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1.  Introduction

Ionizing radiation penetrating biological materials deposits 
its energy by means of ionization and excitation of molecules 
and atoms in the material. Different types of radiation pro-
duce different patterns of energy deposition through the matter, 
depending on mass and energy of the particle (or photon) and the 
physical and chemical properties of the stopping medium [1, 2].

The fundamental quantity to relate radiation effects 
to biology is the absorbed dose. The relative biological 

effectiveness (RBE) of a radiation is the ratio between the 
degree of damage induced by this radiation for a given bio-
logical endpoint at given dose and the damage induced with 
the same absorbed dose by the reference radiation (usually 

 220 kVp x-rays or Co60  γ photons). RBE values have been 
obtained from experimental data and model calculations for 
a variety of biological endpoints such as cell death, chromo-
some aberration, micronuclei formation and induction of 
single- and double-strand breaks (SSB and DSB from now 
on, respectively).

The biological effects of ionizing radiation, however, cannot 
be explained as a sole function of the dose. Other quantities 
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Abstract
We present a laser-driven source of electron bunches with average energy  260 keV and 
picosecond duration, which has been setup for radiobiological tests covering the previously 
untested sub-MeV energy range. Each bunch combines high charge with short duration and 
sub-millimeter range into a record instantaneous dose rate, as high as     −10 Gy s9 1. The source 
can be operated at  10 Hz and its average dose rate is     −35 mGy s 1. Both the high instantaneous 
dose rate and high level of relative biological effectiveness, attached to sub-MeV electrons, 
make this source very attractive for studies of ultrafast radiobiology on thin cell samples. The 
source reliability, in terms of shot-to-shot stability of features such as mean energy, bunch 
charge and transverse beam profile, is discussed, along with a dosimetric characterization. 
Finally, a few preliminary biological tests performed with this source are presented.
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such as linear energy transfer (LET), radiation quality and, 
more recently, track structure and microdosimetry have been 
used to provide a deeper understanding of biological effects 
leading to a given radiation effectiveness [3]. For instance, 
epidemiological and experimental analysis indicates that low-
LET radiations (x-rays, electrons) seem to have different RBEs 
depending on their energy, so that higher energy radiation can 
be relatively less effective than lower energy one. For instance, 
there is a factor of about 3–6 increase in effectiveness for 
tritium beta rays (electrons of a few KeV kinetic energy) com-
pared to  15 MeV electrons [4]. Such an example highlights the 
importance of the availability of low-energy electron sources, 
even, as will be clear in the following, at ultrahigh dose rates.

Several studies have been carried out in order to assess the 
RBE of low energy electrons from conventional sources (in 
this work we call conventional all but laser-driven sources). 
Folkard et  al [5] experimentally ascertained the fraction of 
DNA single- and double-strand breaks induced by mono-
energetic electrons in the range 25–  4000 eV produced by 
an electron gun, showing that single energy deposition of 
no more than  50 eV within dehydrated DNA is sufficient to 
induce a DSB. Beside experimental results, the most complete 
approach to describe RBE of electrons lies on track structure 
calculations by means of Monte Carlo simulations, which are 
capable of simulating and recording the energy transferred 
by every single particle in each interaction, and to determine 
and register its energy deposition in the medium. Such calcul
ations have been reported for electrons and ultrasoft x-rays 
by Nikjoo and co-workers [6, 7], showing that while sparsely 
ionising components of  100 keV electrons tracks predomi-
nate, the contribution from lower energy secondary electrons 
(leading to the larger energy deposition) is also relevant.

Hsiao and Stewart [8] used the Monte Carlo radiation 
transport code PENELOPE to estimate the spectrum of initial 
electrons and combine this information with DNA damage 
yields for monoenergetic electrons from a previous study [9] 
to obtain nucleotide-level maps of clustered DNA lesions 
including single and double strand breaks. Goodhead [10, 11] 
examined the complexity of DNA damage induced by ionizing 
tracks of different shape and size and concluded some general 
and specific features of cellular responses to ionizing radiation.

This very stimulating scientific scenario has been further 
enriched by the availability of high energy particles provided 
by plasma accelerators driven by ultra-short intense laser 
pulses. In fact, innovative aspects of radiation biology are rap-
idly growing as a result of novel electron and ion sources based 
on laser-driven acceleration, providing ultra-short (picosecond 
or sub-picosecond) particle bunches [12]. As a consequence, 
it appears that new physical concepts on radiation interaction 
with living matter have to be considered, taking into account 
the extremely high peak dose delivered [13–16].

