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The layout of two additional beam line is sketched in Fig. 5 More infor-

mation can be found in [15] and in [16]
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Bunches of electrons with energy extending up to 10 MeV have been pro-
duced using femtosecond laser pulses generated by a sub-2TW, table-top laser
system focused on a supersonic gas-jet target. The laser interaction with the
gas-jet was studied using a full range of optical, X-ray and ~y-ray techniques.
The electron bunches were detected using a phosphor screen and a magnetic
spectrometer to investigate angular and spectral properties. Our measurements
show production of highly collimated electron bunches with moderate energy
spread. Also, an experimental configuration exists in which generation of high-
charge electron bunches can be obtained with high reproducibility and MeV
energies. This regime is investigated in view of its exploitation for applications
requiring high average bunch charge and moderate electron energy, including
nuclear activation and bio-medical applications.

Keywords: Laser-plasma accéleration, ultrafast laser interactions, multi-MeV
electron bunches

1. Introduction

Production of very energetic radiation and particles can be achieved by fo-
cusing ultrashort, intense laser pulses onto solids! or preformed plasmas.?
Controlled interaction with gases can lead to the generation of high qual-
ity electron bunches exploiting the laser WakeField Acceleration regime
(LWFA)?3 that takes advantage of the high electric fields supported in a
plasma. In the LWFA the electrons trapped in the plasma wave are ac-
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celerated to the phase velocity of the wave that can be very close to the
speed of light. Recent experiments,*® and simulations”™® show that quasi-
monoenergetic electron bunches can be accelerated from the background
electron plasma population up to high (>100 MeV) energies, operating in
the so-called bubble regime of LWFA. These experiments require a very
high laser intensity and typically produce relatively low charge electron
bunches.

Recent theoretical works!'® indicate that with a proper choice of laser,
plasma, and injection parameters, the acceleration of electron bunches with
small energy spread and short bunch length can occur starting from initially
large bunch length and energy spread.

By considering that the energy of an accelerated electron bunch can be in-
creased by multiple collinear or non-collinear!! injections in plasma chan-
nels, the stability of the injection and the reduction of the laser energy
required for the production of the initial electrons become the key issues of
this process. Recently,'?"14 laser-driven electron acceleration at moderate
laser intensities (power <10 TW) and application!® of accelerated bunches
to nuclear physics relevant conditions have been demonstrated. Our mea-
surements below show that high accuracy scanning of experimental param-
eters, including position of beam waist relative to the gas-jet boundary was
found to be critical to enable reproducible, multi MeV electron acceleration
with a sub-2 TW laser power. We have carried out an experiment to in-
vestigate this scenario, searching for the minimum conditions required for
a compact, moderate power laser system, to achieve acceleration of elec-
tron bunches with high charge and acceptable energy spread for a set of
applications.

2. The femtosecond laser source

The Ti:Sa system used in this experiment generates a main pulse of 67 fs
duration FWHM with peak power exceeding 2 TW, and a second, lower
energy probe with a peak power of 0.1 TW, at the repetition rate of 10 Hz.
A schematic view of the entire system is shown in Fig.1.

A Tsunami (Spectra Physics), femtosecond oscillator, pumped by a
diode-pumped 5W Nd:YVO CW laser, generates sub-50 fs pulses at a rep-
etition rate of 82 MHz that are stretched and seeded, at a 10 Hz rep rate,
into a regenerative amplifier, pumped by a frequency doubled, Nd:YAG,
Q-switched laser. After amplification at the 3 mJ level, the stretched pulses
are further amplified by a two-pass amplifier pumped by another, frequency
doubled, Nd:YAG, Q-switched laser. The output stretched pulse, contain-
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Fig. 1. Schematic diagram of the TW, femtosecond laser system. The main beam is
transported to the interaction chamber in vacuum.

