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We discuss a new compact c-ray source aiming at high spectral density, up to two orders of magnitude
higher than currently available bremsstrahlung sources, and conceptually similar to Compton sources
based on conventional linear accelerators. This new source exploits electron bunches from laser-driven
electron acceleration in the so-called self-injection scheme and uses a counter-propagating laser pulse
to obtain X and c-ray emission via Thomson/Compton scattering. The proposed experimental configura-
tion inherently provides a unique test-bed for studies of fundamental open issues of electrodynamics. In
view of this, a preliminary discussion of recent results on self-injection with the FLAME laser is also given.
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1. Introduction

The impressive progress of high power laser technology initi-
ated by the introduction of the Chirped Pulse Amplification (CPA)
concept [1] is now leading to the realization of new large laser sys-
tems within the framework of the Extreme Light Infrastructure
(ELI) that, by the end of this decade, will start paving the way to
the exploration of new physical domains, approaching the regime
of electron–positron pair creation and the possibility to reach the
critical field of quantum electrodynamics [2]. At the same time,
the control of ultra-high gradient plasma acceleration [3–5] is
being pursued and advanced schemes are being proposed for the
future TeV linear collider [6].

Meanwhile, existing laser–plasma accelerating scheme are
being considered for the development of novel radiation sources.
All-optical X-ray free electron lasers (X-FEL) are already being ex-
plored [7] with encouraging chances of success in the short term.
All-optical, laser-based bremsstrahlung X-ray and c-ray sources
have already been explored [8–10] and successfully tested using
self-injection electron bunches [11,12] showing high efficiency
and potential for laboratory applications. In order to fully enter
the domain of nuclear applications, significantly higher energy
and spectral density c-rays are required. In this scenario, a very
demanding application is the Nuclear Resonance Fluorescence
(NRF) due to the small spectral width of nuclear resonance transi-
tions. New sources have been developed [13] based upon the use of
high energy LINACS and high power lasers or free electron la-
sers[14] to generate c-rays via Thomson/Compton scattering. The
use of laser–plasma accelerated electrons has also been explored
[15] and is regarded as a possible way to make nuclear sources
far more accessible than current Linac based sources.

In a pioneering experiment [16] carried out at the Jena laser
Facility in 2006, all-optical Thomson scattering (TS) in the 1 keV
X-ray region was demonstrated using a compact configuration
with a relatively low degree of freedom for optimization and using
poor quality laser-accelerated electron bunches, still affected by
100% energy spread. Since then, laser–plasma acceleration has
seen dramatic advances and laser accelerated electrons can now
exceed 1 GeV with energy spread well below 10%, with record val-
ues close to 1% [17,7]. Moreover, new schemes are being proposed
to control injection and optimize acceleration, which are now
being implemented to further improve the quality of laser acceler-
ated electrons. Recently, a compact, all-optical Thomson scattering
radiation source has been demonstrated using a new promising
scheme [18].
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2. Thomson scattering source

An all-optical scheme is proposed here in which a laser-driven
electron accelerator based on the design of the self injection test
experiment (SITE) [19] is used to deliver electron bunches required
to generate c-rays in a Thomson back-scattering configuration[20].
TS from free electrons is a pure electrodynamics process in which
each particle radiates while interacting with an electromagnetic
wave. From a quantum–mechanical point of view TS is a limiting
case of the process of emission of a photon by an electron absorb-
ing one or more photons from an external field, in which the en-
ergy of the scattered radiation is negligible with respect to the
electron’s energy. If the particle absorbs only one photon by the
field (the linear or non relativistic quivering regime), TS is the limit
of Compton scattering in which the wavelength kX of the scattered
photon observed in the particle’s rest frame is much larger than the
Compton wavelength k ¼ h=mec of the electron. Since kc=kX � 1,
the TS process can be fully described within classical electrody-
namics both in the linear and nonlinear regimes.

TS of a laser pulse by energetic counter-propagating electrons
was initially proposed in 1963 [21,22] as a quasi monochromatic
and polarized photon source. With the development of ultra in-
tense lasers the interest on this process has grown and the process
is now being exploited as a bright source of energetic photons from
UV to c-rays and attosecond sources in the full nonlinear regime.