Since our work is devoted to energetic electron sources, 
let’s briefly mention that laser-driven electron accelera-
tion in plasmas (based upon the so-called Laser WakeField 
Acceleration process, LWFA from now on), after the original 
proposal by Tajima and Dawson in 1979 [17], has experi-
enced an outstanding development in the last decade, mainly 

due to the increasing availability of table-top, multi-terawatt, 
femtosecond-pulse CPA laser systems. Laser plasma accelera-
tors are now capable of delivering ultrashort (on the time scale 
of molecular motions [18, 19]) high energy electron bunches 
that open up exciting perspectives, especially for biochemical 
and biophysical domains. Indeed, the complex links existing 
between the physical aspects of early energy deposition events 
and the delayed evolution to biological endpoints is a matter 
of intense investigation and it can greatly take advantage of 
the availability of ultrashort sources [14, 20].

Laser-plasma acceleration originates from the unique 
properties of plasma to support electric fields exceeding 

    −100 GV m 1, orders of magnitude higher than the 
10–     −100 MV m 1 supported by radio-frequency cavities of 
conventional accelerators [21, 22]. The generation of such 
large electric fields is ordinarily achieved by focusing an 
ultra-short and multi-TW laser pulse onto a gas target, tipi-
cally a supersonic gas jet. The ultrashort bunch duration of 
laser-driven electron sources leads to 106–108 times higher 
instantaneous dose rates than in typical electron gun or LINAC 
counterparts (when no bunch compression schemes are used). 
For instance, a typical electron accelerator for internal radio-
therapy currently deliver from 0.1 up to  10 cGy per pulse, with 
typical bunch duration of the order of a few microseconds, 
leading to an instantaneous dose rate of  ∼103–     −10 Gy s5 1 
(see, for instance, [23]). On the other hand, a laser-plasma 
source can deliver  ∼1–10 mGy per pulse, with a characteristic 
0.1–  1 ps duration (see, for instance, [24–26]); these values lead 
to instantaneous dose rates  ∼109–     −10 Gy s11 1. Furthermore, 
considering the typical LINACs and ultrashort laser systems 
repetition rates, the average dose can be potentially comparable. 
This has spawn an intense research activity aimed at demon-
strating medical applications. For instance, recently, Beyreuther 
et al [24] have shown the general applicability of laser acceler-
ated electrons for in vitro cell experimentation, while Laschinsky 
et al [27] irradiated tumour and non-malignant cells with pulsed 
laser accelerated electrons for the comparison with continuous 
electrons of a conventional therapy LINAC.

Previous works on biomedical use of laser-driven accelera-
tion, however, were mostly focused on possible future appli-
cation of laser accelerated particles to radiotherapy, with the 
production of particles with energies from a few up to a few 
tens of MeV. So far, no investigations have been carried out 
on the effects of laser accelerated lower energy (from 0.1 to 
 1 MeV) electrons on biological samples. In this energy range, 

as a matter of fact, both DC and pulsed solutions have been 
reported (and a couple of commercial solutions are available), 
based on conventional acceleration mechanisms. In [28] an 
electron source based on an electron gun and operating in the 
range 160–  200 keV was presented, featuring a large enough 
(  ×200 100 mm2) exit window to be used for applications in 
medicine and material science. This device was able to operate 
at a rep rate of  50 Hz. The bunch duration was  µs5 .

Given the interest in ultrashort electron sources in this 
‘low’ energy range, several proposals and/or experimental 
studies have been published in the past few years, which used 
an ultrashort laser beam as the driver. These studies aimed,  
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in particular, at ultrafast electron diffraction (UED) as the main 
application. In particular, He et  al [29, 30] reported on the 
use of a few mJ ultrashort laser pulse to generate  ∼  100 keV 
electron bunches via LWFA. In this case, the total charge per 
bunch was of the order of  10 fC. Recently, a  240 keV ultra-
short electron source was studied numerically, using PIC 
simulations, based on the Direct Laser Acceleration scheme 
in a gas [31]. It is also worth to note that ultrashort electron 
bunches can be obtained using conventional techniques, pro-
vided that advanced bunch compression schemes are used, 
although this schemes are in general best suited for relativistic 
electron beams (see for instance [32] and [33]).

