ζ ) = [3Q/(2a3)](a2 − ζ2) for |ζ | ≤ a
where a is the half-width of the distribution; see Fig. 4(a).
Figure 4(b) illustrates for two case of mode wavelength.
When the rms bunch length fulfills σζ ' λ/2; the wakefield
introduces a single-cycle energy modulation while in the
case σζ ' 4λ the wakefield impresses a few-period energy
modulation. The former case yields to an energy depression
between the head and tail of the bunch which has the proper
sign to be compressed via ballistic bunching in a subsequent
drift. Although the introduced chirp is nonlinear, it can even-
tually lead to the production of a high-peak current for a
fraction of the bunch population while the remaining pop-
ulation is debunched. Despite this drawback, this scheme
is appealing given its simplicity and absence of need for a
precisely synchronized external field as required in, e.g., bal-
listic bunching based on a buncher cavity [5]. Additionally,
for the case of an energy modulation [red trace in Fig. 4(b)],
the modulation converts into a density modulation in the drift
following the wakefield structure and leads to the generation
of a train of bunches as illustrated in Fig. 5. The numerical
simulations were carried out for a configuration consisting
of an RF gun, a dielectric-lined waveguide (DLW), and two
solenoids [29]. Overall the formation of bunch trains with

Figure 4: Parabolic charge distributions (a) and correspond-
ing wake potential (b) for two cases of ratio between the rms
bunch length σζ and DLW fundamental-mode wavelength
λ. The head of the bunch corresponds to ζ ≤ 0. The wake
potential associated to the σζ = 4λ case is scaled by a factor
50 for clarity.
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this technique leads to higher peak current and bunching
factors than the wave-breaking method discussed in the next
section.

Figure 5: Example of bunch train formation using wake-
fields. Evolution of the bunch density distribution behind
the DLW structure (a) with corresponding initial (blue) and
final (red) current (b) and longitudinal phase space (a). The
schematic (d) shows the simulated setup. Figure adapted
from Ref. [29].

It was also suggested to cascade several DLWs to form ul-
trashort temporal structures on the bunch in a manner similar
to the EEHG technique [30]. The scheme, dubbedwakefield-
assisted high-harmonic generation (WAHHG), was simu-
lated using a 5-MeV beam produced in a S-band photoinjec-
tor. At these low energies, the chicanes required to introduce
the required longitudinal motion can be replaced by drift
spaces [31]. Figure 6 demonstrates the concept of WAHHG,
the beam evolution is identical to the EEHG method albeit
for the reduced number of modulation (given that the bunch
length is only one order of magnitude larger than the wave-
length of the mode supported by the DLW mode (typically
λ ∼ 100 µm). Scaling the technique to shorted wavelength
is possible but would require DLWs with smaller apertures
with associated impact on the electron beam transmission.
The technique was also implemented at higher beam energy
using a series of modulator-chicane modules as done for the
EEHG approach [32].

Finally, it should be pointed out that other wakefield mech-
anisms, e.g., the use of a corrugated pipes [3] or plasmas
could provide alternatives to DLWs while leading to similar
results.

Modulations via Velocity Fields
An interesting and rather counter-intuitive technique for

producing comb-like electron distributions consist in ex-
ploiting the space-charge forces occurring in beam with
initial density modulations Ref. [33]. The idea recognizes
that in a modulated cold plasma, plasma oscillations oc-
cur (with period Tp) and the density modulation cycles to
energy modulation and vice versa every Tp/4. When the

Figure 6: Concept for wakefield assisted high harmonic
generation (WAHHG). A modulation is introduced (b) in the
first dielectric-lined waveguide (DLW), the subsequent drift
over bunch the beam (c) and a final DLW structure superim-
poses another energy modulation resulting in energy bands
(d). After a subsequent drift the energy bands eventually
lead to multiple spikes (e). Figure adapted from Ref. [31].

initial modulation becomes large (corresponding to an initial
bunching factor b ' 1/4, a phenomenon akin to wave break-
ing occurs and leads to an enhancement of the bunching
factor after Tp/2. The technique was experimentally demon-
strated at UCLA [33]. Additionally the method was shown
to be controllable and capable of forming bunch trains after
acceleration in a linac [34].

Modulations via External Fields
Energy modulations can also be introduced via external

field as commonly done in conventional setups based on
RF components. Here we note that recent progress in the
efficient generation of THz pulses have open new possibil-
ities. The THz regime is of interest as the wavelengths
λ ∈ [0.1, 1] mm are comparable to the electron bunch
lengths typically generated by RF guns. THz radiation gen-
eration via optical rectification of an IR laser pulse using
a cooled lithium niobate wedged crystal has achieved effi-
ciency on the order of 10% thereby opening the path to mJ
THz pulses [35, 36].