As shown in Fig. 1, the proposed source is based upon a counter-
propagating configuration of two ultraintense laser pulses focused
in a gaseous target. The counter-propagating configuration is ob-
tained by splitting the main laser pulse in two pulses with con-
trolled energy and independent focusing configuration. In this
configuration, one of the pulses propagates towards the electron
bunches generated by the other pulse.

The counter-propagating pulse interacts with the energetic
electrons generating radiation along the bunch propagation direc-
tion. An additional laser pulse, the auxiliary ‘‘probe’’ pulse of the
FLAME system is then transported to the target chamber and is
used to diagnose the plasma density, via interferometry, before
and during the interaction.
2.1. Source parameters

The three main parameters of the Thomson scattering of a laser
pulse by a free electron are the particle energy c0, the angle aL be-
tween the propagation directions of the pulse and the electron and
the laser pulse normalized amplitude a0 ¼ 8:5� 10�10

ffiffiffiffiffiffiffi
Ik2

p
where

k is the laser wavelength in lm and I is the laser intensity in
W/cm2. The pulse amplitude a0 controls the momentum
transferred from the laser pulse to the electron, i.e. the number
of photons of the pulse absorbed by the electron. If a0 � 1 only
Fig. 1. Schematic view of the counter-propagating configuration for all-optical
X/c-ray generation. The main FLAME laser pulse is split in two pulses which are
focused in the proximity of a gas target. One of the two pulses (right) accelerates
electrons. The other pulse is focused on the accelerated electron bunch to scatter off
radiation which is emitted along the electron bunch propagation direction.
one photon is absorbed and the quivering is non-relativistic (linear
Thomson scattering). For an electron initially moving with c0 � 1
the resulting scattered radiation is emitted forward with respect
to the electron initial motion within a cone of aperture 1=c0 and
is spectrally shifted at a peak wavelength given by:

kX;c ’ k
1� b cos h
1� b cos aL

; ð1Þ

where b ¼ v=c is the particle velocity and h and aL are defined
according to the geometry of Fig. 2. Among the possible interaction
geometries, the case of backscattering aL ¼ p is the most suitable
for a source as it produces radiation with the highest energy:

EBack ’ 4c2E0; ð2Þ

where E0 is the energy of laser photons. According to Eq. 2, for a
laser wavelength of 0.8 lm, the electron energy required to achieve
photons with energy of 50 keV, 500 keV and 1 MeV are 46 MeV,
145 MeV and 205 MeV respectively, which are within the accessible
electron energy of laser–plasma acceleration with self-injection.
Moreover, the head-on configuration allows the highest overlap of
the electron beam and the pulse and minimizes spurious effects in-
duced by the transverse ponderomotive forces of the laser pulse.

In the nonlinear regime (a0 P 1) the strong exchange between
the laser pulse and particle momentum induces a relativistic elec-
tron motion, consisting of a drift and a quivering having both lon-
gitudinal and transverse components with respect to the pulse
propagation. In turn, the time dependent longitudinal drifting re-
sults in a non-harmonic electron motion, thus producing scattered
radiation with a complex spectral distribution. If the electron inter-
acts with a laser pulse with a flat-top temporal shape, the spectral
distribution of the scattered radiation is organized in equally
spaced harmonics. The peak energy of each Nth harmonics de-
pends now on both the energy of the particle and the pulse nor-
malized amplitude a0 and is given by EN � N4c2

0E0ð1þ 1=2a2
0Þ
�1.