ing an energy of approximately 15 mJ, is then split in two pulses containing
90% and 10% of the initial energy respectively. The 90% pulse is expanded
to a 7 mm diameter beam and compressed using a single grating (folded)
compressor to obtain a final pulse duration of less than 65 fs. The remaining
10% pulse is further amplified by a 6-pass amplifier pumped by a frequency
doubled Nd:YAG laser delivering 1J pulses at 532 nm, pumping a 2-cm di-
ameter TiSa crystal. The output is further expanded to a 33 mm diameter
beam and compressed by a two-grating compressor placed under vacuum.
The pulse is compressed to a minimum pulse duration of 67 fs and is then
transported under vacuum into the target chamber via two beam steering,
motorised turning mirrors, placed in two separate small vacuum chambers.
The temporal and spatial properties of the femtosecond pulses were
characterised in detail using custom developed second-order autocorrela-
tor.'® The contrast of the laser pulse, i.e. the ratio between the peak
power and the low intensity pedestal originating from plepulses and am-
plified spontaneous emission (ASE) was measured with a third-order cross-
correlator (SEQUOIA). In this system, the full power pulse, attenuated by
reflections off high quality uncoated glass flats (~ 10% attenuation), is split
in two equally intense pulses using a beam splitter. One of the pulses is sent
through an optical delay line and is frequency doubled in a BBO crystal.
The frequeny doubled pulse is combined with the remaining, fundamental
pulse in a non-linear crystal to generate third harmonic radiation. The sig-
nal is detected in the forward direction by a photomultiplier.
The autocorrelation curve obtained from the second-order autocorrelator
yielded a laser pulse duration (FWHM) of 67 fs. The cross-correlation curve
over a range of 200 ps is shown in Fig.2. The plot clearly shows a contrast
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Fig. 2. Cross-correlation curves showing the laser pulse and the detailed structure of
the laser pulse in the 200 ps window before the main pulse.

of 10° over the entire explored range. Moreover, the intensity of the short
prepulses before the main pulse is below 107° times the intensity of the
main pulse. According to these measurements, our laser system can be con-
sidered basically free from pre-pulse. This was further verified by interfer-
ometry measurements taken at different time-steps around the main pulse,
showing no detectable plasma formation up to a few tens of femtoseconds
before the main pulse. The spatial quality of the laser pulse was studied by
means of an equivalent plane monitor (EPM) using a 100 cm nominal focal
length optics and a 12 bits CCD camera (a Photometrics Sensys) with a
pixel size of 8 um size. These EPM measurements show that with the 20
cm focal length off axis parabolic mirror used in our experiment, a FWHM
focal spot of approx. 10 um is found containing a large fraction (up to 90%)
of the laser pulse energy. Considering the pulselength of 67 fs and an energy
of 120 mJ we find that the maximum intensity on the target can exceed
1018 W /cem?.

3. The experimental setup

In the experiment, the main pulse was focused onto a gas-jet target using an
F/6 off-axis parabola. The gas-jet target was irradiated at full laser energy
varying the gas backing pressure, i.e. the pressure in the pipe before the fast
valve controlling the nozzle to change the value of the maximum density of
the neutral gas. Two gases were used in our experiment, namely He or Nj.
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Fig. 3. Schematic layout of the experimental setup: side view showing the main inter-
action geometry of the laser beam relative to the gas-jet, the magnetic electron spec-
trometer and the LANEX screen for detection of electrons.

Characterisation of the neutral gas was carried out using optical inter-
ferometry. The use of two gases He and N, enabled us to explore targets
characterised by different physical properties mainly related to the atomic
number, and, in particular, to the ionization properties under irradiation of
ultrashort, intense laser pulses. The gas-jet nozzle was characterised by a 4
mm long, 1.2 mm wide slit and was mounted on a micrometric motorized
support in order to move the interaction point along the three cartesian
axes (position scan). During the pulsed operation, the gas flows out of the
slit at supersonic speed in order to produce steep interfaces between gas
and vacuum. The vacuum in the chamber before the shot is mantained at a
pressure below ~ 10~* Torr by a turbo-molecular pump (Varian Turbo-V
550) connected to the chamber by a gate-valve.

A full scan of the position of the focal plane along the laser propagation
axis and with respect to the top of the nozzle was performed to find the
best conditions for acceleration. An important feature consistently observed
throughout the experiment is that electron acceleration in our experimental
conditions was always found to occur when the focal plane (waist) was
located in the proximity of the near edge of the nozzle, tipically at ~ 0.6
mm from the top of the nozzle. A full scan in pressure was also performed,
showing that at higher pressure more stable, but less collimated electron
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bunches are produced.

