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Longitudinal emittance improvement at an x-ray free-electron
laser by shortening the injector laser pulse duration
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The performance of x-ray free-electron lasers (XFELs) strongly depends on the longitudinal emittance of
the electron beam. We show that by reducing the injector drive laser pulse duration, the electron beam peak
current can be increased by a factor of 2 or more, resulting in a significant improvement in longitudinal
emittance. Comprehensive simulations and measurements carried out at SwissFEL confirm the expected
trade-off of moderately higher transverse emittance. This simple approach can be readily adapted to other

XFEL facilities.
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I. INTRODUCTION

X-ray free-electron lasers (XFELs) are advanced light
sources that produce high-power x-ray pulses of femto-
second duration [1-3]. Their unique properties enable
transformative research in multiple scientific disciplines
such as structural biology, ultrafast chemistry, and quantum
materials. The XFEL pulses are generated by a multi-
gigaelectronvolt (GeV) and high-brilliance electron beams
traversing a long undulator.

The performance of an XFEL is fundamentally deter-
mined by the quality of the electron beam, often charac-
terized by its six-dimensional (6D) brightness or brilliance,
which quantifies the charge density in full phase space and
can be defined as [4]:

-2 (1)
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where Q is the electron bunch charge, ¢, , and ¢, , are the
normalized transverse emittances in the horizontal and
vertical planes, respectively, and ¢, is the longitudinal
emittance. The latter can be expressed as
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where c is the speed of light, o represents the uncorrelated or
intrinsic energy spread of the electrons, / is the peak current
of the electron beam, and m, ¢ is the rest-mass energy of an
electron (0.511 MeV). The above two equations emphasize
the need for electron beams with low transverse and
longitudinal emittance, the latter corresponding to high peak
currents and low- energy-spread values.

Standard XFEL facilities employ radiofrequency (rf)
photoinjectors [5,6], in which the electrons are produced
via the photoelectric effect by a laser impinging on a
photocathode located in an rf gun. The electron beams have
low transverse emittance (typically below 1 pm), durations
of a few picoseconds and energies of several MeV. After the
rf photoinjector, the electron beams are accelerated to
several GeV and compressed to the femtosecond level in
the linac section, which consists of rf accelerating cavities
and magnetic bunch compressors.

This work focuses on improving the longitudinal emit-
tance at XFELs by increasing the peak current of the electron
beam at the injector. We propose to increase the initial peak
current mostly by shortening the laser pulse at the photo-
injector but also by operating off-crest in the gun to enable
velocity bunching [7]. The transverse laser size needs to be
increased to compensate for the stronger longitudinal space-
charge forces, which can elongate the electron bunch,
resulting in larger transverse emittance. For efficient FEL
amplification, (¢, /y) < (4/(4x) [8], where e, = | /&, €, is
the transverse emittance averaged over the horizontal and
vertical directions, y is the Lorentz factor of the electron
beam, and 4 is the FEL radiation wavelength. According to
this condition, in general, the degradation in transverse
emittance will have less of an impact on soft x-rays, i.e.,
longer wavelengths.

Published by the American Physical Society
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From Eq. (2), the reduction in longitudinal emittance
should in principle be linearly proportional to the increase
in peak current / (assuming that the electrons’ energy
spread stays the same and the bunch charge is constant).
However, the energy spread of the electron beam can be
increased to a greater extent in the high peak current regime
by effects like longitudinal space charge, intrabeam scatter-
ing (IBS) [9,10], and microbunching [11-14]. Assuming
that the energy spread before compression is dominated by
IBS (as found in Ref. [15] for uncompressed bunches up to
20 A with magnetic chicanes set straight), it scales as

op & 12,34, 3)

Therefore, the actual reduction in longitudinal emittance
would be proportional to the square root of the increase in
peak current and further improved due to the degradation in
transverse emittance. Once the electron beam is com-
pressed, the effective increase due to IBS is significantly
reduced: the energy spread increases linearly with the
compression factor, whereas the growth rate increases only
with the square root of the compression factor.