It can be shown that the minimum bandwidth of a c-ray beam
produced by a back-scattering source depends upon the electron
energy spread Dc0=c0, the electron rms transverse emittance �n,
the beam spot size at the collision point rx, the normalized field
amplitude a0 and the laser spectral bandwidth DmL=mL according
to the equation:

Dmc=mc ’ 2Dc0=cþ 2ð�n=rxÞ2 þ a2
0=ð1þ a2

0Þ þ DmL=mL: ð3Þ

Taking typical values of a self-injected electron beam, as those ex-
pected in the bubble regime [23,24], at the exit of the plasma, we
have that the first two terms in Eq. 3 are in the range 1–10%, the la-
ser bandwidth is typically of the order of 10%. A collision laser pulse
with a0 < 1 will then be required to avoid further increase of the
bandwidth for the c-ray beam. Overall, we can therefore expect a
bandwidth in the range of 5–10% at the best for an optimal arrange-
ment, corresponding to 500 keV to 1 MeV bandwidth for 10 MeV
photons. In these circumstances, the rate of photon generation is gi-
ven by

Nc ¼ 2:1� 108UL½J� Q ½pC� hm�1½eV� r�2
x ½lm� f ; ð4Þ

where UL [J] and Q[pC] are the laser pulse energy and the electron
bunch charge. Assuming a typical value for the bunch charge
Q ¼ 100 pC, a repetition rate f ¼ 10 Hz, a matched focal spot diam-
eter rx ¼ 8 lm and a laser pulse energy UL ¼ 2J, we obtain
Nc ¼ 3:5� 109 photons/s over the entire solid angle and spectral
bandwidth. This corresponds to approximately 107 photons/s with-
in a 10% bandwidth. Finally, based on current optimum perfor-
mance of acceleration with self-injection, spectral intensity at
1 MeV bandwidth would be as high as 102 photons/s/eV.

If we consider other laser–plasma acceleration schemes, e.g.
those based upon capillary discharge gas targets, we can expect a



Fig. 2. Thomson scattering geometry. The scattered radiation is emitted along the z axis, in a small cone of aperture 1=c0. When aL ¼ p the backscattering geometry occurs.
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narrower bandwidth and lower transverse emittance [25]. This is
done at the expenses of the charge available in the accelerated
bunch, typically in the few pC range. This is a crucial aspect of
the proposed experiment and will require further development.
3. Towards high fields effects.

In the general description of the interaction of a charged parti-
cle with an external e.m. field, the emission of radiation by the
accelerated particle gives rise to a back-reaction, the so called Radi-
ation Reaction (RR) also referred to as radiation friction. In the
usual approach, the problem is solved in steps. In the first step,
the motion of an electron is calculated using the Lorentz force for
the given external EM fields. In the second step, the radiation emit-
ted by the electron can be calculated given its motion. This two-
step process is non self-consistent because it neglects the back-
reaction on the electron by the EM fields generated by its motion.
To make the electron motion consistent with the emission of radi-
ation which carries away energy, momentum and angular momen-
tum, it is found that an additional term, the RR force, must be
added to the Lorentz force.

However, in most cases, the non self-consistent approach still
provides a very accurate description of the particle dynamics. This
is the case, for example, of particle accelerators and of most labo-
ratory and astrophysical plasmas. These conditions are preserved
provided the energy radiated by the particle is small compared
with the energy of the system. It can be shown that in the case
of a charged particle oscillating in an external field, radiation dom-
inates when the motion of the particle changes appreciably in a
time t ¼ 10�24 s, i.e. over a distance ct ¼ 10�13 cm. Interestingly,
the latter distance is comparable with the classical electron radius.
These considerations immediately tell us that the possibility of
accessing this regime in the laboratory is extremely challenging.
Ultraintense, femtosecond laser pulses are regarded as a possible
tool to enter this regime and future laser systems currently under
construction are expected to make this opportunity even more
realistic.

The question of a description of the RR force is a long-standing,
highy controversial and, to a large extent, still unresolved problem,
facing issues of electrodynamics that ultimately deal with the ac-
tual structure of the electron charge, its nature and the role of
quantum effects [26]. The perspective of probing RR effects with
ultra-intense lasers has further stimulated the interest in these
problems and alternative models to describe RR have been pro-
posed, revitalizing the long standing debate. Probably the simplest,
but already effective approach is that of Landau and Lifshitz (LL)
[27] which is free from pathologies of other models. Currently,
the effort is not limited to a rigorous formulation of the RR force
on the single electrons but it is also devoted to understand how
RR may be implemented consistently and effectively in a many-
body system, i.e. in a plasma. Finally, experimental validation is
needed to discriminate among available theoretical and numerical
models and a road-map for this validation is now being established
at the main high-power laser facilites world-wide.
3.1. Seeking experimental evidence of Radiation Reaction

