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Particle Induced X-ray Emission (PIXE) is a well established ion beam analysis technique, en-
abling quantitative measurement of the elemental composition of a sample surface. Electrostatic
accelerators are today used as proton beam sources in PIXE systems, restricting its feasibility to
relatively large scale facilities. We present a novel PIXE technique based on a compact laser-driven
proton accelerator with the sample in ambient atmosphere, which simplifies the measurements, and
is strictly necessary for those samples that cannot sustain vacuum environment. It features a 10 TW
class ultrashort laser, used to generate a few MeV proton beam, and a compact proton transport
magnetic beamline, acting also to prevent unwanted fast electrons from reaching the sample. An
X-ray CCD camera used in single photon detection is used to retrieve the spectrum of the radia-
tion emitted by the samples upon irradiation in air. Quantitative elemental composition analysis
is performed and validated against standard Energy-dispersive X-ray spectroscopy measurements,
showing the feasibility of External Beam PIXE analysis with compact laser-driven accelerators.

Ultraintense pulsed laser-matter interaction for proton
acceleration has been studied for more than two decades
and is nowadays well understood theoretically, numer-
ically described by reliable models, as well as routinely
implemented in many research laboratories worldwide [1–
3]. Appealing features of laser-driven particle accelera-
tors include their very compact footprint, and the intrin-
sically short bunch duration. Historically, proton beams
with energy up to several tens of MeV have first been re-
ported using large-scale, high-energy (∼ 10 J) laser sys-
tems, whose repetition rate is usually limited to a frac-
tion of Hz. Acceleration of protons is achieved through
the so-called Target Normal Sheath Acceleration (TNSA)
process [4–6]; in this process, populations of fast (up to
the MeV range) electrons are accelerated at the laser crit-
ical surface on the front side of a thin solid target, which
then propagate through the overdense target and, on ex-
iting the rear surface, induce a strong electric field (up
to TV/m), thereby accelerating protons and light ions.
Over the past decade or so, ultrashort and ultraintense
laser pulses have also been used to the purpose [7–9],
with the added value of allowing, in principle, high rep-
etition rate (i.e., high average flux) beams to be pro-
duced; furthermore, novel proton acceleration regimes,
based on phenomena such as Relativistic Induced Trans-
parency and/or Radiation Pressure Acceleration[10–12]
have been found to enable the acceleration of beams with
≳ 100MeV energy. This kind of study have been carried
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out using 100 TW class laser systems.
On the other hand, few MeV proton beams can be ef-
ficiently accelerated, via TNSA, with smaller scale, 10
TW class lasers. Such sources can in principle provide
an alternative to the usage of conventional proton ac-
celerators (TANDEM, cyclotrons, etc.), with appealing
features such as, for instance, the reduced requirements
on the ionizing radiation shielding, made possible by the
acceleration processes taking place over very small dis-
tances. In general, given the maturity and potential of
laser-driven particle acceleration, much effort is currently
devoted to seek for actual implementations of laser-driven
compact accelerators, of either electrons or protons/light
ions, in real practical applications beyond basic research
and proof-of-principle experiments. Notable examples
span from large international projects aiming at high
quality electron accelerators facilities [13], to the very
rapidly growing interest in novel radiotherapy protocols
based by laser-driven accelerators [14–16].
Few MeV proton beams are well suited for nondestructive
analysis via Particle Induced X-ray Emission (PIXE),
which is a well established technique used to characterize
quantitatively the elemental composition of a sample sur-
face through the spectral analysis of the characteristic X-
ray radiation generated upon particle irradiation [17–20].
A very relevant specificity of PIXE technique is the possi-
bility to perform the sample irradiation in ambient atmo-
sphere by letting the proton beam propagate in air, i.e.,
External Beam PIXE. This approach has several advan-
tages and greatly simplify the implementation of PIXE,
by speeding up the analysis of a large amount of samples
[21, 22], and by reducing sample charging and heating,
therefore minimizing possible damages of delicate speci-
mens. Notably, external beam PIXE is strictly necessary
in those cases where samples cannot sustain vacuum envi-
ronment or be placed inside a vacuum chamber [23–27].
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Today PIXE systems are based on electrostatic proton
accelerators, restricting the feasibility of such analysis to
medium-to-large scale facilities. There is however a grow-
ing interest in developing smaller scale PIXE systems, for
example based on a 2 MeV RF-driven compact accelera-
tors [28]. The use of laser-driven few MeV proton accel-
erators for PIXE is extremely appealing and it has been
recently investigated theoretically through modelling and
simulations [29–33], as well as with experiments employ-
ing relatively high power laser systems with the samples
in vacuum [34–36].
Here, we introduce the External Beam Laser-PIXE
(EBL-PIXE) technique and report about the develop-
ment, characterisation and validation of a practical sys-
tem based on a relatively simple design comprising: i) a
compact few MeV TNSA-based proton source; ii) an ef-
ficient magnetic quadrupole beam line used to transport
the protons from the source to air; iii) a CCD camera
in single photon detection used for the spectral analysis
of the X-ray emitted by the sample under investigation.
The performances of EBLaser-PIXE are assessed firstly
in terms of the characteristics and stability of the laser-
driven proton beam, and then with actual PIXE measure-
ments on multi-element sample validated through quan-
titative comparison with standard Energy-Dispersive X-
ray Spectroscopy (EDS) analysis.
The schematic representation of the compact EBL-PIXE
system is reported in Fig. 1 and a picture of the irradia-
tion site in air is shown as inset. The Ti:Sapphire 14 TW
10 Hz beamline at the Intense Laser Irradiation Labora-
tory of the CNR-INO in Pisa [37] is used to drive the
TNSA-based proton source. The laser beam was focused
down to a ∼ 3 µm FWHM spot size using an f/ ∼ 1.5
Off-Axis Parabola (OAP), at an intensity ∼ 4 × 1019