Reducing the longitudinal emittance corresponds, for the
same final peak current, to a reduced energy spread of the
electron beam. This has several benefits: in externally
seeded FEL schemes [16-19], low-energy- spread values
imply reduced seed-laser powers and give access to shorter
wavelengths (the larger the initial energy spread, the higher
the seed-laser power to achieve a certain relative energy
modulation and the higher the final energy spread, which
limits the shortest achievable wavelength); electron beams
with reduced energy spread are shorter when fully com-
pressed [20] and, conversely, electron beams can be com-
pressed more while maintaining the same final energy
spread; the efficiency of the optical klystron effect to reduce
the FEL saturation length is improved for electron beams
with reduced energy spread [21,22]; lower-energy- spread
values improve the performance of coherence-enhancement
FEL modes that delay the electron beam with respect to the
radiation using magnetic chicanes in the undulator [23,24],
since stronger delays can be applied without overbunching
the beam [25]. Increasing the initial peak current implies
less compression to achieve the same final peak current.
This has the additional advantage that the robustness
against rf jitters is improved: the rf stations used to induce
the energy chirp for compression operate more closely to
on-crest acceleration in this case, resulting in more stable
conditions and higher energy efficiency.

The following work was carried out at SwissFEL, the
XFEL facility in Switzerland [26,27]. We present simu-
lations and experimental results that demonstrate the
validity of the proposed method. For the standard bunch
charge of 200 pC, we show that the peak current can be
increased from about 20 A to more than 50 A by reducing
the gun laser pulse duration from 3.3 to 1.4 ps (rms values)

in combination with velocity bunching. We demonstrate
that the peak current can be doubled to about 40 A while
keeping the increase in transverse emittance at a reasonable
level (experimentally from 235 to 340 nm). The energy
spread is measured to be about 5 keV for the standard 20 A
case, and to be about 7 keV for the 40 A configuration,
corresponding to a longitudinal emittance improvement of
about 40%. The method is easy to implement and therefore
may benefit other XFEL facilities in cases where the
longitudinal emittance is important and the degradation
in the transverse emittance has an acceptable impact on the
performance. At SwissFEL, this approach has already been
used to improve the generation of short pulses with a low-
charge electron beam [28].

In Sec. II, we describe the SwissFEL injector and our
measurement techniques, Sec. III covers simulation and
experimental results, and discussion and conclusion follow
in Sec. IV.

II. SWISSFEL INJECTOR AND ELECTRON BEAM
CHARACTERIZATION

SwissFEL [26] is the XFEL facility at the Paul Scherrer
Institute (PSI) in Villigen, Switzerland. It includes two
parallel branches: the hard x-ray beamline, Aramis, oper-
ating in the wavelength range of 0.1 to 0.7 nm; and the soft
x-ray beamline, Athos, covering wavelengths from 0.65 to
5.0 nm [27]. In standard mode, SwissFEL operates with
electron beam charges of 200 pC, but for the generation of
short pulses, bunches of 10 pC charge are used [29,30].

A sketch of the SwissFEL injector is shown in Fig. 1. A
Yb:CaF, laser produces the electron beams via the photo-
electric effect in a cesium telluride cathode deposited on
copper. The nominal longitudinal distribution of the laser
has a Gaussian shape with an rms duration of 3.3 ps for
200 pC bunch charge and 1.4 ps for 10 pC. The transverse
laser profile has a truncated Gaussian shape, the size of
which can be controlled with a variable iris. An S-band
(3 GHz) photoelectron rf gun accelerates the electrons to an
energy of 7.1 MeV. The generated electron beams have a
peak current of about 20 A for the standard bunch charge of
200 pC, and of about 3 A for the 10 pC operation. A
solenoid magnet at the gun is employed to optimize the
transverse emittance of the electron beam by compensating
for the space-charge forces [31]. A dipole magnet and a
two-dimensional transverse profile monitor placed 3 m
after the gun allow us to measure the energy and projected
energy spread of the generated electron bunch.

The electron beam is accelerated to approximately
300 MeV by four S-band rf accelerating stations (corre-
sponding to six accelerating structures). A laser heater [32],
located between the second and third S-band stations, can
be used to increase the uncorrelated energy spread of the
beam, but is typically turned off, because it has proven
ineffective for standard SwissFEL operation. It was also
turned off during our studies. As in normal operation, the
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FIG. 1.

magnetic chicane associated with the laser heater was kept
to a relatively low magnetic field to minimize an increase in
the electron beam’s energy spread due to microbunching
effects that depend on the longitudinal dispersion of the
chicane [15]. An X-band rf station is used to linearize the
longitudinal phase space of the electrons. The bunch
compressor, a magnetic chicane consisting of four dipole
magnets, typically compresses the electron beam by
approximately a factor of 10. Since the focus of the injector
measurements presented here is on the peak current and
energy spread of uncompressed beams, the injector is
operated at or near on-crest acceleration, and the dipole
magnets are set to zero current to avoid compression in the
chicane, unless otherwise noted. Moreover, operating the
bunch compression chicane straight without longitudinal
dispersion minimizes any increase in energy spread due to
microbunching.