A theoretical study [28] of the motion of an ultrarelativistic
electron in an ultraintense EM field, based on the LL equation,
has characterized a Radiation dominated regime as the system in
which the energy gain by the electron equals the radiation loss.
As anticipated above, it can be shown that this condition occurs
when the dimensionless field amplitude a0 > 400 which implies
a laser intensity of IL > 1024 W/cm2. This is a very high laser inten-
sity, 3 orders of magnitude above current capability of existing la-
ser systems. However, ultraintense laser technology is providing
increasingly high electromagnetic field intensities. It is therefore
foreseeable that the next generation of high power laser systems
will allow this regime to be accessed relatively soon. On the other
hand, according to recent models based upon LL equations, it is
predicted that experimental evidence of RR effects can be obtained
in Thomson scattering configurations at relatively lower laser
intensities, below the foreseen threshold for the RR-dominated re-
gime, and not far from the maximum intensities available from
PW-class laser systems. In addition, other models [29] predict laser
pulse intensification and shortening in a self-injection laser wake-
field acceleration configuration which could enhance the effect and
make RR observable at existing laser facilities.

In a recent theoretical paper [30], the interaction between a la-
ser pulse at 5� 1022 W/cm2 and a 40 MeV counter-propagating
electron was investigated via numerical simulations looking at
the effect of radiation reaction on the spectrum of Thomson scat-
tered radiation. According to this study, the angle and frequency
resolved spectra show signatures of RR dependent effects on the
angular distribution of scattered radiation. These studies confirm
that, in principle, anomalies in the Thomson emission due to RR
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are not far from the capabilities of current laser systems. In view of
this, feasibility studies towards the experimental realization may
be already investigated, starting from a dedicated, start-to-end
simulation of the entire interaction configuration. Moreover, from
an experimental viewpoint, control of the laser-plasma accelera-
tion process is necessary to establish parameters of the accelerated
electron bunch to be included in the simulations.

From the modelling viewpoint, this approach uses numerical
tools capable of describing the dynamics of electron beam acceler-
ation and interaction with the counter-propagating pulse in a real-
istic geometry and incorporating RR effects. Recently, several self-
consistent simulation studies incorporating RR in laser–plasma
interactions via the LL force in a Particle-In-Cell (PIC) code have
been performed (see e.g. [31]). Numerical efficiency is of a para-
mount importance for such simulations (which require large
supercomputers) because in a PIC code the run time mostly de-
pends on the calculation of particle acceleration, hence on details
of the force term. The numerical implementation of Ref.[31] proved
to be efficient enough to allow fully three-dimensional simulations
and was thus suitable for full-scale simulations for the experiment
proposed in [32]. A similar approach is being followed for the full
modelling of the proposed radiation source.
Table 1
A possible working point of the self-injection test experiment at FLAME for laser-
acceleration in the GeV scale.

Lgas jet [mm] ne [e/cm3] s[fs] I0 [W/cm2] w0 [lm]

4 3	1018 30 5.2	1019 16
4. Acceleration with Self-injection at FLAME

In the framework discussed above, the FLAME laser system has
recently been commissioned at LNF and experimental runs dedi-
cated to laser–plasma acceleration with self-injection (SITE) have
already been performed based on previous pilot experiments
[33]. The first run was carried out during the early commissioning
stage in 2010, at a relatively low laser power (�10 TW), and
showed successful generation of mono-energetic, high energy elec-
tron bunches with a moderate to high degree of collimation down
to the 6 mrad level [34]. A second experiment at higher laser power
(�100 TW) was carried out in July 2012 and enabled us to further
explore the planned experimental configurations [19,35]. A de-
tailed description of these results will be given elsewhere. Here
we present an overview of the experimental set up with some pre-
liminary highlights of the results, with focus on the stability and
the reproducibility of the observed acceleration process in view
of the application to the proposed TS radiation source.