Several diagnostics were used to study the laser-target interaction and
the accelerated electrons as shown schematically in Fig.3. Thomson scatter-
ing and Nomarski interferometry were set up perpendicularly to the main
laser pulse propagation axis to study and characterize ionisation and ba-
sic laser-plasma interaction issues. A second group of diagnostics including
scintillators coupled to photomultipliers, a phosphor screen (LANEX), an
electron spectrometer based upon permanent magnets and dose sensitive,
radiochromic film stacks (SHEEBA), enabled indirect and direct detection
and characterization of the electron bunches accelerated during the laser-
gas interaction.

4. Thomson scattering

Thomson scattering diagnostic was used throughout the experiment to
monitor interaction conditions and to identify the basic plasma parameters.
In the classical picture of Thomson scattering, the electrons oscillate in the
laser field and, in turn, emit radiation. The properties of this scattered
radiation are thus related to the properties of the medium. The particle
will move mainly along the direction of the oscillating electric field, result-
ing in electromagnetic dipole radiation. The scattering can be described in
terms of the emission coefficient defined as € where edtdV dQ)d ) is the energy
scattered by a volume element dV in time dt into solid angle df) between
wavelengths A and X\ 4 dA.

In our case, with the diagnostic placed perpendicularly to the plane in which
the laser field oscillates, the emission coefficient can be written:

€= %'—Ine (1)

where ¢ is the Thomson differential cross section, n. is the electron density,
and I is the incident flux.

This result simply shows that the Thomson scattering provides com-
bined information on the laser intensity and electron density. Since in our
case, knowledge on the plasma density can be derived independently from
the plasma interferometry, we can use Thomson scattering to derive infor-
mation on the laser intensity. In our experimental set up an F/10 achro-
matic doublet was used to produce a 10X magnified image of the interaction
region.

The image of Fig.4 shows an overview of the emission produced along
the entire laser propagation axis. The waist of the laser beam is placed on
the edge of the gas-jet (dashed line in the image) and Thomson scattering
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200 pm

Fig. 4. Typical top-view image of the gas-jet nozzle obtained by the Thomson scattering
diagnostic channel showing the main features of the interaction. The waist of the laser
beam is placed on the edge of the gas-jet where Thomson scattering radiation is clearly
visible (red in colour image). Beyond that point, the laser beam expands and the emission
visible in the image is dominated by white light plasma self-emission. The insert in the
top-right side of the image shows the magnified region of interaction

radiation is clearly visible as a ~ 200um long channel-like structure. Be-
yond that point, the laser beam expands and the emission visible in the
image is dominated by plasma self-emission. We observe that the length of
the channel is approximately twice the expected depth of focus (Rayleigh
length) of 100 um. This observation suggest that a laser pulse channeling
is taking place which significantly extends the length of the interaction re-
gion. This observation is confirmed by the interferometry measurements
presented below. Also visible in the magnified insert of Fig.4 is the detailed
structure of the Thomson scattering emission along the laser propagation
direction. In some shots, a periodicity ranging from 14 to 20 wm was ob-
served and in some cases, blue shifted emission up to approximately 500 nm
was associated to this region. These circumstances are being investigated
to identify a possible role of the electron plasma wave in the structure of
the emitting region in the Thomson scattering image.

5. Optical interferometry

As anticipated above, a Nomarski interferometer (see!” and references
therein) was arranged with the line of sight set to be perpendicular to
the main laser pulse propagation axis to study plasma formation and evo-
lution. It is well known that optical probing technique is based upon the
dependence of the plasma refractive index on the electron density:

Ne Ne
SEY S N 2
n o o (2)
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In the Nomarski interferometer, a probe beam is set to propagate through
the region of interest. A lens is used to image the region of interest with
the required magnification and resolution. A Wollaston prism is then used
to splits the probe beam into two partially overlapping beams. In the over-
lapping region an interference pattern is produced with a fringe separation
that can be modified by changing the position of the Wollaston prism rela-
tive to the lens. In our experiment, the fringes were set to be perpendicular
to the laser propagation direction.

Fig. 5. Interferogram of the gas-jet interaction region taken 2 ps after propagation of
the laser pulse. The shot was taken in N at a backing pressure of 35 bar, with the laser
focal plane located 50 um into the gasjet and 400 pm from the nozzle output plane.

