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We review state-of-the-art electron beams for single-shot megaelectronvolt ultrafast electron diffraction (MeV-
UED) and compact light sources. Our primary focus is on sub-100 femtosecond electron bunches in the 2-30
MeV energy range. We demonstrate that our new and recent simulation results permit significantly improved
bunch parameters for these applications.

1. Introduction

Electron beams with cutting-edge properties enable experiments of
higher quality either using electron beams directly or via generation of
bright X-rays. An important application of electron beams is ultrafast
electron diffraction (UED) [1], which exploits short electron bunches
of small emittance in the keV-MeV energy range to study the structural
dynamics of matter. The moderate electron energy employed in UED,
typically below 5 MeV, permits a compact laboratory-scale facility. The
compactness is also a desirable property for powerful X-ray sources
and can be achieved using inverse Compton scattering (ICS). The ICS
sources thus offer a useful alternative to large-scale X-ray facilities such
as synchrotron-radiation sources.

In this work, we investigate the state-of-the-art electron bunch
properties in the 2-30 MeV range. Our main focus is on sub-100
femtosecond (fs) electron beams with sufficient charge for single-shot
UED, or ICS applications, or as an injector for compact free-electron
lasers (FELs) such as the proposed projects MariX (Italy) [2], Com-
pactLight [3], and ultracompact FEL at UCLA [4]. Hence, we primarily
target MeV beams since at relativistic speeds the transverse and longi-
tudinal space-charge forces are suppressed. As part of the investigation
we expand our recently published work [5] with new simulated elec-
tron bunch parameters appropriate for the above mentioned types of
applications and place them into the context of the current status of
the field.

2. Results and discussion

Fig. 1(a)-(d) depicts projections of the 4D distribution of electron
bunch parameters relevant for MeV-UED and compact light sources,
which are collected from recent design and experimental studies. The
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subfigures present (a) rms emittance vs charge, (b) rms emittance vs
rms duration, (c) rms duration vs charge, (d) relative rms energy spread
vs rms duration. The parameters are also summarized in Table 1 along
with additional complementary details. The majority of the results are
achieved with photo guns and by means of shaping electron bunches
in RF structures using velocity bunching methods [5-22], marked with
squares, circles and pentagonal stars, or magnetic compressors [14,
23,24], represented by triangles, and [22] by the black pentagonal
star. The data points generated from our studies are highlighted using
the pentagonal stars [5,22]. Additionally, we denote with diamond
symbols a few results based on laser plasma wakefield acceleration
(LWFA) [25-27], and with asterisks results using optical fields for
bunching [28,29]. To distinguish beam energies below 5 MeV, which
are more suitable for UED, we have left all symbols corresponding to
beam energies above 5 MeV unfilled in Fig. 1. The blue dashed lines
in Fig. 1 indicate the current frontiers of a specific parameter space.
To surpass these frontiers, new approaches are necessary. The red and
blue diamonds [25,27] in Fig. 1(c) demonstrate that techniques such
as LWFA are capable of providing extreme parameters well beyond the
frontier. However, these points are excluded when defining the blue
dashed lines due to the large energy spread, which is unsuitable for
MeV-UED or ICS sources. The red dashed lines indicate the new frontier
enabled by recent studies [5,6] as described further below. The green
fields in Fig. 1 show beam parameter regions suitable for sub-100 fs
single-shot MeV-UED with borders estimated based on Ref. [1].

The definition of the frontiers depicted by the blue dashed lines
in Fig. 1 is discussed in the following. In Fig. 1(a) two separate blue
dashed lines are drawn for small and large charges Q. For 0>1 pC
the slope in the log-log plot is 1/3 (e, ~ Q'/3), while for 0<1
pC the corresponding slope is 1/4 (e, ~ Q'/). The slopes of these
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Fig. 1. Distributions of the state-of-the-art electron bunch parameters appropriate for MeV-UED and compact light sources (e.g. ICS sources). The unfilled symbols mark beam

energies above 5 MeV. The letter ‘s’ or

e’ at the references indicates simulation or experimental results. The red and blue dashed lines represent the present state-of-the-art frontier

(blue dashed line) and the new frontier predicted in our simulations [5] and those of Bartnik et al. [6] (red dashed line). The green dashed line in Fig. 1(b) provides an estimate
of the slope for the blue dashed line, see further in the text. The green fields indicate beam parameter regions optimal for sub-100 fs single-shot MeV-UED.

Table 1

Summary of the state-of-the-art electron bunch parameters suitable for MeV-UED or
compact light sources (e.g. ICS sources). E is electron bunch energy, Q is charge, o, is
rms bunch duration, e, is transverse emittance, SE is relative rms energy spread and
Size denotes the rms transverse electron-beam size. The letter s or e in the Ref. column
indicates simulation or experimental results. In cases of different sizes or emittances in
x and y direction the geometrical mean is given.