In the self-injection scheme proposed here, electron bunches
are generated from laser–plasma interaction with a rectangular
gas–jet of a few millimeters as shown in Fig. 3, in the so-called
bubble regime [23,24]. In this regime, a short (cs < kp=2; kp being
the electron plasma wavelength) and intense (a0 >2) laser pulse
rapidly ionizes the gas [36,37] and expels the plasma electrons out-
ward creating a bare ion bubble. The blown-out electrons form a
narrow sheath outside the ion bubble and the space charge gener-
ated by the charge separation pushes the electrons back creating a
bubble-like wake. For sufficiently high laser intensities (a0 P 3–4)
electrons at the back of the bubble can be injected in the cavity,
where the longitudinal accelerating field is of the order of
100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dn cm�3
p

V=m, where Dn is the amplitude of the local elec-
tron density depression in the wake.

The FLAME laser meets both conditions of short pulse duration
and high intensity required to achieve this condition. When the la-
ser pulse impinges onto the gas–jet, it promptly excites (without
significant pulse evolution) a bubble wake where electrons are
readily injected leaving the almost entire gas–jet length for the
acceleration process. A proper choice of plasma and laser parame-
ters to ensure an optimized acceleration process can be obtained
using a phenomenological theory [38] to account for dephasing
and depletion of the laser pulse. The basic working point currently
under consideration for the self-injection configuration at FLAME is
the one described in Table 1. In this case, following the phenome-
nological description, at the optimum laser performances we can
expect a quasi monochromatic (few % momentum spread) bunch
with a charge of �0.6 nC and an energy of approximately 1.0 GeV
after 4 mm propagation.

This scenario is confirmed by 3D PIC simulations performed
with the fully self-consistent, relativistic, electromagnetic PIC code
ALaDyn [39,40]. Infact, simulations predict a bunch with an energy
of 0.9 GeV, a momentum spread (rms) of 3.3%, a bunch charge of
0.6 nC, a bunch length of 1.8 lm (the average current is 50 kA)
and a beam divergence (rms) of 2.8 mrad.

More recently these results were basically confirmed by simula-
tions carried out using the 3D GPU particle in cell code. In fact, ad-
vanced numerical tools in the modelling scenario use computer
architectures based upon graphical processing units (GPU) and
are proving to provide much faster simulations [41]. Indeed, by
using the code Jasmine on a 32-GPU cluster it was possible to per-
form numerical simulations of a 4 mm gas–jet with the same accu-
racy as previously obtained with the code Aladyn [39] in a much
shorter (one tenth) execution time. The plots of Fig. 4 show the lon-
gitudinal field (left) and the electron energy gain (right) for the full
SITE case of laser intensity of 5�1019 W/cm2 on a matched plasma
electron density of 3�1018 cm�3. As shown in Fig. 4 left) the accel-
erating field exceeds the 0.3 TV/m in an accelerating structure of
approximately 30 lm in diameter. The electron energy after the
4 mm acceleration peaks at approximately 830 MeV, with an en-
ergy spread of 6%. In addition, a low energy component is also vis-
ible as a well separated component. The simulation also yields the
angular divergence and the charge of the high energy component
which are found to be approximately 8 mrad and 0.6 nC
respectively.

From an experimental perspective, the working point given
above requires the optimized performance of the FLAME laser sys-
tem, with special attention to the transverse phase and, therefore,
to the quality of the focal spot. This is of a particular concern when
operating the laser at the maximum output laser energy of 7 J and
will require installation of an adaptive optics currently in progress.
In the mean time, preliminary experimental runs were carried out
a maximum output laser laser energy of 4 J. Up to this energy level
no significant phase front distortion was found to occur and the
Strehl ratio was measured to be > 65%. Taking the flat top beam
size of 90 mm diameter (corresponding to a 120 mm diameter
aperture) and assuming an M2 ¼ 1:5, we have a maximum nominal
laser intensity on target of 2�1019 W/cm2.
5. First experimental run on self-injection