Fig.5 shows a typical interferogram taken after propagation through-
out the gas-jet. This image clearly shows a collimated propagation of the
laser pulse over a distance of approximately 200 um. Beyond this point,
the beam rapidly expands with a clear evidence of beam break-up and fil-
amentation. The extraction of the electron density from the interferogram
was performed using the code IACRE!®! | The density map thus obtained
shows a maximum electron density of 7 x 10°em™2 in the 200 um long

plasma channel.

6. Electron beam characterisation

As already pointed out above, we stress that electron acceleration in our
experiment was only found to occur when the laser beam waits was located
in the proximity of the edge of the nozzle, typically within a few hundreds of
pum. Also, electron bunch production was rapidly fading when the distance
of the waist from the output plane of the gas-jet nozzle slit was more that
800 mum. In our case, due to laser beam and nozzle geometry, the minimum
possible distance was ~ 0.6 mm to avoid laser damage of the nozzle tip.
In this section we show the results of characterization of the laser ac-

493

celerated electrons. For these mesaurements four different diagnostics were
used for different purposes. A set of 3 scintillators were arranged to de-
tect the y-rays produced by the electrons via bremsstrahlung on the target
chamber. A phosphor screen (Kodak LANEX Regular Screen) was placed
on the laser axis to image out the accelerated electron beam. The dosimet-
ric film stack (SHEEBA), based upon Radiochromic films?® was used to
obtain independent spectro-angular distribution of electrons.

In the case of scintillators, the scattering of energetic electrons within the
walls of the chamber generates y-ray which can be detected and measured
by an oscilloscope. Two scintillator detectors with different thickness of the
active material (Nal) of 52 mm and 25 mm, shielded by a 5 mm thick layer
of Pb, were placed along the laser propagation axis. A third detector, with
a 12 mm thick Nal and without shielding, was placed perpendicularly to
the mentioned direction to detect radiation propagating off-axis. The sig-
nal was recorded by a multi-channel oscilloscope. This diagnostic enable
us to monitor the best conditions for electron acceleration in terms of re-
producibility of the signal. The LANEX phosphor screen was filtered with
a 25 um Al foil and was coupled with an optical system imaging its rear
surface. When an electron hits the sensitive material as shown in Fig. 3,
the phosphors emit optical (green) radiation from the rear surface of the
screen. This radiation was then imaged out of the vacuum chamber using
a photographic objective, on to a commercial digital SLR camera (Pentax
Digital Camera K 100D Super). The camera was equipped with a custom
built trigger unit to enable synchronized shooting with the shortest possible
shutter operation of 250 ms. This set up enabled direct observation of the
electron bunch divergence and allowed us to obtain information on the shot
by shot fluctuations of the bunch charge.

Fig.6 shows a raw image of the entire exposed LANEX area, with the
electron beam pattern obtained in two shots taken in two different experi-
mental conditions. Fig.6a) presents the typical electron signal from N, gas
(@50 bar backing pressure) that shows a large bunch divergence of approx-
imately 20 degrees. A much narrower angular distribution is found in the
case of He gas (@ 50 bar) shown in fig. 6b) which is of the order of 2 degrees
(FWHM). While the narrow beam condition was not highly reproducible,
the beam pattern of Fig.6a) was very stable and reproducible, in a range
of pressures from 30 to 40 MeV. In these experimental conditions, our sys-
tem becomes a potentially interesting tool for applications of high-charge
electron beams.!®

A spectral analysis of the accelerated electrons was carried out using
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Fig. 6. Typical outputs of LANEX in detection configuration. a) non collimated laser-
accelerated electrons in case of Ny gas @ 50 bar. b) collimated laser-accelerated electron
bunch in case of He gas @ 50 bar.

a magnetic spectrometer coupled with the LANEX screen. The spectrom-
eter, based upon permanent NeFeB magnets generating a quasi-uniform
magnetic field (BMax ~ 0.45 T), was placed at a distance of 44 mm in
front of the LANEX screen. The magnetic field amplitude was mapped in
the region of interest using a millimeter-sized Hall magnetic probe. A 2 mm
thick Pb foil with a ~ 0.5 mm slit width was placed in front of the magnet,
with the slit direction parallel to the magnetic field, in order to limit the
transverse momentum of electrons accepted by the electron spectrometer
and consequently to increase the resolution of the spectrometer.

