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To improve the stability and reproducibility of laser wakefield accelerators and to allow for future
applications, controlling the injection of electrons is of great importance. This allows us to control the
amount of charge in the beams of accelerated electrons and final energy of the electrons. Results are
presented from a recent experiment on controlled injection using the scheme of colliding pulses and
performed using the Lund multi-terawatt laser. Each laser pulse is split into two parts close to the
interaction point. The main pulse is focused on a 2 mm diameter gas jet to drive a nonlinear plasma wave
below threshold for self-trapping. The second pulse, containing only a fraction of the total laser energy, is
focused to collide with the main pulse in the gas jet under an angle of 150°. Beams of accelerated
electrons with low divergence and small energy spread are produced using this set-up. Control over the
amount of accelerated charge is achieved by rotating the plane of polarization of the second pulse in
relation to the main pulse. Furthermore, the peak energy of the electrons in the beams is controlled by
moving the collision point along the optical axis of the main pulse, and thereby changing the acceleration
length in the plasma.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The research on laser wakefield accelerators, first proposed by
Tajima and Dawson [1] in 1979, has been highly active since the
break-through in 2004 when it was demonstrated that laser
wakefield accelerators could produce electron beams with quasi-
monoenergetic spectra in the so-called bubble regime [2–4].
However, laser wakefield accelerators still suffer from several
issues, and in particular large shot-to-shot fluctuations, large
energy spread and divergence. One of the causes of the fluctua-
tions is the injection and trapping of electrons, which in many
experiments is achieved by self-trapping. Self-trapping occurs as
the velocity of the electrons constituting the plasma wave
approaches and exceeds the phase-velocity of the wave. Since the
evolution of the laser pulse in the plasma and the excitation of the
plasma wave is highly non-linear, both the number of trapped
electrons and the final energy of the electrons tends to be hard to
control. For this reason, several techniques for externally triggered
injection and trapping of electrons in laser wakefield accelerators
have been developed and proved to be successful to decrease shot-
to-shot fluctuations and to improve the quality of the beams.
These include, among others, injection in density down-ramps [5–
B.V. This is an open access article u

ansson).
7] or density transitions [8,9], injection by ionization from inner
shells [10,11] and injection by colliding laser pulses [12–14].

In the scheme of injection by colliding laser pulses, a focused
laser pulse drives a plasma wave in its wake to a large amplitude,
but below the threshold for self-trapping. A second focused
counter-propagating laser pulse, with lower intensity, is spatially
and temporally overlapped with the main pulse at a certain time
and position in the plasma. During the collision of the two pulses,
a beat-wave is formed which exerts a large ponderomotive force
on the plasma electrons. For amplitudes of the two pulses over a
certain threshold [14], this force stochastically heats the plasma
electrons and a fraction of these electrons gain sufficiently large
forward momentum to become trapped in the wake driven by the
main pulse.

The technique of injection by colliding laser pulses has been
shown to generate high quality beams [15–17], regarding diver-
gence, energy spread of the quasi-monoenergetic spectra and
electron pulse duration. However, this technique is experimentally
challenging since two laser pulses of high intensity have to be
spatially and temporally overlapped at the desired point of injec-
tion and requires high control and stability of the pointing of the
two laser pulses.

In this article we report on our experiments on colliding pulse
injection, and our efforts to decrease the complexity in the
experimental set-up. We anticipate that such simplified set-up
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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allows the technique to become more approachable for further
studies including studies of applications of the electron beams.
2. Experimental set-up and methods

The experiments were conducted at the Lund Laser Centre,
using a multi-terawatt laser operating at 10 Hz at a central
wavelength of 800 nm. The laser system produces pulses of up to
1 J after compression in a single 50 mm diameter beam. The beam
position and pointing is monitored at several points in the laser
system and, using piezoelectric actuated mirrors, an automated
system compensates for long term drifts.

The experimental set-up is illustrated in Fig. 1(a), showing the
incoming beam from the laser system from bottom left. The pulse
duration is estimated from autocorrelation measurements to
(4074) fs full width at half maximum (FWHM). The beam is split
into two parts using a small pick-up mirror close to the interaction
point. The pick-up mirror is elliptical such that it reflects a circular
1/2 in. beam perpendicular to the optical axis of the main beam.
Also, the substrate of this mirror is cut to leave a circular shade in
the main beam without blocking any additional part of the
main beam.