A stable regime of production of collimated bunches was estab-
lished during the first SITE run in 2010 using the transverse gas–jet
configuration of Fig. 3 (right) with nitrogen, working with a back
pressure of about 17 bar corresponding to a maximum gas density
of approximately 1� 1019 atoms/cm3. These preliminary data were
obtained using an F/10 focusing optics, at a fixed pulse duration of
about 30 fs and for an energy per pulse ranging from a minimum of
about 300 mJ up to 1 J, corresponding to a laser intensity on target
ranging from 3 � 1018 W/cm2 to a maximum of 9 � 1018 W/cm2.
Fig. 5 shows a sample of the data in which electron bunches with
a divergence in the range between 5 and 30 mrad were



Fig. 3. Schematic layout of the laser–gas–jet interaction for the production of energetic electron bunches in the self-injection configuration used in the SITE experiment at
LNF. We used two different gas–jet length of 10 mm (longitudinal propagation) and 1.2 mm or 4 mm (transverse propagation).

Fig. 4. Simulation results of the numerical code JASMINE showing the output for self-injection for optimized performance of the FLAME laser system and a gas–jet intensity of
3�1018 cm�3on a 4 mm gas–jet.
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systematically accelerated. Preliminary electron energy measure-
ments obtained initially with a stack of radiochromic films using
a technique discussed in [42] confirmed that the energy of electron
accelerated at 1 J laser energy were already in the 100 MeV range.
In addition, a spectrometer consisting of a magnetic dipole was
used to obtain a more quantitative estimate of the electron energy.
It was based upon a couple of permanent magnets mounted on a C-
shaped iron structure to form a closed magnetic loop with a 5 mm
gap with a quasi uniform magnetic field of 1 T. Electrons were set
to propagate across this magnetic field region where are deflected
according to their energy and then land on a position on the Lanex
screen according to the plot of Fig. 6. According to this plot,
Fig. 5. Images of the accelerated electron bunch on a scintillating screen (Lanex)
showing the production of collimated electron bunches of minimum (5 mrad) and
maximum (30 mrad) divergence. Images were recorded during the 1st SITE run.
electrons of 50 MeV experience a deflection of approximately
80 mm on the screen and this deflection becomes 10 mm at
500 MeV.

By using this spectrometer it was possible to observe the main
spectral features of the accelerated electrons, increasing the laser
energy at fixed pulse duration and focal spot. Analysis of these
spectra showed that the highly collimated electron bunches have
a typical electron energy of 100 MeV, consistent with the value
measured using the RCF technique. Data were also taken at higher
laser energy, up to the value of 2.5 J before compression. These
additional measurements enabled us to identify the role of phase
front distortions affecting the laser pulse during the first FLAME
Fig. 6. Dispersion curve of the permanent magnet spectrometer showing the
energy of electrons vs. landing position on the Lanex scintillating screen. The
vertical arrow indicates the minimum detectable deflection.



Fig. 7. Images of the Thomson emission from propagation of the laser pulse in a
Nitrogen gas–jet at 10 bar valve pressure. The laser propagates from left to right.
Also visible in the image is the plasma self-emission.
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commissioning phase. In fact, further increase of the laser energy
above the 1 J level showed evidence of beam break up in the focal
region which prevented laser intensity to increase as expected. As
discussed below, these issues were identified and partially cor-
rected during the second SITE run.
6. Second experimental run on self-injection

A second SITE run took place in July 2012 and was focused on a
more systematic study of the acceleration process for different gas
type, gas density using both the transverse and longitudinal gas–
jet configurations of Fig. 3 (left). We used nitrogen or helium with
a back pressure ranging from 1 to 17 bar, corresponding to a max-
imum gas density approximately in the range from 5� 1018 and
2 � 1019 atoms/cm3 and a maximum laser-intensity on target of
2 � 1019 W/cm2. A total of 3000 shots with e-bunch production
was recorded and data were taken with an optical imaging system
and Lanex screen placed at 475 mm from the gas–jet to measure
both the electron bunch transverse size and, with the insertion of
the 50 mm long magnetic dipole at 132.5 mm from the gas–jet,
the energy spectrum. In addition, a shadowgraph of the interaction
region was taken to measure the longitudinal extent and the trans-
verse size of the interaction region. The imaging system was set to
view the interaction region in the vertical direction, i.e. along the
axis perpendicular to the laser polarization plane to image out
the Thomson scattered radiation. Fig. 7 shows the typical Thomson
image obtained from measurements with the longitudinal gas–jet
configuration. As shown by the arrow, the laser propagates from
left to right showing a clear Thomson emission (red–yellow in
the color figure) in the first 3.2 mm (FWHM) of the propagation.
Taking into account the laser beam parameters, we expect a depth
of focus of approximately ±260 lm. Therefore, according to the
Fig. 8. Left: Image the scintillating LANEX screen at 47 cm downstream the interac
corresponding bunch divergence of 1 mrad. Right: integrated image of the electron bunch
bottom-left plot shows the lineout of the image across the vertical and horizontal direc
image of Fig. 7, we find that laser propagation occurs over a prop-
agation length which is several times the depth of focus.

