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femtoseconds, respectively, i.e., the characteristic time- and
space-dimensions of the electron pulses themselves.
While over the last decade, several high-resolution

diagnostic techniques have been developed and success-
fully applied for the accelerating structure in the plasma
(the wakefield)16–21, only a few diagnostic tools exist that
can detect the electron pulses and measure their para-
meters and their evolution with sufficient resolution in
the plasma itself9. In their recent paper “Femtosecond
electron microscopy of relativistic electron bunches”,
Yang Wan and co-workers from the Weizmann Institute
of Science in Rehovot, Israel, have successfully applied a
novel diagnostic technique, which is capable of measuring
several critical parameters of the electron pulses gener-
ated in a laser-wakefield accelerator in the plasma itself,
both in a non-invasive manner and in a single shot22. This
diagnostic can be used to measure the wakefield but—
more importantly—also the accelerated electron pulse
from a first laser-wakefield accelerator (driven by the
pump pulse) and derive several parameters, which have
not been accessible so far. For the measurement of these
electron pulse parameters, a second relativistic electron
pulse, generated from a second laser-wakefield accel-
erator, which was driven by a second, synchronized laser
pulse, is applied (see Fig. 1, top).

This second electron pulse (called the probe pulse)
propagates transversely through the interaction region of
the laser-wakefield accelerator driven by the first (the
pump) laser pulse. The acceleration fields generated in
this plasma wave but also the electric and magnetic fields
generated by the electron pulse itself deflect the electrons
in the probe pulse laterally, which—after several cen-
timeters of propagation—leads to intensity variations in
the beam profile of the electron probe beam, which can
then be detected (see Fig. 1, bottom).
While previous experiments, which have used a similar

setup23, have only been able to detect the electric fields
from the plasma wave, the authors of the current paper
have succeeded in measuring the fields from the electron
pulse itself. Analyzing these fields has allowed for a first
direct measurement of the size of the electron pulse in the
plasma and its evolution at the exit of the plasma—both
parameters, which are essential for the further application
of these electron pulses or for their injection into a second
acceleration stage, either in a conventional accelerator or
in a second plasma-based accelerator24. In combination
with existing diagnostic methods, which are sensitive to
plasma-density variations (using optical probe pulses) or
to magnetic fields (employing the Faraday effect in the
plasma), this novel diagnostic tool, which is additionally
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Fig. 1 Principle setup and exemplary results. Top: Principle sketch of the experimental setup for the transverse probing of electric and magnetic
fields in a laser-plasma accelerator and of the accelerated electron pulses with a second, transverse electron probe pulse. Bottom: Electron probe
image of the laser-driven plasma wake (seen on the left in the dashed black region) and of the accelerated electron beam (in the dashed green
region on the right). Both images are adapted from ref. 22
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Unveiling the inner structure of electron pulses
generated from a laser-wakefield accelerator
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Abstract
A novel diagnostic method has been used to gain deeper insight into the transverse structure and its evolution of
electron pulses generated from a laser-wakefield accelerator.

Over the last century, particle accelerators have helped
us to shape our understanding of nature. They are cur-
rently used in a large number of cases for fundamental
science and for various applications. The most funda-
mental discoveries and applications in basic science, e.g.,
the development and the experimental proof of the
standard model of particle physics, culminating in the
discovery of the Higgs Boson (for which the Nobel Prize
in physics was awarded in 2013), or the generation of
ultra-short X-ray pulses for resolving structures and
dynamics on sub-atomic length- and time-scales have
only been possible with state-of-the-art lepton and hadron
accelerators. These accelerators have been developed and
optimized towards their intended applications and they
have been and still are an impressive success story, proven
by numerous discoveries over the last century.
However, most of these accelerators are large in size and

thus are extremely expensive in installation and daily
operation. Therefore, they only can provide limited beam
time and therefore limited access to users. Furthermore,
many current or future applications either call for
advanced particle pulse parameters, e.g., higher kinetic
energies, shorter pulse durations, or higher peak or
average currents, or they would benefit from more com-
pact accelerator installations, which would potentially
allow for less-restricted access to these machines. In any
case, these requirements motivate the ongoing quest for

possible candidates for novel particle accelerator
technologies.
Plasma-based particle accelerators are one of such

potential candidates for the next generation of particle
accelerators. For the acceleration of electrons in such a
plasma-based accelerator, a so-called plasma wave (or the
plasma wakefield)1, which is a periodic plasma-density
structure co-moving with a driving pulse at velocities
close to the speed-of-light, can provide the required
acceleration fields (up to several GV/m) over a sufficiently
long acceleration length (millimeters to several 10’s of
centimeters). As the driver for the wakefield, either high-
power laser pulses2–4 or relativistic electron5 or proton
pulses6 can be used. The generated electron pulses have
kinetic energies up to several GeV7, pulse durations as
short as a few femtoseconds8,9, initial source sizes of
micrometers only10,11, and ultra-low emittances12.
Recently, such electron pulses generated from plasma-
based accelerators have successfully been used to seed
free-electron lasers at different labs worldwide13–15,
proving their huge potential for further applications.
However, the generated electron pulses still suffer from