In this paper, we report on the performances and prelimi-
nary biology experiments of a LWFA source (dubbed ‘LESM: 
laser-driven electron source in the sub-MeV range’) in the 
100–  300 keV energy range. In contrast to the above men-
tioned ultrashort sources, delivering  ∼  10 fC to  ∼  1 pC bunches 
and targeting the UED as the main application, our source 
delivers  ∼  100 pC bunches and is best suited for experiments 
in radiobiology, allowing an irradiation of a few centimeters 
wide biological samples. As a matter of fact, as reviewed in 
[3], the  ∼  100 keV electron energy range deserves a great 
interest in biology. Together with the sub-picosecond bunch 
duration, the above figures for our source result in an unprec-
edented instantanous dose rate, of the order of     −10 Gy s9 1, of 
high-RBE ionizing radiation. This device is very attractive 
for biophysical investigations, such as induction of localized 
radical processes and their amplification up to mutagenic 
DNA lesions and protein impairment, to our knowledge never 
performed before with electron bunches of such an energy 
and at such an extreme dose-rate. Preliminary results of such 
radiobiological studies are reported in the last section. Other 
noteworthy features of our source, such as its use for elec-
tron radiography [34] and the focusability of the electron 
bunch [35] to locally enhance the dose deposition, have been 
reported elsewhere and will not be discussed here.

2. The laser-driven electron source

The electron source was designed, set-up, tuned and tested at 
the Intense Laser Irradiation Laboratory (ILIL) of the National 
Institute of Optics of CNR in Pisa (Italy), using a laser 
system operating at 2 TW power level. The  10 Hz,  800 nm 
Ti:sapphire laser delivered  40 fs pulses of  80 mJ energy and 
featured an ASE (Amplified Spontaneous Emission) contrast 
ratio  >107. The laser beam was focused with an f/5 off-axis 
parabolic (OAP) mirror down to a  µ10 m diameter spot (con-
taining  >50% of the pulse energy) into a supersonic nitrogen 
(N2) gas-jet delivered by a rectangular nozzle  ×4 1.2 mm 
in size (the laser propagated along the smaller side, see 
figure  1); the corresponding nominal laser intensity in the 
waist was then  ∼    × −1.3 10 W cm18 2. The laser-plasma inter-
action was diagnosed using standard techniques such as 
optical (Nomarski) interferometry and Thomson scattering 
imaging. The density distribution in the jet (for both neutral 
gas and plasma) was measured by interferometry and used 
to tune numerical simulations, as detailed below.

A scan of the gas backing pressure and of the laser beam 
waist position along the gas-jet was performed in order to 
get the best suitable conditions for the electron acceleration. 
Nevertheless, a tuning of the ASE contrast ratio was needed 
in our case to find a stable accelerating regime; in the rest of 
this section a brief glance at our acceleration regime will be 
given, although a deeper discussion is outside the scope of 
this paper and will be presented elsewhere. Due to the lim-
ited maximum intensity on target, lower than the expected 
threshold for self-injection (see [36] and references therein), a 
rather high backing pressure  �P 40 barbacking  (corresponding 
to an electron density well in excess of   −10 cm20 3) was first 
used in our case to get trapped and accelerated electrons with 
the optimal contrast ratio given above. Indeed, as it is well 
known, the threshold for self-focusing is easily achieved at 
these high densities, allowing an enhancement of the inten-
sity to be reached within the plasma [37]. However, in this 
condition the acceleration regime exhibited a rather poor sta-
bility (�20% shot with an accelerated bunch). A much more 
stable condition was found working at a lower backing pres
sure  �P 15 barbacking  (corresponding to a maximum electron 
density  × −�n 5 10 cme

19 3) and introducing a pre-plasma by 
degrading the ASE contrast ratio. Indeed, by acting on the 
Pockels cells delay in the regen amplifier, the contrast ratio 
was reduced down to  ∼106, measured  3 ns before the main 
pulse. With this contrast, the ASE reached an intensity of about 

