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Abstract

We show that electron bunches in the 50-100 keV range can be produced from a laser wake-

field accelerator using 10 mJ, 35 fs laser pulses operating at 0.5 kHz. It is shown that using a

solenoid magnetic lens, the electron bunch distribution can be shaped. The resulting transverse

and longitudinal coherence is suitable for producing diffraction images from a polycrystalline 10

nm aluminum foil. The high repetition rate, the stability of the electron source and the fact that

its uncorrelated bunch duration is below 100 fs make this approach promising for the development

of sub-100 fs ultrafast electron diffraction experiments.
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Ultrafast electron diffraction (UED) is a powerful technique for investigating structural

dynamics in matter [1, 2]. For example, the dynamics of the melting transition have been

elucidated on the sub-500 fs time scale in metals [3] or semi-metals [4]; structural phase

transitions have also been studied in more complex materials, such as VO2 [5] or the charge

density wave material 1T− TaS2 [6]. The state of the art of electron sources for ultrafast

electron diffraction consists of electron bunches generated from photocathodes and subse-

quently accelerated in static fields, providing ' 50 − 100 keV kinetic energy. The shortest

electron bunches produced in this way are in the 300-500 fs range, with thousands of elec-

trons per bunch [2]. These limitations are essentially due to two factors: (i) the space

charge of the beam which limits the number of electrons and the temporal resolution, and

(ii) the ballistic propagation of electrons with various velocities, which produces a linear

chirp (i.e. a longitudinal momentum-position correlation in the phase space) and also tends

to degrade the temporal resolution. The second issue has recently been solved by using

a Radio-Frequency (RF) cavity in order to change the sign of the chirp and compress the

electron bunch down to 80 fs [7, 8]. Concerning the first issue, current developments tend to

promote the use of RF guns in order to accelerate electrons to MeV energies in higher elec-

tric fields for mitigating the effect of space charge [9–12]. In addition to larger accelerating

gradients, the RF fields can also be used to compress the electron bunches and very short

bunch durations are predicted [13]. However, it should be noted that the use of RF technol-

ogy tends to introduce jitter in pump-probe experiments and can thus limit the temporal

resolution, in particular when accumulation over several shots is required [14]. At this point,

no UED experiment with a resolution lower than 100 fs has been achieved even though in

principle sub-100 fs electron bunches have been demonstrated.

Another approach consists of using electrons produced in high intensity laser-plasma in-

teraction experiments. In such interactions, plasma electrons are accelerated by laser and/or

plasma fields and can gain MeV energies in micron distances, thus mitigating the effect of

space charge. At the source, there is no chirp and in consequence, the electron bunch

duration can be shorter than the laser pulse duration. In addition, the electron bunch is

produced directly by the laser pulse in a jitter free manner which therefore reduces the tem-

poral resolution in pump-probe experiments. However, electron bunches from laser-plasma

interaction have relatively large energy spreads: bunches produced from laser-solid interac-

tion typically have δE/E of tens of percent [15] whereas bunches from underdense plasmas
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can have δE/E of a few percent [16–18]. Consequently, the electron bunch develops a linear

chirp as it propagates which can severely degrade the bunch duration for sub-relativistic

or moderately relativistic beams as used in UED experiments. For UED applications, elec-

tron bunches from plasmas should be manipulated and the linear chirp can be compensated

using existing magnetic optics technology [19]. Tokita et al. [20] have recently performed

high-intensity laser-solid interaction experiment and demonstrated that electrons originating

from the back of a solid target can be used to obtain single shot and high quality diffraction

images. A temporal resolution of 500 fs was obtained after compensation of the linear chirp

[21] so that the temporal resolution might be due to the intrinsic bunch duration given by

the interaction mechanism: electron recirculation in the target might elongate the bunch

duration.