significant shot-to-shot fluctuations, which makes their
further application much more challenging. For their stabi-
lization, a better understanding of the acceleration process
and a detailed knowledge of the critical experimental para-
meters is essential. While large-scale numerical simulations
can help to describe the interaction and gain insight, in
experiments this can only be achieved by applying well-
adapted diagnostic tools, which need to be able to resolve
space and time structures on the order of micrometers and
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femtoseconds, respectively, i.e., the characteristic time- and
space-dimensions of the electron pulses themselves.
While over the last decade, several high-resolution

diagnostic techniques have been developed and success-
fully applied for the accelerating structure in the plasma
(the wakefield)16–21, only a few diagnostic tools exist that
can detect the electron pulses and measure their para-
meters and their evolution with sufficient resolution in
the plasma itself9. In their recent paper “Femtosecond
electron microscopy of relativistic electron bunches”,
Yang Wan and co-workers from the Weizmann Institute
of Science in Rehovot, Israel, have successfully applied a
novel diagnostic technique, which is capable of measuring
several critical parameters of the electron pulses gener-
ated in a laser-wakefield accelerator in the plasma itself,
both in a non-invasive manner and in a single shot22. This
diagnostic can be used to measure the wakefield but—
more importantly—also the accelerated electron pulse
from a first laser-wakefield accelerator (driven by the
pump pulse) and derive several parameters, which have
not been accessible so far. For the measurement of these
electron pulse parameters, a second relativistic electron
pulse, generated from a second laser-wakefield accel-
erator, which was driven by a second, synchronized laser
pulse, is applied (see Fig. 1, top).

This second electron pulse (called the probe pulse)
propagates transversely through the interaction region of
the laser-wakefield accelerator driven by the first (the
pump) laser pulse. The acceleration fields generated in
this plasma wave but also the electric and magnetic fields
generated by the electron pulse itself deflect the electrons
in the probe pulse laterally, which—after several cen-
timeters of propagation—leads to intensity variations in
the beam profile of the electron probe beam, which can
then be detected (see Fig. 1, bottom).
While previous experiments, which have used a similar

setup23, have only been able to detect the electric fields
from the plasma wave, the authors of the current paper
have succeeded in measuring the fields from the electron
pulse itself. Analyzing these fields has allowed for a first
direct measurement of the size of the electron pulse in the
plasma and its evolution at the exit of the plasma—both
parameters, which are essential for the further application
of these electron pulses or for their injection into a second
acceleration stage, either in a conventional accelerator or
in a second plasma-based accelerator24. In combination
with existing diagnostic methods, which are sensitive to
plasma-density variations (using optical probe pulses) or
to magnetic fields (employing the Faraday effect in the
plasma), this novel diagnostic tool, which is additionally
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Fig. 1 Principle setup and exemplary results. Top: Principle sketch of the experimental setup for the transverse probing of electric and magnetic
fields in a laser-plasma accelerator and of the accelerated electron pulses with a second, transverse electron probe pulse. Bottom: Electron probe
image of the laser-driven plasma wake (seen on the left in the dashed black region) and of the accelerated electron beam (in the dashed green
region on the right). Both images are adapted from ref. 22
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Abstract
A novel diagnostic method has been used to gain deeper insight into the transverse structure and its evolution of
electron pulses generated from a laser-wakefield accelerator.

Over the last century, particle accelerators have helped
us to shape our understanding of nature. They are cur-
rently used in a large number of cases for fundamental
science and for various applications. The most funda-
mental discoveries and applications in basic science, e.g.,
the development and the experimental proof of the
standard model of particle physics, culminating in the
discovery of the Higgs Boson (for which the Nobel Prize
in physics was awarded in 2013), or the generation of
ultra-short X-ray pulses for resolving structures and
dynamics on sub-atomic length- and time-scales have
only been possible with state-of-the-art lepton and hadron
accelerators. These accelerators have been developed and
optimized towards their intended applications and they
have been and still are an impressive success story, proven
by numerous discoveries over the last century.
However, most of these accelerators are large in size and

thus are extremely expensive in installation and daily
operation. Therefore, they only can provide limited beam
time and therefore limited access to users. Furthermore,
many current or future applications either call for
advanced particle pulse parameters, e.g., higher kinetic
energies, shorter pulse durations, or higher peak or
average currents, or they would benefit from more com-
pact accelerator installations, which would potentially
allow for less-restricted access to these machines. In any
case, these requirements motivate the ongoing quest for