An S-band rf transverse-deflecting structure (TDS) with
aresolution of about 10 fs [33] is used to streak the electron
beam after the bunch compressor. This allows us to
measure the current profile of the electron beam, and thus
its peak current, using a profile monitor after the TDS. It
also allows measurement of the longitudinal phase space
(LPS) of the electron beam (energy and energy spread
along time) when using the profile monitor at a location
with transverse dispersion at the injector dump, which is
placed further downstream after the first part of the C-band
linac of SwissFEL. The uncorrelated energy spread of the
electron beam is obtained from the LPS as the energy
spread at the core slice of the beam with the highest peak
current.

We typically take five to ten shot-to-shot measurements
for the determination of current profile and slice energy
spread. The error bars given on peak current and energy
spread correspond to statistical uncertainties across the
measurement shots.

The TDS increases the energy spread of the electron
beam. We reconstruct the true energy spread of the electron
beam (and the TDS contribution) by measuring the slice
energy spread for different TDS voltages, as done, for
instance, in Ref. [15]. The measurements presented here
were not significantly affected by other contributions such

Dump

Schematic layout of the SwissFEL injector (not to scale). See text for more details.

as profile monitor resolution or the natural beam size of the
electron beam; thus, scanning the beam energy to decon-
volve those contributions (as done previously in SwissFEL
[15,34]) was not required. In particular, we empirically
minimized the measured slice beam size by slightly
modifying the magnetic strength of a quadrupole magnet
that changes the natural beam size but not the dispersion at
the measurement location, thereby ensuring that the mea-
sured value was dominated by energy spread and not optics.

An X-band TDS with subfemtosecond resolution [35] is
used to perform peak current and LPS measurements after
the Athos undulator. At this location, the energy spread of
the electron beam is reconstructed from the optical klystron
effect (see Ref. [36] and references therein) by measuring
the radiation pulse energy produced in the undulator as a
function of the longitudinal dispersion Rss of a magnetic
chicane placed in the middle of the undulator. The pulse
energy is measured with a gas monitor [37]. We obtain the
relative energy spread as

GE_ A

E  2zR%’

“

where R3, is the optimum longitudinal dispersion of the
chicane giving the maximum radiation power (this sim-
plified approach is sufficient for our relatively low-energy-
spread values, and the more refined but complicated
methods presented in Ref. [38] are not necessary). The
optical klystron method offers better resolution than the
LPS approach and is required to measure the relatively low-
energy-spread values at the undulator, where the beam
energy is more than 3 GeV, which is much higher than in
the injector.

The transverse emittance of the electron beam can be
measured at several locations along SwissFEL. For the
results presented here, we measure the projected emittance
after the laser heater area using the symmetric single-
quadrupole-magnet scan technique [39]. The transverse
beam sizes for the different optics are obtained from
Gaussian fits to the projections of the transverse distribu-
tion onto the horizontal and vertical planes. Whenever we
quote a single value for emittance, it corresponds to the
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geometric average between the horizontal and vertical
emittance. The measurement uncertainties are calculated
by error propagation of the statistical beam-size variations.
We assume a minimum beam-size error of 5% and add
shot-to-shot measurement errors in quadrature.

III. RESULTS

A. Simulation and experimental parameters

Our simulation and experimental studies were performed
for the standard bunch charge of 200 pC. We limit ourselves
to two different gun laser rms pulse durations: the standard
duration of 3.3 ps and a shorter pulse duration of 1.4 ps,
which is available as a presetting of the laser system. These
two pulse durations correspond to peak currents at the
cathode of 24.2 and 57.0 A, respectively, if we assume
perfect Gaussian longitudinal beam distributions and dis-
regard effects from space charge or velocity bunching.