Wcm−2, see Supplementary Material (SM) for technical
details. A 5µm thick titanium foil was used as a tar-
get, to accelerate proton beams via the TNSA process.
In the present measurements the target position was re-
freshed after each laser shot with a maximum frequency
of ∼ 0.1Hz, limited by the target movement and align-
ment system; rep rate operation up to 10 Hz are feasible
with a rapidly moving foil like for example a rolling tape
target [38, 39]. The laser-driven proton beam propagates
in the direction normal to the rear surface of the tar-
get with a divergence ∼15◦ HWHM, typical of few MeV
TNSA proton beams [40–42]. In order to efficiently trans-
port the protons from the source to the application site
a Magnetic Beamline (MBL) can be used [43–45]. For
EBL-PIXE we have designed a modular and cost effective
MBL composed of a sequence of magnetic quadrupoles
based on commercial neodymium permanent magnets of
25x12x4 mm3 dimensions, embedded in soft iron support-
ing cages. The first two quadrupoles facing the TNSA-
target are designed with a 25x25 mm2 clear aperture,
while the others have 12x12 mm2 clear aperture. The
MBL was placed at 12.5 mm from the proton source, it is
24.9 cm long, and the quadrupoles orientation is alternat-
ing along the line, as shown in Fig. 2(a). In order to allow
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FIG. 1. Representation of the EBL-PIXE system showing the
main components (not to scale): the TW laser beam, the Off-
Axis Parabolic mirror (OAP), the Magnetic Beamline (MBL),
the PIXE Sample and the X-ray CCD; the proton beam and
the X-ray are represented by blue and green arrows respec-
tively; the TNSA proton source and the MBL are contained
in a vacuum chamber, the PIXE sample is in air, and the
CCD chip is kept in vacuum environment; the inset shows a
picture of the actual EBL-PIXE irradiation site.