    −10 W cm12 2, well above the breakdown threshold for the gas. 
In previous experiments reported in the literature, a low con-
trast ratio, either at the ns or at the ps level, was employed in 
order to create a plasma channel able to guide the main pulse 
and possibly reducing the energy spread [38] and/or leading 
to a spatial cleaning of the main pulse itself [39]. In our case, 
where a rather low laser intensity was available, this low con-
trast regime led to a much more reliable acceleration regime, 
with �90% shots providing an accelerated bunch. This was 
attributed to an enhanced trapping, similar to the one described 
in [40], at the entrance of the pre-plasma region, where a den-
sity downramp is found. Indeed, according to hydrodynamic 
simulations performed with the code POLLUX [41], whose 
predictions were matched and compared to our density meas-
urements, a pre-plasma was created in these conditions, with 
a temperature of a few tens of eV and an ionization degree 
of about 3–4. Due to the hydrodynamic expansion, this pre-
plasma was found to exhibit a rather pronounced density 
downramp at its entrance at the time of the arrival of the main 
pulse. In particular, the local electron density decreases of 

Figure 1.  Conceptual layout of the laser-driven electron accelerator.
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one order of magnitude, from the maximum value of about 
 × −5 10 cm19 3, over a few plasma wavelengths. The observed 

enhancement of the trapping process was qualitatively con-
firmed by 2D particle-in-cell (PIC) simulations, carried out 
using the EPOCH code [42]. The initial electron density pro-
file was gained by the POLLUX simulations. Figure 2 shows 
a snapshot of the longitudinal phase space at the time of the 
maximum acceleration in the two cases in which a pre-plasma 
with a density downramp is present or an initial flat density 
profile is assumed. As it appears, no accelerated electrons 
are observed in the absence of the pre-plasma. In contrast, 
electrons with a calculated average energy of  ∼  300 keV are 
observed when a pre-plasma is present.

From the experimental point of view, a remarkable 
improvement of the shot-to-shot stability of our source was 
observed in this case; indeed, this led to a dramatic increase of 
the percentage of shots producing an accelerated bunch, from 
�20% up to �90%.

3.  Characterization of the electron bunch for 
applications in radiobiology

3.1.  Study of the electron bunch parameters

The electron spectrum was obtained using a magnetic 
spectrometer equipped with a ″0.5  long (in the electron beam 

Figure 2.  Comparison of the longitudinal phase space provided by a PIC simulation with and without preplasma.

Figure 3.  Energy released by an electron into the sensitive layer of an EBT3 gafchromic film and on a LANEX scintillator screen as a 
function of its initial energy, as retrieved by Monte Carlo simulations.

J. Phys. D: Appl. Phys. 49 (2016) 275401
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direction) permanent magnets dipole providing a  0.2 T magn
etic field. A  0.5 mm width slit (made on a lead substrate) was 
used in front of the dipole. The energy resolution, retrieved 
taking into account the spectrometer geometry, the bunch 
divergence and the detector resolution, was estimated to be 

/ �δ × −E E 5 10 2. A Kodak LANEX (type ‘regular’) scintil-
lator screen imaged out by an optical camera was used as a 
detector. Figure 3 shows the sensitivity of the LANEX screen 
as obtained by Monte Carlo simulations of the energy depo-
sition carried out using the GEANT4 library toolkit [43]. It 
should be pointed out that both our magnetic dipole and the 
LANEX screen allowed electrons with an energy  � 100 keV 
to be detected. A typical electron spectrum, obtained from 
a single shot, is shown in figure  4. The curve can be fitted 
with an exponential function with mean energy ¯  �E 260 keV, 
which is in a reasonable agreement with the value retrieved 
by the PIC simulations given above. Furthermore, we have 
observed fluctuations of the order of 10% r.m.s. in this value 
when averaging over a large number (a few hundreds) of 
shots. This r.m.s. value was obtained considering only the 
shots for which an electron signal was observed, which, we 
remind, were a fraction of about 90% of the total laser shots.