Numerical modelling?! based upon particle tracing in the mapped mag-
netic field was implemented to describe the performance of the spectrometer
In order to obtain the dispersion curve and the intrinsic resolution of both
the imaging acquisition system and the LANEX screen. The code also ac-
count for errors introduced by beam pointing instability and space-charge
effects along propagation. The results obtained by the magnetic spectrom-
eter were confirmed by independent measurements carried out using and
energy spectrometer consisting of sandwiched Radiochromic films?? (RCF).
A sample spectrum obtained with the magnetic spectrometer with Ny gas-
jet is displayed in Fig.7.

According to this spectrum, electrons up to 10 MeV were detected, with
an overall spectral distribution characterized by a broad peak with a max-
imum between 5 and 6 MeV. In some shots, narrower spectral components
were found, thought with a poor reproducibility. A summary of the results
obtained in our experimental condition and for both He and Ny gas-jet is
reported in Table 1. Also included in the table is a list of the main param-
eters characterizing our experimental set up, including laser and gas-jet
parameters. These results confirm that, in spite of the very low laser in-
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Fig. 7. Electron spectrum obtained with the magnetic spectrometer showing quasi mo-

noenergetic peak between 5 and 6 MeV. The spectrum was obtained from irradiation of
a N2 gas-jet at a backing pressure of 45 bar

tensity compared with most of the experiments available in literature, the
electrons accelerated in our experimental conditions are well in the multi-
MeV region, with evidence of mono-energetic components emerging clearly
from the broad energy spectrum. Remarkably, a stable production of elec-
tron bunches was obtained when using the Ny gas-jet, while the use of He
resulted in a less reproducible operation, with narrower beam divergence.

Table 1. Experiment parameters table

Input paramenters Output parameters
Laser wavelength= 800 nm ne= 7 x 101%m=3
Laser pulse duration > 65 fs Plasma channel length ~ 200 pum
Laser energy< 120 mj Plasma channel diameter < 30 um

Optics numerical aperture = F/6 Max energy (cut-off)=~ 10 MeV
Calc. focal spot radius = 3 um Electron energy peak @ 5-6 MeV

Calc. depth of focus = 24 um e-beam divergence (He) < 3deg
Meas. focal spot diam.= 10 um e-beam divergence (N2)=a 10deg
gas-jet thickness = 1.2 mm e-beam reproducibility (N2): high

Bunch charge (N2) > 0.1nC

The control of these features is a very complex task that requires an
accurate knowledge of the key parameters of our experimental configura-
tion and the identification of the main acceleration mechanism occurring in
our experiment. Starting from the assumption that wakefield acceleration is
the basic mechanism behind our results, we explored this possible scenario
using the Particle-in-Cell numerical code AlaDyn?? capable of modelling
a 3-dimensional laser-plasma interaction configuration. ALaDyn is a fully
self-consistent, 1/2/3D, relativistic Electro-Magnetic PIC code capable of
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handling laser pulse(s), injected bunch(es) and a user defined plasma, fea-
turing high order schemes in space/time, with computational moving win-
dow, stretched computational grid and Boosted Lorentz frame. This code
enabled us to take into account details of our experimental configuration,
including laser parameters, focusing geometry and some of the gas-jet fea-
tures.

7. Discussion

A first crucial observation that arises from simple considerations on our
experimental set up is that a significant laser beam self-focusing may occur
in our experimental conditions. According to the well known expression for
relativistic self-focusing, P., ~ 17(w/wy)?> GW and taking into account the
measured electron density of 7 x 10'%cm™3, we find that the critical power
in our experimental conditions is 0.4 TW, which is well below the nomi-
nal power of our laser system. This result suggests that in our experiment,
conditions are satisfied for laser beam self-focusing to occur. A confirma-
tion of this result was obtained from 3-dimensional AlaDyn calculations as
summarised in the plot of Fig.8, that shows the evolution of the laser beam
intensity along the propagation distance. Two different density profiles have
been considered in order to keep into account shot-to-shot variability and
to study the sensitivity of the dynamics to the physical parameters.

intensity evolution

40 _

Fig. 8. Evolution of the beam intensity (in red) showing that in our experimental
conditions a strong self-focusing occurs on a longitudinal scalelength of less than 100
um, leading to a more than 10-fold increase of the local intensity. The solid and dashed
lines refer respectively to the density profiles #1 and #2.