possible candidates for novel particle accelerator
technologies.
Plasma-based particle accelerators are one of such

potential candidates for the next generation of particle
accelerators. For the acceleration of electrons in such a
plasma-based accelerator, a so-called plasma wave (or the
plasma wakefield)1, which is a periodic plasma-density
structure co-moving with a driving pulse at velocities
close to the speed-of-light, can provide the required
acceleration fields (up to several GV/m) over a sufficiently
long acceleration length (millimeters to several 10’s of
centimeters). As the driver for the wakefield, either high-
power laser pulses2–4 or relativistic electron5 or proton
pulses6 can be used. The generated electron pulses have
kinetic energies up to several GeV7, pulse durations as
short as a few femtoseconds8,9, initial source sizes of
micrometers only10,11, and ultra-low emittances12.
Recently, such electron pulses generated from plasma-
based accelerators have successfully been used to seed
free-electron lasers at different labs worldwide13–15,
proving their huge potential for further applications.
However, the generated electron pulses still suffer from

significant shot-to-shot fluctuations, which makes their
further application much more challenging. For their stabi-
lization, a better understanding of the acceleration process
and a detailed knowledge of the critical experimental para-
meters is essential. While large-scale numerical simulations
can help to describe the interaction and gain insight, in
experiments this can only be achieved by applying well-
adapted diagnostic tools, which need to be able to resolve
space and time structures on the order of micrometers and
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Bright and stable near-infrared perovskite light
emitters supported by multifunctional molecule
design strategy
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Abstract
Perovskite light emitters can realize bright, stable and efficient light-emitting diodes through a molecular design
strategy that enables strong endurance on high-current operation.

In a rapidly evolving modern society, the significance of
informative and communicative devices, which utilize a
diverse range of electromagnetic waves, has seen expo-
nential growth. For instance, visual information, account-
ing for over 70% of human perception, is deemed one of
the most critical applications, thus swift advancement of
display devices has been achieved by harnessing visible-
range radiation sources (380 ~ 700 nm). Moreover, the
exploitation of radiation in the infrared (IR) range
(>700 nm) has garnered substantial interest due to its
sophisticated applications in night-vision IR imaging, non-
destructive bioimaging, optogenetics, optical communica-
tion, and laser applications1–5. Nevertheless, previous light
emitter systems, such as liquid crystals, phosphors, organic
emitters, and inorganic quantum dots, have exhibited
limitations in their emission characteristics, including
luminous efficiency, emission purity, color tunability, and
flexibility in material processing and device structure6.
Primarily, the emission spectral width, a significant deter-

minant of the purity of the radiometric signal, profoundly
influences signal quality. In the context of visible-range dis-
play devices, an extremely narrow full-width at half max-
imum (FWHM) of emitting spectra of ~20 nm is necessitated
to express pure color, thereby implementing next-generation
ultra-high-definition televisions (UHD-TV). However, this
cannot be achieved with the previous light emitter systems of

organic light emitters (FWHM~50 nm) or inorganic quan-
tum dots (FWHM~30 nm). Additionally, in the case of
bioimaging and optogenetics using the IR-range, as the
FWHM broadens and the light intensity weakens, it becomes
challenging to provide accurate target energy to the intended
energy state. This can result in increased noise levels, low
device efficiency, and significant signal loss. This underscores
the importance of developing new emitter materials with
narrow emission spectra for various optoelectronic devices6.
In late 2014, research groups, including those led by

Friend et al. and Lee et al., initially reported the potential of
room-temperature ultra-narrow emission spectra by
employing metal halide perovskite materials as emitting
layers in light-emitting diodes (LEDs)7,8. The perovskite
light-emitting diodes (PeLEDs) exhibit a narrow full-width
at half maximum (FWHM, ~20 nm), thus are considered
promising candidates for next-generation optoelectronics
due to their high emission purity characteristics. However,
previous works on PeLEDs have primarily focused on
implementing high-efficiency based on a low-dimensional
structure, including colloidal nanocrystal or two-
dimensional structure with strong carrier confinement,
demonstrating high efficiency but low brightness and life-
time9,10. Although recent advancements in green-emitting
PeLEDs, using non-colloidal in situ core/shell nanocrystals
directly synthesized on the substrate, have achieved high
brightness (>400,000 cdm−2), high efficiency (External
quantum efficiency (EQE) > 28%) and long-term stability
(>30,000 h at 100 cdm−2) simultaneously, the development
of IR-emitting PeLEDs is still far from these visible-range
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sensitive to electric fields both of the plasma wave and of
the electron pulse can in the future be used to provide a
full characterization of the wakefield and of the electron
pulse. By giving us much more detailed insight into the
various aspects of the acceleration process this might help
to further improve the performance of plasma-based
particle accelerators in the future, which would even-
tually help to bring the envisaged applications of this novel
accelerator technology closer to reality.
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