The electron bunch divergence and charge were retrieved 
using the so-called SHEEBA detector [44]. It basically con-
sists of a stack of gafchromic films and suitable electron 
attenuators. The main electron bunch parameters, such as the 
spectrum, divergence and total charge can be retrieved, using 
an iterative algorithm, by the measured change of the optical 
density occurring on each gafchromic layer due to the elec-
tron energy deposition. In our case, EBT3 type gafchromic 
films were used. Figure 3 shows the energy released into the 
sensitive layer of an EBT3 film as a function of the impinging 
electron energy, as retrieved by GEANT4-based Monte Carlo 
simulations. We used such a kind of simulation, along with 
both numerical and experimental measurements of the EBT3 
dose response curves (see [45] for further details) to get an 
absolute calibration of the EBT3 sensitivity as a function of 
the electron energy. As clearly visible from the plot, a notice-
able dependence of the energy released by each electron upon 

its initial energy occurs in the energy range of our source. This 
dependence is taken into account in our analysis algorithm. 
It is worth noting, at this point, that although a departure of 
the actual (that is, measured) sensitivity of EBT3 films from 
the one retrieved using Monte Carlo simulations has been 
reported for protons [46], this is expected to occur at a negli-
gible level in the electron case. Indeed, this departure can be 
attributed to the finite number density of the molecules whose 
polymerization is responsible for the observable darkening of 
the EBT3 films; this finite density may lead to a saturation in 
the case of high LET particles, as the energy release occurs 
on a very thin layer. As a matter of fact, this effect has been 
observed mostly with low energy (a few MeV) protons, exhib-
iting a high LET, while no discrepancy between simulated 
and measured response was reported for electrons (see, for 
instance, [47]).

As said above. the effective energy released by each elec-
tron onto the gafchromic sensitive layer is taken into account 
by the SHEEBA detector analysis algorithm (see [44] for 
further details); this is particularly important in view of the 
strong variations of the EBT3 sensitivity across the energy 
range of interest in this work.

Each measurements using the SHEEBA detector was inte-
grated over 50 laser shots. Table 1 shows, along with other 
relevant figures  for our source, the measured bunch diver-
gence and the total charge per bunch. As it appears, the bunch 
has a divergence of about  �20 FWHM; this allows biological 
samples with a transverse extent of a few centimeters to be 
irradiated; this issue will be discussed below. Furthermore, 
the pretty high charge per bunch as compared to similar laser-
driven sources allows doses of a few tens of mGy s−1 to be 
delivered. Both these issues will be deepened below.

Finally, we mention here that the SHEEBA detector is 
also able to provide an independent measurement of the elec-
tron spectrum, although with a lower energy resolution with 
respect to a magnetic spectrometer, without the need of any 
assumption on the shape of the electron spectrum. This feature 
was used as a cross-check of the measurements performed 
with the magnetic spectrometer and provided an estimate of 

Figure 4.  Electron energy spectrum measured using a magnetic spectrometer.

J. Phys. D: Appl. Phys. 49 (2016) 275401
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the spectral shape and mean energy in agreement with those 
given above.

3.2.  Experimental setup and dosimetry for radiobiology 
experiments

In order to allow the irradiation in air of biological samples, 
the experimental setup used is shown in figure 5. The laser 
beam enters the vacuum chamber from the left and is focused 
in the gas jet by the OAP (see section 2 for details). In order 
to put the living sample in air as close as possible (∼  10 cm) to 
the divergent electron source, we modified one of the vacuum 
chamber flange as shown in figure 5 in order to allow the inser-
tion of a tube, ending with a window for electrons, through the 
modified flange. A  µ50 m thick plastic (kapton) window with 
a clear aperture of  25 mm was used as a vacuum-air interface. 
Ad hoc plastic holders, one for each type of dishes used (Petri 
dishes and Corning cell culture flasks, in the cases discussed 
in the next section), were built in order to allow a precise 
(within  ∼  0.5 mm) insertion and positioning of the samples 
into the tube. The holders also allowed a precise positioning 
of the gafchromic films which were used to get the effective 
dose on each sample (see below). The biological samples 
were inserted into the tube up to a few millimeters distance 
from the window, at a total distance of about  12 cm from the 
electron source.

The electron propagation in vacuum, across the window 
and in air up to the sample position was simulated using a code 
based on the Monte Carlo GEANT4 library toolkit [43]. In 
particular, the simulated setup included the gas-jet structure, 
the vacuum chamber, the start and end flanges of the inserted 
tube, the tube itself and the plastic window. In the simulations, 
the low-energy LowEm_Penelope physics model was used 
[48]; this package (and the related cross sections  database) 
allows interaction processes (including Compton scattering, 
photoelectric effect, Rayleigh scattering, gamma conversion, 
Bremsstrahlung, ionization and positron annihilation) occur-
ring at energies down to  250 eV to be taken into account.