For each of the two pulse durations, we performed
systematic scans of three parameters, which together deter-
mine the final electron beam brightness: (i) Magnetic field
strength of the gun solenoid: The solenoid field is varied to
minimize the projected normalized transverse emittance for
the different configurations. (ii) Transverse beam size of the
gun laser: This parameter must be increased when operating
with shorter pulses to compensate for the elongation of the
electron bunch due to stronger longitudinal space-charge
forces and effectively achieve higher peak currents.
However, an increase in the transverse size implies an
increase in transverse thermal emittance. During measure-
ments, the transverse beam size of the laser is changed by
modifying the laser iris size. To measure the transverse beam
size, a part of the laser beam is reflected from before entering
the rf photoinjector and sent to a profile monitor located at a
distance equivalent to that to the cathode. (iii) Gun rf phase:
The reference or zero gun rf phase is defined as the one that
gives the minimum projected energy spread at the measure-
ment location 3 m after the cathode. Operation with negative
phases induces a stronger energy chirp in the electron beam,
which leads to shorter electron bunches and thus higher peak
currents due to velocity bunching, but generally also leads to
an increase in transverse emittance. This is because a stronger
variation in energy does not allow the solenoid field to focus
all slices the same way, causing an optics mismatch along the
bunch and thus an increase in transverse emittance. Going
off-crest in rf acceleration phase reduces the rf energy gain,
which in principle can be compensated by the rf gradient (for
instance, 15° off-crest acceleration corresponds to 3.4%
energy reduction). For both the standard and short laser
pulse duration, the reference phase is measured or simulated
for the standard transverse laser beam size and then kept
constant for the other conditions. An exception are the
measurements with the short-pulse duration, for which the
reference phase was remeasured when changing to some of
the transverse laser beam sizes (the change was typically only
a few degrees).

Moreover, for the case of the short-pulse configuration,
the phase and the solenoid field of the first S-band
accelerating structure were fine-tuned to achieve the best
performance.

Our objective was to use the short laser pulse to achieve a
peak current of at least 40 A while minimizing the
degradation in transverse emittance.

B. Simulation results

We performed three-dimensional space-charge simula-
tions using the ASTRA code [40]. We tracked 20,000
macroparticles per configuration to ensure statistically
reliable results without excessive computational effort.
The beams were simulated up to the exit of the second
S-band accelerating station at the injector, corresponding to
adistance of 13 m from the gun. At this location, the electron
beam’s energy is around 150 MeV, such that space-charge
effects are no longer significant for the transverse emittance.
Since the current version of ASTRA does not consider IBS or
microbunching effects, we focus on the peak current and
transverse emittance values. For the transverse emittance, we
give values corresponding to the central 90% of the trans-
verse electron beam distribution (the 10% cut is applied to the
transverse offset of the electrons).

The reference case with 200 pC corresponds to an rms
laser pulse duration of 3.3 ps and an rms transverse beam
size of 140 pm. This gives a peak current of 20.0 A and a
transverse emittance of 207 nm. Figure 2 shows how the
peak current changes when varying the transverse beam
size from 110 to 300 pm (for the reference gun rf phase)
and the gun rf phase between —15° and 5° (for a fixed
transverse size of 200 pm). For each configuration, the gun
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FIG. 2. Simulated peak current as a function of the transverse
laser beam size (for zero gun rf phase) and as a function of the gun
1f phase (for a fixed transverse laser beam size of 200 pm) for the
standard configuration.
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solenoid was readjusted to optimize the transverse emit-
tance. We observe that the peak current increases with
beam size, with a greater rate of increase for smaller spot
sizes. This is expected since longitudinal space-charge
forces that elongate the electron beam (and reduce its peak
current) are reduced for larger transverse laser beam sizes.
The peak current of the electron beam grows from 16.6 to
24.1 A (practically the maximum achievable value at the
cathode) when enlarging the transverse beam size from 110
to 300 pm. We also see an increase of the peak current via
velocity bunching when reducing the gun rf phase. For a
fixed transverse beam size of 200 pm, the peak current
increases from 20.7 to 30.4 A when the gun rf phase is
adjusted downwards from +5° to —15°. This shows that with
velocity bunching, we can achieve higher peak currents
after the injector (30.4 A) than what can be generated
directly at the cathode (24.2 A).

