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A �-ray source with an intense component around the giant dipole resonance for photonuclear

absorption has been obtained via bremsstrahlung of electron bunches driven by a 10-TW tabletop laser.

3D particle-in-cell simulation proves the achievement of a nonlinear regime leading to efficient

acceleration of several sequential electron bunches per each laser pulse. The rate of the �-ray yield in

the giant dipole resonance region (8<E� < 17:5 MeV) was measured, through the radio activation of a

gold sample, to be 4� 108 photons per joule of laser energy. This novel all-optical, compact, and efficient

electron-� source is suitable for photonuclear studies and medical uses.

DOI: 10.1103/PhysRevLett.101.105002 PACS numbers: 52.59.�f, 52.38.Kd, 52.65.Rr

Photonuclear reactions involving � rays of energy in the
range 15–30 MeV [the giant dipole resonance (GDR) of
medium and heavy nuclei for photoabsorption [1–3]] are of
primary relevance for nuclear studies. The GDR enables
the production of radionuclides at rates of practical interest
via photonuclear reactions with reasonable �-ray inten-
sities. In a wider energy range (from a few to several tens
of MeV), both � rays and electrons are used in a variety of
applications, from sterilization to cancer therapy. In all of
these cases, � rays are generated via bremsstrahlung in a
suitable dumper (the ‘‘radiator’’), by relativistic electron
bunches accelerated by dedicated accelerators. To this
purpose, specialized linear electron accelerators are oper-
ating in many hospitals [4]. A further option under exami-
nation is to use such accelerators and the bremsstrahlung
yield to produce (�; n) reactions for neutron therapy [5].
This explains why special attention has been devoted re-
cently to laser-driven electron accelerators for the produc-
tion of � rays [6].

The general objective of building-up laser-driven plasma
accelerators was promoted by the theoretical Letter from
Tajima and Dawson [7]. After the first encouraging results
[8,9], an exponential rate of successes led to the production
of quasimonochromatic multi-MeV [10] up to GeV elec-
tron bunches [11]. However, relevant tasks have still to be
pursued, including achievement of stability and reproduc-
ibility of the laser driving process [12].

We limited our objective to find a regime suitable for the
setup of a small all-optical laser-driven accelerator able to
efficiently generate via bremsstrahlung � rays in a given

spectral range. Within this limit, most of the requirements
on the electron bunches are considerably relaxed. Mono-
chromaticity, small divergence, pointing stability, etc. are
requested at a moderate level, while the main effort has to
be devoted to the efficiency and reliability of the process. A
number of experiments have been performed in the past
decade with the common objective of obtaining laser-
driven nuclear reactions [13]. Most of those experiments
have used very high power pulses, from 40 to 100 TW [14–
17] up to PW [18,19], delivered by laser systems not
suitable for practical applications. In some cases smaller
lasers have been used in tight focusing regime [20,21]. In
these latter cases, the electron yield was limited to tens of
pC per joule of laser energy with poor reproducibility.
We found for the first time, with a 10 TW laser, a regime

of electron acceleration of high efficiency (nC=J).
Although the electron spectrum was not exactly reproduc-
ible from shot to shot, the spectrum averaged over a large
number of shots makes our tabletop accelerator suitable for
practical applications and for driving our intense �-ray
source.
Our accelerator delivers high-charge (nC=J), reproduc-

ible, fairly collimated, and quasimonochromatic electron
bunches, whose peak energy moves shot by shot in the
range 10–45MeV; such an energy range is very suitable for
driving a �-ray source in the GDR spectral region. We first
describe these electron bunches and show that their energy
range as well as the efficiency of the process are well
explained by a 3D simulation. Finally, we characterize
the electron-driven �-ray source in terms of yield and
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spectrum as they were deduced by postprocessing mea-
surements after the activation of a gold sample.

The laser-driven electron accelerator was set up at the
SLIC facility (CEA-Saclay, France) with the UHI-10 Ti:
sapphire laser, which delivered 65 fs chirped pulse ampli-
fication pulses with energy up to 0.7 J at a wavelength of
�0 ¼ 800 nm. The pulses were focused by an f=5 off-axis
parabolic mirror producing a quasi-Gaussian spot where
the normalized field parameter was nominally a0 � 2. The
nanosecond-scale contrast ratio of the pulse (>106) en-
sured that no preplasma was formed by amplified sponta-
neous emission.

Supersonic gas-jet nozzles of diameters ranging from 0.6
to 6.0 mm were tested in a wide range of helium backing
pressures. The results reported in the present Letter were
obtained in what was found to be the optimum conditions,
namely, a 4 mm nozzle with 25 bar backing pressure,
corresponding to an atomic density of 1019 cm�3 at
0.5 mm from the nozzle exit, i.e., the position of the laser
axis. The laser pulse was linearly polarized along the gas
flow axis.