The propagation length was found to be dependent on the gas
density and pressure, ranging from approximately 1.3 mm
(FWHM) for 70% Nitrogen gas mixture (air) at 1 bar pressure to less
than 2 mm (FWHM) for Helium at 15 bar pressure. These results
indicate that propagation length increases at higher electron den-
sity where stronger refraction effects may occur on the propaga-
tion of the laser pulse in the plasma. At this stage we can
anticipate possible contribution of self-focusing effects to the ob-
served behavior of the laser pulse. In fact, according to the well
known expression for the critical power for relativistic self-focus-
ing, Pcr � 17ðx=xpÞ2 GW and taking into account the estimated
maximum electron density given above, we find that the critical
power in our experimental conditions ranges from 3 TW for the
highest density case to approximately 50 TW of the lowest density
case. In the case of 1 J of laser energy on target, corresponding to a
laser power exceeding 30 TW, we expect the interaction in the
higher density case to be affected by self-focusing that could set
the conditions for a moderate channeling of the laser pulse, thus
effectively extending the propagation length. Detailed numerical
simulation will be necessary for a confirmation of this result.

Information about the accelerated electron bunches was ob-
tained by using the LANEX scintillating screen to measure both
the angular divergence and the energy spectrum. The image of
Fig. 8 (left) shows the typical image of a single electron bunch ob-
tained from optimized acceleration in Nitrogen. According to this
image, the single bunch exhibits a divergence of approximately
1 mrad FWHM, a value significantly smaller than that measured
during the first SITE run and among the smallest values measured
in similar experiments. The image of Fig. 8 (right) shows instead
the same image integrated over 30 laser shots which gives a overall
cone of emission of approximately 10 mrad HWHM. The latter
measurements gives an indication of the shot-to-shot pointing sta-
bility of the electron bunch. As for the origin of this fluctuation, it is
unlikely to be affected by the laser pointing stability which was
measured to be within the lrad range. The oscillations of the elec-
tron bunch inside the accelerating structure [43] is instead being
explored as a possible explanation of the observed limit to the
bunch pointing stability.

Finally, information about the energy of the electron bunch was
obtained by inserting the permanent magnet dipole downstream
from the laser focal position. The image of Fig. 9 shows a typical
spectrum of acceleration in Nitrogen in the same conditions of
Figs. 7 and 8 above. The white dot in the centre of the image indi-
cates the average landing position of the electrons without the
magnetic dipole. In the presence of the magnet, electrons will be
deflected on the l.h.s. of the screen according to the dispersion
tion point showing the bunch transverse size of approximately 0.5 mm and a
over 30 laser shots showing a total pointing stability of approximately 10 mrad. The

tions.



Fig. 9. Raw spectrum of a typical electron bunch accelerated from a Nitrogen gas–
jet. The spectrum shows a main component above 100 MeV and a low energy tail
extending down to 60 MeV. The white dot indicates the landing position of
undeflected electron.
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curve of Fig. 6. According to this image, the spectrum shows a main
component around 150 MeV and a low energy tail extending down
to 60 MeV. This general behavior was quite reproducible from shot
to shot and accurate deconvolution of all the spectra is currently in
progress to take into account instrumental broadening. Here we
anticipate that no significant reduction of the observed spectral
width is expected. The quite large energy spread compared to that
expected by the bubble regime is not surprising here due to the rel-
atively lower laser intensity compared to the intensity required for
the bubble regime. This scenario is being investigated via numeri-
cal simulations and alternative acceleration regimes are being
taken into account.
7. c-RESIST conceptual set up