The main laser beam, used for the pulses that drive the plasma
wake, is focused using an off-axis parabolic mirror with an effec-
tive focal length of 750 mm. The beam reflected by the pick-up
mirror is used for the pulses that trigger the injection and is
focused using an off-axis parabolic mirror with an effective focal
length of 100 mm. The injection pulses are focused onto the
optical axis of the main beam at, or at the vicinity of, the main
beam waist. The optical axes of the two focused beams are both in
the horizontal plane, in which they make an angle of 150°. The
beam line used for the injection pulses include a motorized linear
Fig. 1. (a) Schematic illustration of the experimental set up. The main beam of pulses d
hydrogen gas. The beam of pulses to trigger injection is generated using a pick-up mi
parabolic mirror on the optical axis of the main beam close to its waist. The electrons, tr
axis of the main beam out of the plasma and are dispersed by a dipole magnetic field ac
mounted on a motorized linear translation stage, with the translation axis in the directio
pulses at the position of spatial overlap. For specific data series, a rotatable zero-order m
polarization of the injection pulses. (b) Imaging system used to observe the foci of the ma
beams vertically towards a microscope objective, is inserted at the desired position of
actuators. (c) Image acquired using the system shown in (b), showing the intensity di
different for the two parts of the image. The wavefront of the laser beam is corrected us
caption, the reader is referred to the web version of this paper.)
translation stage to move the collision point along the optical axis
of the main beam, and a second motorized linear translation stage
to allow for re-focusing of the injection pulses under vacuum. A
manually actuated delay stage allows for coarse adjustment of the
temporal overlap of the two pulses at the interaction point before
the experimental chamber is pumped to vacuum. The fine
adjustment is then made by a motorized linear translation stage
that moves the pick-up mirror along the direction of the reflected
beam. Furthermore, a rotatable zero-order mica λ/2 wave retarder
is inserted, for specific data series, in the beam line and allows
rotation of the plane of polarization of the injection pulses. The
wave retarder is approximately 80 μm thick and is not expected to
affect the duration of the injection pulses significantly. However,
the transmittance of the wave retarder is measured to 0.8 and the
peak intensity of the injection pulses is decreased by the same
factor.

The foci of the two beams are imaged simultaneously using a
microscope by reflecting the beams on the top edge of a prism,
shaped to reflect both beams vertically in the direction of the
microscope objective (see Fig. 1(b)). This imaging system is used to
spatially overlap the two pulses, by inserting the prism edge and
imaging the desired position for the collision, and then steering
the two foci there. Fig. 1(c) shows a typical image of the two foci
on the top edge of the prism after the spatial overlap has been
tuned. In order to clearly see both foci in this figure, the normal-
ization of the color map is different in the two regions separated
by the dashed line, which also marks the position of the edge of
the prism.

By fitting Gaussian distributions to the intensity distribution of
each foci, the diameter (FWHM) of the foci of the main and
injection beam are determined to be 20 μm and 11 μm, respec-
tively. Furthermore, the amount of energy fitted into each Gaus-
sian is 470 mJ and 42 mJ, respectively. Assuming a Gaussian
riving the wakefield is focused using an f¼750 mm parabolic mirror onto a jet of
rror in the single beam from the laser system and is focused using an f¼100 mm
apped and accelerated in the interaction in the plasma, propagate along the optical
cording to energy before they impact on a scintillating screen. The pick-up mirror is
n of the reflected beam, which allows for fine tuning of the temporal overlap of the
ica λ/2 wave retarder is inserted in the beam line and allows rotation of the plane of
in and injection beam simultaneously. The upper edge of a prism, cut to reflect both
collision. The foci of the beams are then steered to this position using motorized
stribution of the foci from the two pulses. Note that the scale of the color map is
ing a deformable mirror. (For interpretation of the references to color in this figure
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distribution temporally, with the determined pulse duration, the
peak intensities are 2:8� 1018 W=cm2 and 0:8� 1018 W=cm2, for
the main and injection pulse respectively, corresponding to nor-
malized vector potentials of 1.1 and 0.6.

A gas nozzle with an orifice diameter of 2 mm located
approximately 1 mm from the optical axis, provides a jet of
hydrogen gas with its front edge at the waist of the main beam.
The neutral density distribution is characterized off-line by mea-
suring, using a wavefront sensor, the additional optical path length
introduced by the gas in an optical probe beam [18], and by
assuming circular symmetry in the plane of the two laser pulses.

The accelerated electrons exit the plasma along the optical axis
of the main laser pulse, and are dispersed by a dipole magnetic
field before impacting on a scintillating screen. Images of the
scintillating screen are acquired for each shot and are used to
determine the electron energy spectra. The response of the ima-
ging system is absolutely calibrated, which is used together with
published calibration factor for the scintillating screen [19] to
determine the amount of charge in the beams of accelerated
electrons.
3. Results

During the experiment, the pick-up mirror is first removed
from the beamline. In this case, beams of accelerated electrons are
observed for electron number densities above 1:1� 1019 cm�3.
The beams of electrons show the typical features of self-trapped
beams, with electron energy spectra containing one or more
peaked features [20]. The energy value of these peaks are fluctu-
ating from shot to shot in the range from approximately 50 MeV to
200 MeV and the amount of detected charge is of the order of
50 pC with fluctuations (standard deviation) of 50%.