a proton beam optimization and characterization with-
out any transport, the MBL was moved in and out of the
beam path via a motorized stage. The transported pro-
ton beam was finally let in ambient atmosphere through
a 13-micron thick circular Kapton window. The PIXE
sample was placed in ambient atmosphere at 2 cm from
the Kapton window with the surface oriented at 45◦ with
respect to the MBL axis, as shown in Fig. 1. The spec-
trum of the X-ray emitted by the sample upon proton
irradiation was measured shot-by-shot by a CCD camera
(ANDOR, IKON-M) acquiring in single-photon regime
[49] and placed at 90◦ with respect to the MBL axis,
as shown in Fig. 1. The analysis to retrieve the energy
spectrum from the raw CCD acquisitions was carried out
using the procedure described in [50]. Further details on
the CCD setup can be found in the SM; here we only
mention that the low energy cut-off of our spectral mea-
surement device was of about 5 keV.
The MBL performance was studied with Monte Carlo
simulations based on the GEANT4 toolkit [46, 47], as
described in [48]. The transverse view of the simulated
proton beam is reported in Fig. 2(a). The proton source
used in the simulations is described by a TNSA-like de-
creasing exponential energy spectrum with a sharp cutoff
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at 3 MeV, as from the data obtained experimentally. The
resulting cross-section profile of the proton beam in air
is reported in the left pannel of Fig. 2(b). For com-
parison the cross-section profile of the proton beam in
air simulated w/o the MBL is shown in the right pannel
of Fig. 2(b). The calculated enhancement factor of the
integrated flux per shot with the MBL compared with
the case w/o MBL is ∼7. Notably, the MBL had also
the fundamental effect of removing the TNSA fast elec-
trons from the proton beam path, which is absolutely
necessary for quantitative PIXE analysis since the inter-
action of such fast electrons with the sample also effi-
ciently generates X-ray emission; this would result in a
significant spurious contribution to the total X-ray signal.
In Fig. 2(c) a GEANT4 simulation showing the com-
plete damping of the laser-driven electrons is reported.
In this simulation, we assumed a fast electron beam hav-
ing an exponential energy distribution, with a temper-
ature Tfe ≃ 1.5MeV, as provided by the well consol-

idated scaling law Tfe = mec
2(
√

1 + a20/2 − 1) where

a0 = 0.85(I[1018Wcm−2]λ2[µm])1/2 is the normalized
vector potential [51].
The energy spectrum of the proton beam was character-
ized using a Thomson Parabola Spectrometer (TPS)[8,
52, 53] while the high energy cut-off of the beam trans-
ported in air was monitored with a Time-of-Flight (ToF)
measurement using a Si-PIN detector [48]. A typical TPS
measurement data of the laser-driven particle source in
vacuum is shown in Fig. 3(a), where the proton parabolic
trace is the lower one. Visible in Fig. 3(a) are also the
parabolic traces of the ions which are all stopped by the
Kapton window when irradiation in air is performed. In
Fig. 3(b) the proton source energy spectrum as obtained
from the TPS measurements is shown. The long term
stability of the high-energy cut-off of the proton beam
was monitored with ToF measurements in air over tens
of shots, as shown in Fig. 3(c). It must be noted that
the TPS employing a micro-channel plate intensifier is
more sensitive compared to the ToF measurement based
on solid state detectors, thereby leading to the slightly
higher estimate for the cut-off energy. The two measure-
ment set indicate a high-energy cut-off stably around 3
MeV. During sample irradiation with external beam all
protons from the laser-driven source with energy smaller
than 1.3 MeV were stopped in the Kapton window plus
the 2 cm of air, as calculated using SRIM software [54].
The total proton flux at the sample position in air was
measured by means of unlaminated EBT3 radiochromic
films (see SM). In the left panel of Fig. 3(d) the image
of the EBT3 film irradiated with a single shot using the
MBL is shown. The integrated proton number over the
beam cross section is estimated to be ∼ 107 per shot.
For comparison, the image of the EBT3 irradiated with
10 shots without using the MBL is reported in the right
pannel of Fig. 3(d). The observed circular shape in the
exposed EBT3 films is due to the Kapton window used as
vacuum-air interface. The experimentally measured en-
hancement flux factor with and w/o MBL is ∼8, in good
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Poton beam cross−section
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FIG. 2. The MBL design and characteristics: (a) MBL
schematic with the PIXE sample location indicated and the
simulated proton beam transport; the notation ”f” and ”d” in-
dicates the alternating orientation of the magnetic field in the
eleven quadrupoles denoted by Qi, i = 0 to 10; the schematic
of the two quadrupole magnet types are shown in the two
insets. (b) Cross section distribution of the simulated proton
beam at the PIXE sample location in air with and w/o MBL,
left and right pannel respectively, where a pixel area corre-
sponds to 1 mm2; the circular shape of the simulated beam is
due to the Kapton window used as vacuum-air interface. (c)
Simulation of propagation in the MBL of the fast electrons
from the laser-driven source.