Diagnostics of the plasma included interferometry with
a probe perpendicular to the propagation axis. The Mach-
Zehnder interferometer was operated with a small portion
of the femtosecond pulse, doubled in frequency, in the
same way as in a previous experiment on propagation
and ionization studies [22,23]. The electron density along
the pulse path was measured to be ne � 2� 1019 cm�3. At
this density the electron plasma wave has a period Tp �
25 fs and wavelength �p � 7:5 �m. A Lanex screen,

placed at a distance of 44 mm from the focal plane and
shielded from light by a 0.3 mm copper foil, provided the
overall spatial distribution of the electrons. A magnetic
spectrometer coupled with Lanex provided the shot-to-shot
electron energy spectrum. A spatial high-energy electron
beam analyzer (SHEEBA) device [24] provided the angu-
lar distribution of each spectral component. Finally, a
photonuclear activation setup via induced bremsstrahlung
provided a precise measurement of the electron bunch
charge via Monte Carlo code deconvolution. This latter
setup also provided the measurement on the �-ray source
yield. The Lanex screen was essential for ‘‘tuning’’ the
electron accelerator; once tuned, the electron bunch pa-
rameters including divergence, spectrum, and charge were

measured with SHEEBA, magnetic spectrometer, and nu-
clear activation.
SHEEBA raw data were analyzed with an original algo-

rithm [24] based on the particle transport Monte Carlo code
GEANT-4 [25]. The algorithm transforms the raw patterns

produced by the electrons in the radiochromic films into
the spatial distribution of electrons for each energy com-
ponent. Figure 1 shows three data obtained in this way:
they correspond to electron energies of interest for brems-
strahlung in the GDR range, namely, 12, 18, and 25 MeV,
integrated over ten consecutive shots. Analysis of data
from all films leads to an energy spectrum showing for
this particular series of shots, a high-energy peak at
12 MeV, 8 MeV in width.
Figure 2 shows a typical electron spectrum for a single

laser shot measured with the magnetic spectrometer.
Figure 2(a) is the raw spectrum recorded in the Lanex
screen, with electron deflection along the horizontal axis.
Figure 2(b) shows the normalized lineout of the Lanex
signal. In this particular spectrum, a peaked high-energy
component at 16 MeV with a FWHM of 8 MeV can be
seen. Such a quasimonoenergetic structure was always
observed in a series of hundreds of laser shots over several
days. However, the position of the peak varied unpredict-
ably in a range from 10 to 45 MeV while the peak width
was systematically less than 10 MeV. As for the electron
bunch collimation, Lanex, SHEEBA, and magnetic spec-
trometer provided self-consistent data. Electrons produced
by a single laser shot were collimated within an angle of
30 mrad FWHM, while the pointing direction of the elec-
tron beam over several tens of shots was within an angle of
less than 100 mrad FWHM.

FIG. 1 (color online). Spatially resolved spectral data of the
accelerated electrons from the SHEEBA detector.

FIG. 2 (color online). Typical electron spectrum obtained by
the magnetic spectrometer.
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The electron bunches were converted into high-energy
bremsstrahlung photons in a 2 mm thick tantalum radiator.
In order to measure both the electron bunch charge and the
�-ray production rate, the bremsstrahlung photons were
used for activation of a 4 mm thick gold sample. We point
out here that the cross section for the 197Auð�; nÞ196Au
reaction peaks (GDR) at about 13 MeV [26] with a maxi-
mum of around 570 mb and a characteristic width of
around 5 MeV FWHM, matching very well the brems-
strahlung spectrum of our electrons in the 10–45 MeV
range. The two planar samples were aligned parallel to
each other and on axis with the electron beam, at 35 and
50 mm from the laser focus, respectively. In total, 106 laser
shots were taken on target during this phase of the experi-
ment, inducing (�; n) reactions on the 197Au sample and
leading to a total 196Au yield of 49:6� 2:1 Bq. This activ-
ity was determined using postirradiation gamma spectros-
copy of the activated sample with a high-purity germanium
detector (based on the 333 and 355 keV � lines associated
with the 196Au decay).