The optimum setting in terms of five-dimensional (5D)
brightness (proportional to 1/(e, ., ,)) corresponds to the
reference configuration. Nevertheless, with regard to the
longitudinal emittance, even for the standard gun laser
pulse duration, it would be possible to increase the peak
current of the electron beam, albeit by sacrificing transverse
emittance and overall 5D brightness. For instance, we could
achieve a 25% increase of peak current (from 20 to 25 A) at
the expense of increasing the transverse emittance from 207
to 393 nm by increasing the transverse beam size from 140
to 200 pm and reducing the gun rf phase by 5° with respect
to the reference phase.

We then considered a reduced laser pulse duration of
1.4 ps. Similar to the standard case, Fig. 3 exhibits the
dependence of the peak current of the electrons on the
transverse beam size (for zero gun rf phase) and on the gun
rf phase (for a beam size of 300 pm). As with the standard
laser pulse duration, the gun solenoid was readjusted to
optimize the transverse emittance for each point. We
observe an increase in the peak current with larger beam
sizes and reduced gun rf phases, as with the standard gun
laser pulse duration. However, significantly higher peak
current values can now be achieved. The peak current
increases from 31.7 to 47.6 A when enlarging the transverse
laser beam size from 150 to 400 pm (at zero gun rf phase).
For a 300 pm transverse laser beam size, the peak current
can be increased to 57.5 A with velocity bunching by
reducing the gun rf phase by 15° with respect to the
reference phase.

Finally, we performed a systematic optimization of the
transverse laser beam size, the gun solenoid, and the gun rf
phase, with the goal of achieving the best transverse
emittance for a peak current of at least 40 A. The optimum
is achieved close to the reference gun rf phase with a
transverse laser beam size of 220 pm and results in a peak
current of 40.2 A and a transverse emittance of 349 nm.

The simulations, which include space charge but no IBS
or microbunching effects, show a slice energy spread at the
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FIG. 3. Simulated peak current as a function of the transverse

laser beam size (for zero gun rf phase) and as a function of the gun
rf phase (for a fixed transverse laser beam size of 300 pm) for the
short-pulse configuration.

bunch core of 0.87 keV for the standard configuration and
1.6 keV for the short laser pulse configuration. Although
the energy spread is significantly larger for the short-pulse
case, it remains well below the expected contribution from
IBS and microbunching, which is estimated to be about
5 keV or higher.

C. Experimental results

The reference case for the standard pulse duration
corresponds to a transverse laser beam size of around
180 pm and zero gun rf phase. This typically results in
electron beams with peak currents of around 20 A and
transverse emittances between 200 and 250 nm. In the
measurement shown here, we obtain 19.4 +0.1 A and
235 £ 9 pm. The experimental transverse laser beam size
for the reference case (180 pm) is 25%—-30% larger than in
simulations (140 pm). The difference could be due to a
suboptimal setup of the transverse beam-size measurement,
leading to measured values higher than the real ones.

In line with the simulations, we measured how the peak
current changes as a function of the transverse beam size of
the laser and the gun rf phase, for the standard and short
laser pulse configurations. The results are shown in Figs. 4
and 5 for the standard and short laser pulse cases,
respectively. For the standard laser pulse duration, the
emittance was optimized in all cases using the gun
solenoid. For the short-pulse case, the reference gun rf
phase was remeasured for some of the different transverse
laser sizes, and the solenoid was readjusted only for the
largest sizes to improve the electron beam quality.

The results displayed in Figs. 4 and 5 empirically
confirm the findings of the simulations. In both cases,
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FIG. 4. Measured peak current as a function of the transverse

laser beam size (for zero gun rf phase) and as a function of the gun

rf phase (for a fixed transverse laser beam size of 217 pm) for the
standard configuration.

the peak current increases with the transverse laser beam
size and with reduced gun rf phase. Moreover, much larger
peak currents can be achieved in the short laser pulse case.
The measured and simulated curves show good qualitative
agreement. However, as previously mentioned for the
reference configuration, a better quantitative match is only
achieved by reducing the measured transverse laser beam
sizes.
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FIG. 5. Measured peak current as a function of the transverse

laser beam size (for zero gun rf phase) and as a function of the gun
rf phase (for a fixed transverse laser beam size of 330 pm) for the
short laser pulse configuration.