A possible configuration for a THz buncher involves an
IFEL process [37]. The energy-depleted IR laser pulses used
to produce the required UV pulses for photoemission can
be directed to an optical-rectification stage to generate ∼ µJ
THz pulses. The produced THz pulse is then co-propagated
in an undulator to interact with the electron bunch via an
IFEL interaction (coupling through transverse field/velocity).
In order to control the phase velocity of the THz pulse, a
waveguide is introduced in the undulator. This bunching
scheme has the advantage of being immured to jitter as both
the bunch and THz pulse are derived from the same laser sys-
tem. Simulations performed for the pegasus photoinjector
indicate that the method is well matched to the bunching of
∼ 5 MeV electron bunches typically formed in the blow-out
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regime and could lead to bunch durations on the order of
∼ 10 fs [37].
In the latter THz buncher, the co-propagated THz pulse

is a TEM00 mode and the energy exchange occurs through
the transverse field. Converting this mode into a radially
polarized mode TEM∗01 (which as an axial electric field)
could essentially enable the THz pulse to introduce an en-
ergy modulation via coupling through its axial field, e.g., as
done in a conventional linac. The challenge resides in the
need for mJ pulse compared to the IFEL buncher. In addi-
tion, for non ultra-relativistic beams relative phase slippage
between the beam and THz pulse becomes important so that
the interaction naturally leads to compression via velocity
bunching as discussed in [38].

MANIPULATIONS BETWEEN TWO
DEGREES OF FREEDOM

Phase-space manipulations within two, or three, degrees
of freedom have emerged the past decade [39] and can offer
flexible alternative to shape the longitudinal distribution of
electron bunches [17]. At low energies these methods can be
combined with an interceptive mask, or can directly exploit
correlation introduced during the electron-emission process.

In brief the technique rely on exchanging phase-space co-
ordinate between one of the transverse degree of freedoms
[here taken to be the transverse phase space (x, x ′)] with
the longitudinal one (ζ, δ). The main challenge is to devise
accelerator beamlines, in the X̃XX ≡ (x, x ′, ζ, δ) coordinate
system, capable of providing a 2 × 2 anti-block diagonal
transverse matrix [14]. Over the years various beamline
− or phase-space exchanger beamlines − have been pro-
posed. Most of the exchangers incorporate a deflecting
cavity located between either two doglegs [40] or within
a chicane [41]. Other schemes include the possible use of
transverse-gradient undulators [42].

These techniques were tested at low energies (∼ 15 MeV)
at the Fermilab’s a0pi photoinjector [43]. A multi-slit mask

Figure 7: Example of phase space exchanger beam line (a)
with corresponding initial (b,e), collimated (c,f) and final
(d,g) transverse (b-d) and longitudinal (e-g) phase spaces.

was used to generate a transversely segmented electron
bunch which was subsequently transformed into a train
of bunch [44, 45]; see Fig. 7. The experiment especially
showed the flexibility of the method: varying the input
Courant-Snyder parameters upstream of the exchanger beam-
line could provide control over the bunch train parameters
(e.g. separation).

The method was later combined with a transverse shaping
of the laser spot on the photocathode and the experiment
demonstrated the possibility to map the transverse distribu-
tion generated at the cathode surface in the temporal domain;
see Fig. 8 [46].
This latter idea was further expanded to combine struc-

tured cathodes with nanoscale periodicities to produce trains
of bunches at the attosecond scale [47, 48].

Figure 8: Formation of a twi bunch using a transversely
segmented photocathode laser pulse via a phase space ex-
change (top). A twin pulse (to transversely seperated laser
pulse (lower left image) produces a transversely segmented
electron beam (lower middle image) converted into two
bunches with variable delay (lower right image). Adapted
from Ref. [46].

SUMMARY
This paper provides a non-exhaustive review of concepts

recently devised to longitudinally compress or shape the cur-
rent distribution of non-ultra-relativistic electron bunches.
This paper represents the work of many people and has

in particular greatly benefited from collaborations with
W. S. Graves (MIT), F. Lemery (CFEL/U. Hamburg), A.
Halavanau (NIU), A. Lueangaramwong (NIU), T. Maxwell
(SLAC), D. Mihalcea (NIU), and Y.-E Sun (ANL). I am
grateful to the FEL15 scientific program committee for the
invitation to present this review.
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