Ref. E [MeV] Q [pCl] o, [fs] e, [nm] SE [%] Size [pm]
[51s 33 0.016 1.2 5 0.1 240
[5]s 10 16 55 220 1 14
[61s 4.5 0.016 10 2.6 0.05" 5
[7,8]e 3 0.006 40 342 40°
[9]s 5 0.08 7 7.5 0.3% 560
[101s 35 0.05 4 80 0.09 250
[11]e 35 1 1600 40 400
[12]e 5 9 56 230% 95
[13]e 5 0.02 7 18 2.76% 7.5
[141s 7 1 100 11.7¢ 0.006* 100
[14]s 22.5 0.35 8 10 0.025 0.66
[15]e 4.2 0.0015 90 3.1 0.075 5
[16]e 3.7 0.06 102 18 0.066 86
[171s 5 0.1 60 14 0.033 200
[18]e 3.1 1 100 20° 0.07 250
[19]e 2.5 0.01 55 21° 0.01 300
[20,21]e 3.4 0.048 15 130* 0.15% 170
[22]s 22.4 16 26 500 0.25 5
[22]s 21.1 16 1067 70 0.54 10
[22]s 26 16 9 680 0.5 3.8
[23]s 5 50 166 930 0.93 30
[23]s 22 200 128 370 1.38 32
[241s 10 10 70 860 0.5° 250
[251s 5.8 2.55 0.21 38 12.3 0.065
[26]s 5 0.0012 2 27 0.3 170
[271s 25 5.2 0.3 80 1.1
[28]s 2.1 1 45 130 11 35
[291s 4.6 0.0036 33 13 0.1* 1

2 Values were not given directly in the referenced study but have been estimated by
us from other parameters.

lines are set according to the theoretical predictions, elaborated in the
Appendix, assuming two limiting regimes of the photoemission from
the cathode (1) space-charge limited emission (for high bunch charge),
(2) photoemission-limited emission (for low bunch charge). The slope
of the blue dashed line in Fig. 1(b) is estimated from the slope of the
green dashed line, which intersects two data points (green and blue
pentagonal stars) representing similar compression schemes and equal
charge. The empirical dependence of the emittance on rms duration o,
turned out to be e, ~ o !. With smaller charges such a line is expected
to shift towards smaller emittance and bunch duration. One can observe
that the blue dashed line approximately matches the frontier defined by
data points from previous studies corresponding to the lower charge
region, despite a slight variation in charge. In Fig. 1(c) the blue dashed
line defines the frontier for electron bunches appropriate for MeV-UED.
For such electron beams the thermal normalized emittance from the
cathode is typically well conserved and therefore these data points
can be distinguished from the rest. As one can see from Fig. 1(c) the
empirical dependence of the rms duration on charge is 6, ~ Q. The
blue dashed line in Fig. 1(d) shows the present frontier with respect to
the relative energy spread 6 E and rms bunch duration o,. For electron
bunches of equal kinetic energy the frontier can be represented by a
straight line with negative slope (§E ~ o7!) corresponding to a constant
longitudinal phase space. Hence, the blue dashed line is drawn through
the data points with similar kinetic energy and has a slope of —1.

The red dashed lines represent the emergence of new frontiers
enabled by the findings of Ref. [6], marked with the red filled square
[see Fig. 1(a)], and our results [5], denoted with the red pentagonal
star [Fig. 1(b),(d)]. It should be noted that our results represented
by the red pentagonal star [5] and those by Bartnik et al. [6] were
achieved using the same bunch charge of 16 fC, and by applying a
similar approach to bunch shaping. This approach combines the half-
wavelength velocity bunching, as first described in [5], with ballistic
bunching. However, in Ref. [5] we performed simulations with the
intrinsic emittance of the metallic photocathode corresponding to the
theoretical mean transverse energy (MTE) of 86 meV [30], while the
authors of Ref. [6] used MTE = 35 meV, assuming near threshold
illumination of alkali antimonide photocathodes. The smaller MTE
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reduced the emittance by a factor of two and enabled surpassing the
frontier [see Fig. 1(a)]. By examination of Fig. 1 one observes that
the red-filled square and red pentagonal star consistently lie inside the
desired green region for single-shot MeV-UED applications and push the
frontiers of the parameter space represented by the individual plots. It
is also worth noting that the results associated with the red pentagonal
star significantly advances single-shot UED into the sub-fs timescale
region (with an rms bunch duration of 1.2 fs, and FWHM <0.3 fs [5]).
We can conclude that a decreased MTE of photocathodes [6] and the use
of half-wavelength velocity bunching combined with ballistic bunching [5,6]
allows pushing the existing frontiers.