In contrast, electrons generated from a laser wakefield accelerator [22] can intrinsically

provide shorter bunch durations in the 1-10 fs range [23]. Such short durations can be

explained by the acceleration mechanism: electrons are injected in a plasma wave bucket

the length of which is given by the plasma wavelength λp. The electron bunch occupies

a small fraction of the bucket, and has a duration typically < λp/2c, e.g. < 15 fs for an

electron density of ne = 1019 cm−3. Relativistic electron bunches in the 100 MeV - 1 GeV

range are produced with Joule level laser systems operating at 10 Hz or below. Their energy

is too high for practical applications in UED. However, the scalability of laser wakefield

accelerators has been recently demonstrated [24] and can be extended to a few mJ kHz

laser system for producing electrons [25, 26]. This electron source has strong potential for

UED experiments: (i) after removing the linear chirp, the bunches should be sub-100 fs, (ii)

electron bunches are intrinsically synchronized to the laser source, (iii) the gas target and

the high repetition rate permit an ease of use as well as the possibility to accumulate data.

Before moving on to time resolved studies, it is important to show that electron bunches

from a laser wakefield accelerator have sufficient quality for producing a diffraction pattern.

In this letter, we use a laser wakefield accelerator operating at high repetition rate (0.5 kHz)

in order to produce 50-100 keV electrons. By focusing the electron beam using a solenoid,

we show that the transverse and energy distributions of the beam can be manipulated. The

resulting beam quality is sufficient to provide diffraction images from a polycrystalline Al

sample.

The experimental set-up is shown on Figure 1. A Ti:Sapphire laser system operating at
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FIG. 1: (a) Experimental set-up for electron beam characterization with an electron spectrometer.

(b) Set-up for diffraction. The solenoid is placed 60 mm after the electron source, the distance

between the sample and the scintillator (FOS) is 220 mm.

0.5 kHz delivers 7.4 mJ pulses on target at wavelength λ0 = 800 nm in a 35 fs duration

at Full Width Half Maximum (FWHM). The laser pulses are focused down to 2.5 microns

(FWHM) using an f# = 2 off-axis parabola. The beam is focused into free flowing argon gas

at 300µm above a 100µm diameter capillary gas jet. The electron density after ionization

by the laser pulse is estimated using interferometry to be ' 1019 cm−3. The residual pressure

in the vacuum chamber stays below 10−3 mbar which permits the operation of the electron

source at 0.5 kHz. The electrons produced in the interaction are first filtered by a 1 mm

pinhole before they travel through a solenoid magnetic lens. The electron beam profile is

measured on a CsI(Tl) scintillator plate deposited on top of a fiber optic plate (J6677 FOS by

Hamamatsu), which is imaged on a CCD camera. The electron beam energy distribution is

obtained by inserting a removable electron spectrometer comprising a 20 mm dipole magnet

(providing a 25 mT magnetic field) and a 500µm wide aluminum slit. The FOS response to

electrons has been carefully calibrated using an electron microscope in the range 50-300 keV.

The detector has a very small response below 50 keV so that in practice, electrons below

50 keV are not detected. We use this calibrated response to obtain the absolute number of

electrons per shot and to deconvolve the raw electron distribution. This point is important

because the response of scintillators is far from flat when the electron energy is comparable

to the energy deposited in the material [27, 28].

Figure 2(a) shows the beam profile onto the scintillator after filtering by the pinhole

whereas fig. 2(b) shows the beam profile when the electron beam is focused on the scintillator

using the magnetic lens. Fig. 2(c) shows the profile of the electron beam at focus (red curve);
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it is well fitted by a Lorentzian function with a FWHM of D = 280µm. The Lorentzian

shape comes from the fact that the beam is polychromatic: the lower energies form a halo

around the focused beam.
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FIG. 2: (a) Unfocused beam after filtering through a 1 mm pinhole. (b) Best focus obtained using

the solenoid. The FWHM is D = 280µm. (c) Horizontal lineout of the beam profile (red curve)

and GPT simulation results (blue curve). (d) Normalized electron distribution of the unfocused

beam (green curve), focused beam (blue curve) and simulation results of the focused beam (dashed

blue curve). The top error bars represent the resolution of the spectrometer at various energies.

The energy distributions measured using the magnetic spectrometer are shown in fig.