agreement with the Monte Carlo transport simulations.
In order to quantitatively assess the EBL-PIXE mea-

surements, an elemental analysis of a brass (Copper-Zinc
alloy) sample was performed. Fig. 4(a) shows the X-ray
spectrum obtained summing up the signal over 39 laser
shots, after correction for the X-ray attenuation and for
the CCD quantum efficiency (see SM ). We first observe
that the linewidth of the X-ray line peaks is about few
hundreds eV; this is comparable to the ones obtained
with standard PIXE measurements carried out with elec-
trostatic accelerators and silicon drift detectors [20], and
it allows to resolve the Kα and Kβ emission lines. The
result of a non-linear fit used to analyse the data points
is also shown in Fig.4(a). The fit is performed using
Gaussian functions with a background estimated from a
quadratic fit on the data points preceding the actual X-
ray lines. As typical in PIXE measurements, the Kα line
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FIG. 3. Characterization of the laser-driven proton beam.
(a) Typical TPS data, with the proton parabolic trace in
the lower right; the traces of the ions are also visible. (b)
Proton beam spectrum as from the TPS proton traces. (c)
Proton beam high energy cut-off estimated by ToF measure-
ments. (d) Proton beam cross-section measured with EBT3
films with and w/o MBL, left and right pannels respectively.

area was considered as a measure of the X-ray yield Y
used for the analysis, and its ratio between Cu and Zn
is found to be YCu/YZn = 2.62 with an estimated uncer-
tainty of about 10%.
The ratio of the percentage atomic density from the EBL-
PIXE measurement is calculated using the ratio of the
X-ray yield normalized to the proton induced K-shell
emission cross-section σCu and σZn. The values for this
last quantity are taken from the reference manuscript by
Paul and Sacher [55]; their ratio is very slowly varying
in the few MeV range(see SM). For the final calculation,
a value of σCu/σZn = 1.21 and an uncertainty of ±0.07
are considered. The actual quantitative elemental com-
position obtained by the EBL-PIXE measurement is then
calculated from the ratio

NPIXE,Cu

NPIXE,Zn
=

YCu

YZn
× σZn

σCu
, (1)

and assuming Cu and Zn are the only constituents of
the sample, as confirmed also by the EDS measurement.
The final sample composition is NPIXE,Cu = 68.4% and
NPIXE,Zn = 31.6% with an uncertainty of 3.5%.
The result of the EDS analysis of the brass sample after
15 measurements is reported in Fig. 4(b), resulting in
the atomic density percentage of NEDS,Cu = 69.1% and
NEDS,Zn = 30.9% with an uncertainty of 1% (see SM).
The comparison of the elemental composition of the brass
sample measured by the EBL-PIXE and EDS techniques
is summarized in Table I, showing a very good agreement
between the two measurements.
In summary, we have implemented and validated for
the first time to our best knowledge the External Beam
Laser-PIXE technique for nondestructive elemental anal-
ysis of specimens in air. The analysis was performed with
a few tens of laser shots by recording the X-ray spectra
using a CCD camera in single photon acquisition. The

(a)

(b)

FIG. 4. (a) EBL-PIXE spectrum of the brass sample, showing
the results of the fit on the data points and the resulting
Gaussian functions for the copper and zinc Kα and Kβ lines.
(b) Results of the EDS analysis of the brass sample.

TABLE I. Elemental composition of the brass sample from
EBL-PIXE and EDS measurements.

Technique Copper, % Zinc, %
EBL-PIXE 68.4(3.5) 31.6(3.5)

EDS 69.1(1.0) 30.9(1.0)

driving pulsed laser system can run up to 10 Hz rep-
etition rate, meaning that PIXE measurement can be
performed within seconds of irradiation employing a fast
moving laser-plasma target. For comparison, fast stan-
dard PIXE measurement can typically take up to minutes
[56]. The quantitative elemental analysis was compared
against standard EDS measurements in vacuum, and a
very good agreement was found. The present demonstra-
tion of a novel, accurate and easy to operate nondestruc-
tive analysis methodology based on laser-driven parti-
cle accelerators will stimulate further implementation of
laser-driven accelerators in real practical applications.
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