The measured photonuclear activity was convoluted
with the electron spectrum and divergence results given
above to calculate the photon flux incident on the gold
sample (using a Monte Carlo procedure described in [6]).
The shot-to-shot variation of the electron energy was taken
into account in the Monte Carlo calculation by using an
electron spectrum integrated over 22 consecutive shots.
This integrated spectrum was found to peak at 21 MeV,
with a FWHM energy spread of 18 MeV showing again
that our accelerator is suitable for driving a �-ray source in
the GDR region. The spectrum of the radiation produced
by bremsstrahlung was also calculated: it is shown in
Fig. 3. The calculated �-ray yield in the energy range 8–
17.5 MeV was ð3:74� 0:14Þ � 108 photons per joule of
laser energy. From the photon flux also the absolute num-
ber of bunch electrons could be determined. The total num-
ber of electrons (with E> 8 MeV, the 197Auð�; nÞ196Au

reaction threshold) calculated in this way was found to be
7:32� 0:26� 109 per laser shot (corresponding to �1010

electrons per joule of laser energy). A further contribution
from systematic errors associated with detector acceptance
corrections, shot-to-shot variation, and calculation uncer-
tainties has been estimated to be below 15%. The total
number of electrons involved in the nuclear process is
consistent with SHEEBA data, that give about 1011 elec-
trons of energy above 7.5 MeV collected in 10 shots, with a
total relative error of the order of 40%.
A numerical simulation of our electron accelerator has

been performed with the 3D particle-in-cell code CALDER

[16]. It has been indeed pointed out by previous works that
only full 3D simulations can account for the three-
dimensional effects that interplay in the nonlinear wake-
field problem [27]. Some snapshots of the simulation are
reproduced in Fig. 4. The simulated laser field distribution
(not reported here) shows a first stage of modest self-
focusing and temporal compression of the pulse, with non-
linear excitation of plasma waves. Then, self-phase modu-
lation and pulse compression split the original pulse into
pulselets. These two phenomena lead to an increase of the
plasma wave amplitude. Approximately 2.5 mm after the
entrance in the plasma, the laser pulse undergoes signifi-
cant depletion and defocusing. The simulated electron
density shows a nonlinear plasma wave growth with a clear
progressive transverse bending of the wave front. The
plasma wave reaches the wave breaking limit (5�
1011 V=m) and electrons originating from the back of the
first plasma wave period are injected into the accelerating
region of the wave. The latter stage is shown by Fig. 4(a)
(electron density distribution when the pulse is about
1.65 mm after the entrance) where the electron bunches
with E> 5 MeV are identified by the blue contour lines.
We stress here that most of the electrons are efficiently
accelerated in the third and fourth plasma periods. Electron
injection in buckets behind the first plasma period was
originally found in a simulation work in condition of
transverse wave breaking [28].
The snapshots in Figs. 4(b)–4(d) show the electron

momentum distribution along the propagation axis when
the pulse is at about 1 mm [4(b)], 2 mm [4(c)], and 2.5 mm
[4(d)], respectively. The electron bunches are accelerated
up to 42 MeV, then the laser pulse depletion stops the
plasma wave growth. Thus, the electron bunches are no
longer accelerated and propagate in the last part of the gas
jet, remaining quasimonoenergetic and collimated. The
nonlinear character of the process accounts for the shot-
to-shot fluctuation in the peak energy observed in the
experiment, while the multiple-bunch acceleration in sev-
eral plasma wave periods accounts for the high efficiency.
In conclusion, we have set up and tested a novel, effi-

cient, all-optical accelerator of relativistic electron
bunches whose spectrum, integrated over many shots, al-
lowed us to create a �-ray source with a relevant compo-

FIG. 3. Spectrum of the � radiation produced by the electron
bunches crossing the 2 mm tantalum slab, as calculated from the
postprocessing activity measurements.
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nent located about the GDR. The interest of such an
electron and gamma source lies in the reliability of the
techniques involving a tabletop laser and a gas jet. This
twofold (electrons or � rays) source can compete with the
existing small scale conventional accelerators in a variety
of operational contexts like scientific laboratories, indus-
try, and hospitals. As an example, accelerators used for the
intraoperatory radiotherapy (IORT) of cancer [29] deliver
typically mean electronic currents comparable to those
delivered by our laser-driven accelerator. The LIAC system
for IORT by Sordina S.r.l. [30] delivers 18 nA at 10 Hz of
electrons of 12 MeV, within an acceleration length of 900
mm. Our accelerator delivers 16 nA at 10 Hz of�20 MeV
electrons within an acceleration length � 4 mm. Many
accelerators devoted to � sources used for sterilization
and for industrial radiography have similar performances.
Finally, an obvious advantage for an all-optical laser-
driven accelerator is that only a small part of the equipment
needs radioprotection for the operator.
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FIG. 4 (color online). Snapshots from the 3D simulation. (a) Electron density distribution when the laser pulse is at about 1.65 mm
after the entrance in the gas jet. (b)–(d) Electron momentum distribution along the propagation axis when the laser pulse is at 1, 2, and
2.5 mm, respectively.
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