2(d). When the beam is unfocused (green curve), the energy distribution is wide with a cut-

off at 50 keV corresponding to the scintillator cut-off. The blue curve shows the spectrum

obtained by integrating over the focal point when the solenoid is used. The chromaticity of

the magnetic lens permits some shaping of the energy distribution: the distribution peaks at

95 keV and has a FWHM δE/E = 7.5%. Using the calibrated scintillator, we found that the

beam charge is up to 8 × 104 electrons/bunch (12 fC/bunch), with 14% RMS fluctuations,

which fall down to 7.9% when the images are averaged over 10 shots. When the beam is

focused, the number of electrons per bunch in the focus (integrated around 2σ RMS) is

3 × 104, i.e. 4.5 fC/bunch. The energy distribution is extremely stable and its shape does

not fluctuate significantly. Finally, the pointing stability of the focused beam is found to be
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greater than the angular resolution of the imaging system, i.e. 400µrad. The stability of the

electron beam is found to be superior to those reported in the literature on laser wakefield

acceleration [16, 17]. This might be due to the fact that a kHz laser system is usually more

compact and stable than a multi-joule laser system. In addition, the injection mechanism

that is used in this experiment relies on downramp injection [26, 29] and it does not rely

on the non linear evolution of the laser pulse which tends to be detrimental for obtaining

a stable electron beam. This high level of stability will be of crucial importance for UED

experiments where the intensity and position of Bragg peaks need to be monitored with high

accuracy.

The bunch propagation in the beam line was modeled using the GPT (General Particle

Tracer) code. We found that the experimental beam profile could be reproduced by using an

initial transverse gaussian distribution with a rms radius of 15µm: the result is shown as the

blue curve in fig. 2(c). In addition, the calculated energy distribution in the focused beam

agrees well with the experiment (dashed blue curve in fig. 2(d). From the GPT calculation,

it was possible to retrieve upper values of the normalized emittance in the focused beam

(integrated around 2σ RMS): εN = 2 × 10−2 mm.mrad. The transverse coherence is then

given by L = ~D/mcεN ' 5 nm, a value suitable for performing electron diffraction.
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FIG. 3: Electron diffraction patterns from a 10 nm thick polycrystalline Al foil. (a) The diffraction

pattern is assymetric because of a spatial chirp in the electron beam. (b) Symmetric diffraction

pattern obtained by removing the spatial chirp on the electron beam.

The diffraction patterns were obtained using a 10 nm thick polycrystalline aluminum

sample. The Al foil was free standing on an mesh as used in transmission electron microscopy.

In fig. 3(a), one can clearly see the rings from the (111) and (220) planes; the rings originating
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from diffraction on the (200) and (311) planes are also visible although dimmer. Note that

this image displays an asymmetric ring pattern. This is due to the fact that the solenoid

was not perfectly aligned on the electron beam axis. In consequence, because the electron

beam has a large energy distribution, a spatial chirp is present at focus. Such a spatial

chirp can cause an asymmetric modification of the diffraction pattern as observed in Ref.

[30]. We found that the solenoid alignment is extremely sensitive, in particular because the

electron beam has such a large energy distribution. When the solenoid is well aligned, the

beam focal spot is symmetric, indicating that no spatial chirp is present and the diffraction

pattern is symmetric, fig. 3(b). Note that in that image, the diffraction rings are broader.

This is because for this particular data set, the energy distribution of the electron beam was

broader than for image a). Nevertheless, the clear diffraction pattern shows that despite

a large energy spread, these electron bunches have sufficient transverse and longitudinal

coherence. In fig. 3 both images were obtained by accumulating data over tens of seconds.

Diffraction rings could be clearly measured by accumulating 200 shots or more. In Ref. [20],

single shot diffraction patterns have been recorded from a single crystal. As our electron

source provides a similar number of electrons/shot, we believe that extension to single shot

data could be performed by (i) using a single crystal sample (ii) increasing the effective

quantum efficiency (QE) of our detection system. We estimate the current effective QE (i.e.

photons emitted by the FOS to counts) of our detection system to be ' 8 × 10−5, a value

which could be increased by more than one order of magnitude by using a more sensitive

camera and increasing the collection angle of our imaging system.

In conclusion, we have developed a laser wakefield accelerator operating at 0.5 kHz and

producing stable electron bunches at about 100 keV. By manipulating the beam with a

solenoid, we have been able to increase the beam quality and to produce diffraction patterns

from a polycrystalline Al sample. This first proof-of-principle experiment shows the potential

of high repetition rate, low energy electron bunches from laser wakefield accelerators for

applications in ultrafast electron diffraction.
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