For the standard pulse duration, the peak current can be
enhanced from 16.5 + 0.1 to 22.1 £ 0.1 A when increasing
the transverse laser beam size from 137 to 260 pm, and to
26.5 £ 0.1 A when reducing the gun rf phase by 10° with a
transverse laser beam size of 217 pm. A systematic
optimization of the transverse beam size of the laser, the
gun rf phase, and the solenoid field gave the best 5D
brightness for zero gun rf phase and for a transverse laser
beam size of 217 pm (smaller transverse laser beam sizes
resulted in equivalent 5D brightness). This means that the
peak current can be increased by about 30% (from 16.5 to
21.3 A) by increasing the transverse laser beam size while
maintaining equivalent 5D brightness. Further increases in
peak current are possible but would result in a deterioration
of the 5D brightness. For instance, a transverse laser beam
size of 217 pm and a 5° reduction in the gun rf phase would
give a peak current of 23.0£0.1 A and a transverse
emittance of 273 £ 11 nm.

For the short-pulse configuration, the peak current
increases from 24.6 0.1 A for 182 pm transverse laser
beam size to 45.1 4+ 0.4 A for 363 pm size, and from about
40.4+£0.2 to 53.9+£0.3 A when the gun rf phase is
reduced by 10° (for a size of 330 pm). We optimized
the gun solenoid, the gun rf phase, and the transverse laser
beam size to obtain the best emittance for a peak current of
at least 40 A. The outcome is a transverse laser beam size of
276 pm and a gun rf phase of about —5°, resulting in a final
peak current of 43.0 0.4 A, and a measured projected
emittance of 337 4= 14 nm. These values are equivalent
(within a few percent) to the simulated values (40.2 A,
349 nm). Nevertheless, also here, we observe that the
optimal transverse laser beam size (276 pm) is significantly
larger than the simulated one (220 pm). Figure 6 shows a
single-shot current profile measurement for the standard
and optimized short-pulse configurations (other shots show
very similar behavior).

We measured the electron beam energy spread for the
reference configuration (standard laser pulse duration,
transverse beam size of 180 pm, reference gun rf phase),
and for the optimized 5D-brightness case for the short laser
pulse. For the standard case, with a peak current of 19.4 A,
the energy spread was measured for a bunch compressed by
a factor of 10.6 to 205 A peak current. It is easier to
measure the larger energy spread values for compressed
bunches. The energy spread was measured to be
53.2 + 0.4 keV, corresponding to an energy spread of
4.9 keV before compression (assuming preservation of
the longitudinal emittance during compression) and after
scaling with the distance from the bunch compressor to the
screen to consider IBS effects (without this scaling, the
energy spread would be 5.0 keV). This value is consistent
with what we reported in Ref. [15]: 5.9 keV for 19 A,
corresponding to 4.5 keV when scaled with the distance
from the measurement location to the bunch compressor to
account for IBS effects.
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FIG. 6. Single-shot current profile measurement for standard
and short-pulse configurations.

Figure 7 illustrates a measurement of the slice energy
spread at the beam core as a function of the TDS voltage for
the short-pulse mode. The measurement shown was per-
formed for the uncompressed case. The reconstructed
energy spread of the electron beam is 9.3 £0.3 keV,
which corresponds to 7.0 0.2 keV after scaling with
the distance to the bunch compressor to account for IBS.
We may compare this value to what we would obtain by
scaling the energy spread measured for the standard
configuration adjusting for the higher peak current and
transverse emittance of the short-pulse mode according to
Eq. (3), ie., 4.9 keV x(43.0/19.4)'/2(337/235)73/% =
5.6 keV. This is qualitatively consistent with our measure-
ments, in the sense that we see an increase in energy spread
for the high-peak-current case (from 4.9 to 5.6 keV), but
significantly lower than the measured value (7.0 keV).
Space-charge effects account for only a minimal part of this
discrepancy. When including such effects based on our
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FIG. 7. Energy spread measurement as a function of the TDS
voltage for the short-pulse case. See text for more details.

ASTRA simulation results (0.87 keV for the standard case
and 1.6 keV for the short-pulse configuration), the scaled
energy spread for the short-pulse case would be 5.8 keV.
This value is still significantly lower than the measured
7 keV. The remaining discrepancy may be attributed to
microbunching effects, which are more pronounced at high
peak currents.