Figure 6 shows the distribution of the arrival times of 
the electrons at the sample position as gathered from the 

simulation. In the simulation (where no account was made of 
Coulomb bunch lengthening) all the primary electrons were 
considered to leave the gas-jet at the same time (t  =  0). Thus 
the curve shown would actually have to be considered as a 
transfer curve to be convolved with the actual bunch duration 
in order to get the final bunch time profile. However, as it is 
well known, durations of a few up to a few tens of femtosec-
onds have been reported for the bunches on leaving the plasma 
(see for instance [49]); this means that, looking at the figure, a 
bunch duration of a few picoseconds can be safely estimated/
calculated at the position of the biological samples. This dura-
tion is still about six orders of magnitude smaller than that of 
a typical electron gun or LINAC (when no advanced bunch 
compression schemes are used [32, 33]).

GEANT4 simulations also confirmed that the energy spec-
trum of the electrons reaching the sample is basically the same 
as measured in vacuum, namely an exponential spectrum with 
mean energy ¯  �E 260 keV.

The transverse profile of the electron beam at the sample 
position was measured using a LANEX screen imaged out 
by a CCD camera. On each shot, the beam exhibited, across 
the  25 mm window aperture, large scale (scalelength compa-
rable to the aperture) variations of about 5%, with occasional 
‘hot spots’ (with typical size of a few millimeters) where the 
beam intensity was from 10 up to 15% higher than the average 
intensity. Both the large scale non-uniformities and the hot 
spots showed a random position, so that the tranverse beam 
intensity profile could be considered uniform within a few 
percent when a few tens of shots (corresponding to a few tens 
of mGy, as it will be shown in a moment) were accumulated 
on the sample.

An experimental measurement of the dose delivered by our 
source was also carried out. In particular, a stack of EBT3 
films separated by sheets of water-equivalent RW3 material 
(PTW, Freiburg) was placed at the position of the sample, 
that is inside the tube shown in the figure. The dose was then 

Table 1.  Main features of the source.

Paramater Value

Electron average energy  260 keV
Spectral shape exponential
Bunch divergence  �20 FWHM
Bunch charge �  100 pC
Repetition rate up to  10 Hz
Bunch duration on the sample  3.5 ps
Peak current >  100 A
Non-uniformity on sample <10% (over 25 shots)
Stopping power in water       −2.49 MeV cm g2 1

Range in water  0.68 mm
Dose per pulse  ±3.5 7% mGy
Peak dose rate     −10 Gy s9 1

Average dose rate     −35 mGy s 1

Figure 5.  Layout of the experimental setup for the irradiation of 
biological samples.
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retrieved by comparing the experimental measurements with 
the predictions of Monte Carlo simulations (based again on 
the GEANT4 library toolkit). Further details on the entire 
procedure, which also involved preliminary dose-response 
calibration of each EBT3 film using a conventional electron 
source, can be found in [45]. Each measurement was carried 
out by integrating over 50 laser shots. The dose delivered to 
the samples (integrated over the whole  25 mm aperture) meas-
ured in this way was    = ± −D 3.5 7% mGy shot 1. This value 
includes the contamination due to Bremsstrahlung photons, 
whose contribution was estimated, using the Monte Carlo 
simulations, to be �1%.

Finally, we point out that the effective dose delivered to 
each biological sample in the biology tests briefly discussed 
below was monitored by using layers of EBT3 film placed 
both upstream and downstream of each sample dish and com-
paring the measured absorbed dose with the predictions of our 
Monte Carlo code.

4.  Preliminary radiobiological tests

The biological effectiveness of the LESM source has been 
preliminarily tested with conventional radiobiological assays, 
such as γ-H2AX foci assay on human lymphocites and FRAP 
analysis of the alterations in the biochemical mechanisms reg-
ulating the nucleocytoplasmic translocation in CHO (Chinese 
hamster ovary) cells. DNA double-strand breaks (DSB) are 
a major DNA damage and a key mechanism through which 
radiotherapy and some chemotherapeutic agents kill cancer 
cells [50]. Nuclear γ-H2AX foci represent a marker for DSB 
formation and the first detectable response of cells to DSBs 
[51]. DSBs can be identified in situ by detecting the γ-H2AX 
foci formed at DNA break sites utilizing immunostaining 
techniques, making the γ-H2AX foci assay the most sensitive 
of current assays for irradiation-induced DSBs [52]. Recently, 
proof-of-principle experiments with accelerators of protons or 
electrons have been performed showing that beams are able 
to generate DNA damage [53–55]. We used the γ-H2AX foci 

assay to measure DSBs induced by our electron source on 
human lymphocytes, irradiating our samples with different 
numbers of cumulated laser shots in order to assess DNA 
damage at different doses.