As shown in Fig. 1, the conceptual design of the cRay Emitter
from Self-Injected (Staged) Thomson Scattering (c-RESIST) is based
upon two counter-propagating laser pulses focused on a gas target
using two off-axis parabolic mirrors. The two counter-propagating
pulses are obtained by splitting the main laser pulse using a very
thin splitter to minimize detrimental effects on the longitudinal
phase of the transmitted pulse. The reflected pulse will be sent
to the ‘‘self-injection’’ arm (right) of the counter-propagating con-
figuration, while the transmitted pulse will be sent to the ‘‘Thom-
son/Compton scattering’’ arm. Given the small thickness of the
splitter, it will be likely affected by flatness distortions which
may induce phase distortions in the reflected pulse. The planned
full beam adaptive optics will be used to compensate for this dis-
tortions and optimize both focal spots. The ‘‘self-injection’’ arm
will be based upon the current set up and will use the existing
1 m focal length, F/10 off-axis parabolic mirror which will enable
a maximum intensity on target up to 2 � 1019 W/cm2. The specific
self-injection acceleration regime to be ultimately used in c-RESIST
will depend upon the detailed full modeling currently in progress.
However, the starting configuration will likely consist in the exper-
imental configuration already tested during the self-injection test
experiment (SITE) and summarized above. The ‘‘Thomson/Comp-
ton scattering’’ arm will consist of an off-axis parabolic mirror with
a 0.5 m focal length, F/5 numerical aperture which will enable a
maximum intensity on target up to 4 � 1019 W/cm2. Optimization
in the design of this arm will include the possibility to define the
exact location in which overlapping of the laser pulse and electron
bunch will occur. A delay line on one of the two beam lines will be
used to control the effective position of the scattering laser pulse
relative to the accelerating pulse. This control will be crucial for
the identification of the Thomson emission and will be used to ex-
plore coupling of the laser pulse with the electron bunch along its
propagation trajectory from the injection point to the exit of the
plasma.
7.1. Control of self-injection

As described, in the typical experimental conditions of laser–
plasma acceleration, it is possible to evaluate the maximum energy
gain in term of available power (in focus) and plasma density. It is
known [44] that energy gain increases as plasma density decreases
as a result of longer accelerating distance [45]. A preliminary test
of this behavior was carried out during both runs described above.
The pressure scan carried out during the first run, at the maximum
laser energy of 1 J, showed injection and acceleration for plasma
density down to minimum gas–jet pressure of 7 bar in the case
of Nitrogen. Similar measurements taken during the second run,
at the higher laser intensity of 2 � 1019 W/cm2 showed injection
at pressures as low as 1 bar, corresponding to approximately
6 � 1017. Ionization induced injection has been proposed as a pos-
sible solution to further enhance injection [46] and will be ex-
plored in future tests. Additional options to enhance the control
of the injection process it to rely on the colliding laser pulses
scheme [47,48] which exploits the large ponderomotive force asso-
ciated to the beat-wave produced at the overlapping region of two
counter-propagating pulses in order to pre-accelerate and inject a
bunch of electrons into the bubble. However, in this case, only a
limited amount of charge is injected, typically around 10 pC, which
makes this approach not suitable in view of an efficient radiation
source.

8. Conclusions

The progress of laser–plasma acceleration with self-injection is
motivating the development of secondary radiation sources with
unique properties, easily accessible for a wide range of applica-
tions. The c-RESIST project aims at demonstrating the generation
of X/c-rays using laser-accelerated electrons and Thomson/Comp-
ton scattering. Here an overview of the proposed scheme has been
given, with attention to the expected performances and with a look
at the possible use of the proposed experimental scheme for ad-
vanced studies of dynamics of electrons in intense fields. Finally,
a preliminary presentation of recent experimental results on self-
injection at FLAME was also given showing the achievement of
effective acceleration of highly collimated, high energy electrons
with moderate reproducibility and good pointing stability, a first
step for the proposed radiation source.
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