497

In both cases, according to the simulations, the self-focusing brings the
peak laser beam intensity up to a value larger than 2.7 x 10*® W/cm?,
The ponderomotive force associated with the leading front of this very high
intensity pulse leads to a strong charge separation with the consequent
growth of electron plasma waves. We observe the formation of a main wake
with a “bubble”-like?* structure (see Fig.9). Even if the normalised vector
potential of the laser (a = eA/mc?) reaches the peak value a ~ 4 which
would be compatible with particle injection in the bubble regime,?526 we
do not observe injection from the rear side of the bubble. This is due to
the fact that the decreasing plasma ramp (see Fig.8) is unable to sustain
the self-focusing over a long distance and the laser intensity suddenly drops
(on a scale of ~ 50 um) to values which are unfavorable to the injection.
However, trapping of the background particle inside the wake is possible.
These particles are accelerated up to energies of 15-20 MeV and exhibit an

10
210 260

Fig. 9. Electron density cut at different times, as obtained from PIC simulation, showing
the growth of the wake-field structure. The observation window of the code moves at
the speed of light following the laser propagation. Electron density increases from blue
to red.

overall thermal-like spectrum since they interact with the transverse field of
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the laser pulse whose length (2 20 um) is larger compared to the “bubble”
size which is of the order of the plasma wavelength (~ 5-+10 pm). According
to the PIC simulations the accelerated charge is approximately ~ 0.1 nC
(in agreement with experimental data) and the angular divergence of the
beam is in the range 10° + 16° (FWHM).

An additional interesting observation concerning the accelerated bunch
is the longitudinal modulation of the bunch density induced by the in-
teraction of the bunch itself with the longitudinal component of the co-
propagating laser beam.2”2® As shown in the three-dymensional plot of

Bu Modulation !
"?‘ - Period = 0.8 um [l

f
5 | U

—d .
S bu!
T ——t 38

Fig. 10. Accelerated bunch at the exit of the plasma as obtained from AlaDyn PIC
simulation. The modulation of the accelerated electron bunch is due to the interaction
with the longitudinal electric field component of the co-propagating linearly polarised
laser pulse.

Fig.10, the total bunch length exiting the interaction region is expected to
be approximately 10um, with the leading edge clearly showing the effects
of the charge modulation with the characteristic wavelength of the laser
radiation (0.8 um), corresponding to a modulation period of less than 3 fs.

In the experiment, interaction of the accelerated electrons with the
plasma and with the mm-sized remaining plasma and/or ionized gas is
likely to modify the spectral distribution, possibly depleting the lower en-
ergy end of the distribution as predicted by simulations. Also, the spectral
properties of the accelerated bunch are expected to depend critically upon
the trapping process. Given the strong influence of self-focusing in the for-
mation and the dynamics of the accelerating cavity, we may expect that
the trapping process may also be influenced in our experimental conditions.
Therefore, on the basis of the modeling performed so far, no conclusion can
yet be reached on the possible origin of the mono-energetic components
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observed in our measurements and further modeling is being performed to
identify the key parameters for the onset of trapping conditions.

8. Conclusions

We presented the recent results obtained in the frame of the PlasMonX
collaboration, on laser acceleration of electrons with self-injection using
the sub-2TW ILIL femtosecond laser system. High accuracy scanning of
experimental parameters, including position of beam waist relative to the
gas-jet boundary was found to be critical to enable self-injection. Condi-
tions were identified yielding higher charge (in N gas-jet) or higher quality
(in He gas-jet) electron bunches, with acceleration gradients greater than 50
GeV/m. Evidence on non-thermal electron spectrum with a mono-energetic
component with a 20% energy spread above 5 MeV was found. Numerical
simulations show that in our experimental conditions occurrence of strong
self-focusing is expected, leading to an enhancement of the local laser in-
tensity well above 10! W/cm?, with the activation of a single acceleration
cavity, resembling the so-called ”bubble”-like regime. Our optical data show
that an important role in the experiment was played by the very high con-
trast of our femtosecond laser pulse that enables clean interaction of the
femtosecond laser pulse with the field-ionised gas medium, without prior
plasma formation. We are now ready to explore?® this acceleration regime
using the much brighter FLAME laser, that will allow a much longer depth
of focus of a few mm to be used, extending the accelerating length over the
entire gas medium.
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