The density is then lowered well below this threshold, to
8� 1018 cm�3, to make sure that no accelerated electrons in the
succeeding shots are due to self-trapping, and the pick-up mirror
is inserted. After optimizing both spatial and temporal overlap of
the main and injection pulses at the desired position of injection,
quasi-monoenergetic beams of accelerated electrons with low
divergence (E3 mrad) are observed. These beams of accelerated
electrons have a small energy spread, typically below 5 MeV
(FWHM). Due to the lower peak intensity of the main pulse, the
Fig. 2. (a) High quality beams of accelerated electrons, trapped by the collision of the two
beams are quasi-monoenergetic at 120 MeV. The amount of detected charge is controlled
the standard deviation of 10 shots. At θ¼0°, the plane of polarization of the injection pul
angle θ¼90° of the plane of polarization of the injection pulse, with respect to the hor
observed at this angle.
density can be increased to 1:2� 1019 cm�3, while still observing
high-quality electron beams. Images of dispersed electron beams
on the scintillating screen for two shots at the same plasma
electron number density and with the collision point approxi-
mately in the center of the gas jet are shown in Fig. 2(a), together
with the electron energy spectra for each beam. It is confirmed, by
blocking the injection pulse, that no beams of accelerated elec-
trons are generated due to self-trapping. It is observed in this
figure that the beams impacting on the scintillating screen are
close to circular symmetric. This suggests that the measured
energy spread is most likely limited by the resolution of the
electron spectrometer and divergence of the electron beams.

To confirm that the trapped charge is due to the interference of
the two colliding pulses, the plane of polarization of the injection
pulses is rotated. The amount of detected charge as a function of
angle of rotation (θ) of the plane of polarization of the injection
pulse with respect to the horizontal plane, is shown in Fig. 2(b), for
a sequence of shots taken using a plasma electron number density
of 1:1� 1019 cm�3. Maximum amount of charge is detected with
both pulses polarized in the horizontal plane (θ¼0°), for which
the interference between the pulses is maximal. In contrast, with
the injection pulse polarized in the vertical plane, there is minimal
interference between the two pulses as they cross each other, and
as a result no charge is detected on any of these shots.

The energy of the accelerated electrons is controlled by chan-
ging the position of collision in the plasma along the optical axis of
the main beam, while still maintaining the temporal overlap of the
two pulses. This is achieved in the experiment using either of two
methods. (I) By moving the translation stage holding the focusing
mirror of the injection pulse, the position of collision is changed
while keeping the plasma fixed with respect to the main beam
focus. The drawback of this method is that both the spatial and
temporal overlap had to be re-checked after every change of col-
lision point. This prevented systematic studies of the properties of
the beams as a function of collision point. (II) By instead moving
the gas nozzle, the length of the remaining plasma after the col-
lision point is thus varied. Since no fine tuning of the spatial and
temporal overlap needs to be done between different positions of
the plasma, this method allowed for systematic studies of the
properties of the beams of accelerated electrons as a function of
collision point. However, moving the plasma with respect to the
laser pulses in the plasma. The divergence (FWHM) of the beams is 3 mrad and the
by rotating the plane of polarization of the injection beam (b). The error bars mark

se is horizontal, which allows for maximum interference with the main pulse. At an
izontal plane, there is no interference of the two pulses and no trapped charge is



Fig. 3. The electron energy is controlled by varying the collision point in the plasma. (a) Images of the scintillating screen showing the dispersed electron beams for different
collision points. (b) Corresponding peak electron energy plotted for selected points of collision. Each data point corresponds to a single shot. The peak energy decreases for
collision points further back of the plasma.
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focus of the main beam is expected to affect also the propagation
of the main laser pulse in the plasma.

In Fig. 3(a), images of five dispersed electron beams are shown
with for different collision points, x, relative to the center of the jet,
tuned using method (II) of moving the gas jet. Correspondingly,
the peak energy for these shots are plotted in Fig. 3(b) as a func-
tion of collision point, x. During this sequence, the λ/2 wave
retarder is removed from the injection beam path and the plasma
electron number density is set to 1:0� 1019 cm�3. Although the
magnitude of the accelerating field is varying over during the full
acceleration distance, the average, effective, accelerating field is
estimated to 90 MV/mm from this figure.
4. Discussion

It is clear from the results that injection and trapping of elec-
trons is triggered by the interaction between the two laser pulses.
Furthermore, it is confirmed that the injection is triggered due to
the interference between the fields of the two laser pulses, since
no beams of accelerated electrons were observed with crossed
polarization of the two pulses.

The experiment still suffers from large fluctuations in the
resulting beams of accelerated electrons. These fluctuations most
likely comes from scatter and drift of the pointing of the two
beams, which was observed during the experiment on images of
the scattered light from the two laser pulses as they propagate
through the plasma. Although, the experimental results show that
beams with low divergence and small energy spread can be
achieved by this method, the experiment still suffers from large
fluctuations.
5. Summary and outlook

We have demonstrated a compact set-up for the colliding pulse
injection scheme for laser wakefield accelerators, by picking off
part of the main laser pulse, close to the point of interaction, to
trigger the injection. The colliding pulse injection scheme provides
electron beams with excellent quality, regarding divergence and
energy spread. The scheme also provides means to control both
the electron energy and amount of charge in the beams of accel-
erated electrons.

Future experiments on the colliding pulse injection scheme are
planned, aiming to decrease the shot-to-shot fluctuations of the
beams of accelerated electrons.
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