Figure 7 shows the results of a test in which lymphocytes 
were irradiated with effective doses of 75, 155 and  315 mGy 
(the cells were fixed after 1 h). On the left, the number of  
γ-H2AX foci per cell as a function of the absorbed dose is 
shown (this value was measured at  30 min time after the fixa-
tion). Given that on average 0.2–0.4 foci are induced per  10 mGy 
per cell when using LINAC electrons [50, 51], this would sug-
gest, if the ultrashort nature of the source had no effect on the 
observed damage, an absorbed dose comparable to the one 
actually delivered with our source. For the sake of complete-
ness, the residual DNA DSBs at different times corresponding 
to an absorbed dose of  155 mGy are shown on the right.

A different assay was carried out in order to evaluate the 
possible effects of the electron bunches on the biochemical 
mechanisms regulating nucleocytoplasmic translocation 
(and thereby protein/RNA shuttling at intracellular level) in 
standard CHO cells. This kind of test is particulary relevant 
for the studies of low dose radiation damages. To do this, we 
took advantage of an established translocation model based on 
the fusion construct between enhanced fluorescent protein and 
the nuclear localization sequence of SV40 (NLS-EGFP) [56]. 
The nucleocytoplasmic translocation rates of this construct 
can be easily obtained by a previously published exper
imental approach involving the fluorescence recovery after 
photobleaching technique [57]. More specifically, we exposed 
CHO cells transiently expressing NLS-EGFP to LESM elec-
trons and we evaluated the modifications in the translocation 
time (τ) and permeability to passive diffusion (P) as compared 
to a set of non-exposed cells. Data analysis yielded transloca-
tion time ⟨ ⟩  τ = ±135 69 s for control cells (#10 cells) and 
⟨ ⟩  τ = ±152 97 s (#14 cells) for irradiated cells, with a T-test 
( p  =  0.64) indicating that the differences between the two 
data sets were not statistically significant. As for the passive 
permeability, data analysis yielded    µ= ± −P 7.5 5.7 m s3 1 for 

Figure 6.  Distribution of the arrival times of the electrons at the sample position, as retrieved by Monte Carlo simulations.
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control cells and    µ= ± −P 5.7 3.3 m s3 1 for irradiated cells, 
again showing the negligible differences between the two data 
sets (T-test afforded p  =  0.4). This preliminary analysis seems 
to suggest that irradiation with LESM electrons do not affect 
this particular biochemical mechanisms.

5.  Summary and conclusions

We reported on an ultrashort laser-driven electron source for 
experiments in biology with sub-MeV electron beams. The 
source, which is based on the interaction of a relatively low 
power (  2 TW) ultrashort laser system with a gas-jet, is suit-
able for measurements (so far unreported) of the RBE of sub-
relativistic electrons at ultrahigh instantaneous dose rates. The 
laser-plasma source was equipped with a vacuum-air interface 
in order to allow irradiation of in vitro biological samples. A 
full dosimetric characterization was performed, using stan-
dard dosimetric techniques, comparing experimental mea-
surements to Monte Carlo simulations. LESM can deliver 
a dose of about 3.5 mGy per shot at the sample position. 
In order to assess the capability of our new source, different 
human cells (namely, lymphocytes, fibroblasts) and CHO 
(Chinese Hamster Ovary) cells have been irradiated and the 
induced biological effects in terms of cellular DNA damage 
and alteration of biochemical mechanisms have been studied 
by means of well-established biological techniques (scoring 
of γ-H2AX, FRAP). In particular, our experiments showed 
DNA double strand breaks levels similar to the one induced 
by conventional electron beams, while no appreciable altera-
tion was found affecting the biochemical mechanisms that 
regulate the nucleocytoplasmic translocation. The noteworthy 
stability and the ultrashort bunch duration make this source 
very appealing for many experimental tests of interest in sub-
MeV electron damage biology.
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