To summarize, our measurements at the injector show
that, by reducing the laser pulse duration from 3.3 to 1.4 ps,
the peak current can be enhanced by more than a factor of 2
(from 19.4 to 43.0 A), with the longitudinal emittance
improved by approximately 40% (from 4.9 keV/19.4 A to
7.0 keV/43.0 A). The transverse emittance deteriorates (in
each plane) by less than 50%, corresponding to an overall
degradation in 6D brightness of only about 30%. Table I
lists the most important simulated and measured parameters
of the electron beam at the injector.

Furthermore, longitudinal emittance measurements were
performed at the Athos undulator section for the two
configurations on separate measurement shifts. The elec-
tron peak current was measured with the X-band TDS,
registering 382 =9 A and 450 4+ 9 A for the standard and
short-pulse configurations, respectively. These peak current
levels are sufficient to produce FEL radiation for the long
wavelength range of Athos (e.g., for 4 of around 3 nm or
longer). The energy spread of the electron beam was
reconstructed from the optical klystron effect. The optical
klystron scans are displayed in Fig. 8. The FEL pulse
energy was measured with a gas monitor. We were forced to
employ the fast, uncalibrated signal for the standard
configuration due to time constraints, which resulted in
larger error bars, while the more accurate, slow, calibrated
signal was used for the short-pulse case. The electron beam
energy was 3.17 GeV and the radiation wavelength was
3.80 nm (3.48 nm) for the standard (short-pulse) configu-
ration. The optimum longitudinal dispersion R5, obtained
from a second-order polynomial fit around the maximum
radiation value, is found to be 13.6 & 1.5 pm and 18.3 +
1.8 pm for the standard case and the short-pulse case,
respectively. This yields, based on Eq. (4), energy spread
values of 140 £ 15 keV (standard case) and 96 + 10 keV
(short-pulse case). These measured parameters show two

TABLE I. Summary of simulated and measured electron beam
parameters at the injector for the standard and short-pulse
configurations.

Simulation Standard Short pulse
Transverse emittance (nm) 207 349
Peak current (A) 20.0 40.2
Measurement Standard Short pulse
Transverse emittance (nm) 235+9 337+ 14
Peak current (A) 19.4 0.1 43.01+0.4
Energy spread (keV) 4.9 +0.04 7.0+0.2
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FIG. 8. Optical klystron scans to determine the energy spread of

the electron beam at the Athos undulator. See text for more
details.

key findings. First, the longitudinal emittance improve-
ments of about 40% are preserved from the injector to the
Athos undulator, as demonstrated by the concurrent tran-
sition from 140 keV/382 A to 96 keV/450 A. Second, there
is a comparable degradation of the longitudinal emittance
from the injector to the undulator for both cases (of about
40% for the standard configuration and of about 30% for
the short-pulse case). This degradation is likely due to
collective effects such as IBS and microbunching.

IV. CONCLUSION

To conclude, we have shown in both simulations and
experiments that the peak current of the electron beam at
the SwissFEL injector can be increased by more than a
factor of 2 by shortening the gun laser pulse, while
maintaining the degradation in transverse emittance at a
reasonable level (about 50% increase in the measurements).
Our experimental studies show that this leads to a reduction
in the longitudinal emittance of about 40%. This method
has already been employed at SwissFEL to enhance the
generation of short hard x-ray FEL pulses with low-charge
electron bunches [28] in terms of a significantly higher
percentage of single spikes (for that case, we used the
shortest gun laser pulse of only 0.36 ps duration). The
demonstrated ability to tailor the electron beam for optimal
longitudinal emittance constitutes a new operational path-
way, unlocking enhanced performance for specialized
applications, including seeding and generating ultrashort
pulses, despite the trade-off in overall 6D brightness.

The proposed approach is straightforward and can be
easily implemented in other XFEL facilities. The method
can be particularly useful for those facilities interested
in external seeding, such as the future SHINE [41], or
in producing ultrashort pulses, such as the European
XFEL [42].

Future work at SwissFEL may include optimizing the
laser pulse duration and the electron bunch charge for best
performance of the presented approach. Moreover, future
efforts to further reduce the longitudinal emittance without
compromising the 6D brightness may include hardware
modifications such as a new rf gun, a bunching cavity
between the rf gun and the first accelerating structure,
or reducing the distance from the rf gun to the first bunch
COMPIessor.
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