The green unfilled star indicates results using a similar compression
scheme [5] but with a factor of 1000 times higher charge. These
bunches are therefore better suited for ICS sources, which have reduced
demands on emittance but require a relatively high charge compared
to MeV-UED for maximizing photon flux. To provide new 16 pC bunch
parameters, the simulations have also been expanded (blue, purple,
and black unfilled stars). The half-wavelength velocity bunching [5]
was applied to obtain the results denoted by the blue unfilled star,
while the purple unfilled star corresponds to minimal emittance growth
without applying any longitudinal compression. Fig. 1(a) shows that
the purple unfilled star is located at the frontier with respect to bunch
emittance and Fig. 1(c) reveals the competitive bunch duration asso-
ciated with the blue unfilled star. The black unfilled star corresponds
to the maximal longitudinal compression using magnetic-chicane com-
pression optimized for ICS sources. Details of the chicane scheme can
be found in Ref. [31]. The black unfilled star displays further reduction
of the bunch duration for 16 pC charge [see Fig. 1(c)] and demonstrates
that our chicane-compressed bunch opens the door to sub-10 fs X-ray
pulses via ICS with almost two orders of magnitude higher charge than
previously obtained with the emittance exchanger [14].

CRediT authorship contribution statement

Peter Salén: Writing — review & editing, Writing — original draft,
Validation, Methodology, Investigation, Formal analysis. Anatoliy
Opanasenko: Writing - review & editing, Writing - original
draft, Visualization, Validation, Methodology, Investigation, Formal
analysis. Giovanni Perosa: Writing — review & editing, Validation,
Methodology, Formal analysis. Vitaliy Goryashko: Writing — review
& editing, Validation, Supervision, Methodology, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: Anatoliy Opanasenko reports financial support was
provided by MSCA4Ukraine Consortium, funded by the European
Union. Vitaliy Goryashko reports financial support was provided
by Swedish Research Council. If there are other authors, they
declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgments

This work has received funding in part from Swedish Research
Council (Vetenskapsrdadet, 2022-03983) (acknowledged by VG), and
through the MSCA4Ukraine project 1232628, which is funded by the
European Union (acknowledged by AO). Views and opinions expressed
are however those of the author only and do not necessarily reflect
those of the European Union. Neither the European Union nor the
MSCA4Ukraine Consortium as a whole nor any individual member
institutions of the MSCA4Ukraine Consortium can be held responsible
for them.

Ultramicroscopy 268 (2025) 114080
Appendix

The transverse emittance of an electron beam depends on the intrin-
sic (or thermal) emittance, the beam optics aberrations, space-charge-
dominated emittance and emittance growth compensation methods
[32-35]. The blue dashed lines in Fig. 1(a) represent a hard fron-
tier, therefore they are determined by the initial intrinsic emittance
assuming its conservation. In the log-log plot, the ideal hard fron-
tier should correspond to a family of slopes depending on the limit-
ing emission regime. Below, we exemplify two emission regimes: (1)
space-charge limited emission (usually high bunch charge) and (2)
photoemission-limited regime (often low bunch charge).

() Space-charge limited emission for short bunches

For short (pancake) bunches, the Child-Langmuir limit at the cath-
ode reads

o

E —,
eomr?

acc = (1)

(where Q is the bunch charge, r. is the beam radius, E,. is the
external electric field at the photocathode). The maximal charge of a
short bunch can be obtained [36,37]

3
\/E EEacc rC 2
Tlaser»

0=14 8 | me2 2)

where 1, is the Alphen,s current, 7, is the laser pulse duration on
the photocathode. Substituting (1) into (2) we can get
Vi e o
2 e 03
r. = |:IATT[aSer:| mﬁ—eo (3)
On the other hand, the thermal rms transverse normalized emittance
of an emitted electron bunch is given by [38]

re |[MTE
=< , 4
£ = " ()]

where MTE is the mean transverse energy. Substituting (3) into (4) we
obtain

2
3
SX:Q;;[,VE ] MTE -

A~ Tlas
2zmcle g laser me?

(ID) Laser pulse energy-limited emission
Consider again a short bunch but with a weak space-charge field
such that

5 <Egee- (6)
EGTTF,

In this case, the bunch charge is defined by the energy of the laser
pulse W, and the quantum efficiency of the photocathode QE

W/IGSEF
O=e——0QE, (7)
hw
where the quantum efficiency is given by [38]
QE ~n[MTEYT. (®)

Substituting (8) into (7) we obtain
1
w, 7
o} = [_ ,,] VMTE. ©
ho
Taking into account (4) in the last Eq. (9), we can get the emittance

as a function of charge in the case of laser pulse energy-limited emission

1
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