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Abstract Ion microbeam facilities are analytical tools with
high spatial resolution exploiting MeV ion beams. The
interactions of beam particles with atoms and nuclei of the
target induce the emission of characteristic radiation, the
energy of which provides signatures of the compositional
and/or structural properties of the target; Ion-Beam Anal-
ysis (IBA) techniques, based on the detection of such
radiation, enable characterisation of samples of interest, e.g.
in material and earth sciences, cultural heritage, biology,
medicine, and environmental studies. External beams,
obtained by extracting the particles into the atmosphere
through a thin window, have many attractive features, e.g.
non-destructive/non-invasive analysis and ease of working,
so many laboratories have dedicated beam-lines to ex-
vacuo IBA analyses. External microprobes have made it
possible to obtain probes in the micron range by adopting
strong focusing lenses, ultra-thin windows for beam
extraction, and short/ultra-short external path of beam
particles in light gases; they have also made possible the
use of new external IBA techniques, e.g. BS, ERDA,
STIM, and IBIC. By adopting systems to raster scan the
beam over the sample, imaging capabilities have also
become available for ex-vacuo analysis. External scanning
microprobes + IBA techniques have enabled the character-
isation of samples with high spatial resolution, comparable
with that achievable in-vacuum for thick samples, avoiding
sample damage.
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Introduction

Ion microbeam facilities can be seen as analytical tools
which, exploiting ion probes with high spatial resolution
and energies in the MeV range, provide a rich insight into
samples of interest for many fields, for example material
and earth sciences, cultural heritage, biology, medicine and
environmental studies, by using the wide range of ion-beam
analysis (IBA) techniques. These techniques rely on the
detection and energy analysis of characteristic radiation
emitted by atoms and nuclei of the target when bombarded
by MeV ion beams, because the energy of the emitted
radiation signatures of the target material. High spatial
resolution IBA is most often carried out by using microp-
robes obtained by the strong focusing action of ion lenses,
typically multiplets of magnetic quadrupoles. To fully
exploit the potential of a microbeam, ions are raster scanned
over the sample, thus enabling the extraction of 2D maps of
structural and compositional information from the sample.

Since the early works in the mid of the 1970s [1, 2], the
many attractive features of external set-ups, for example the
non-destructive and non-invasive character of the analyses
and the great ease of working, prompted many laboratories
to dedicate beam-lines to IBA for external use. These
facilities were oriented to PIXE (Particle Induced X-ray
Emission) and PIGE (Particle Induced g-ray Emission)
analyses with collimated static milli-beams, the main
limitations of which were the restricted number of
techniques available, the poor spatial resolution of the
probe, and the lack of imaging systems. As reported in the
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following, with the advent of external microbeams [3], it
has been possible to overcome such limitations. In
particular, Backscattering Spectrometry (BS), Elastic Recoil
Detection Analysis (ERDA), Scanning Transmission Ion
Microscopy (STIM), and Ion Beam Induced Charge (IBIC),
scarcely or not used at all with external milli-beam, have
also been introduced. Probe dimensions in the micrometer
range are normally obtained and scanning systems for the
extraction of 2D maps are commonly used.

Ion microbeam facilities

Ion microprobes

Collimated beams constituted the pioneering work in ion
microprobe. In what was possibly the first microprobe [4],
developed in 1953 for living cell irradiation, a proton beam,
with energy up to 1 MeV, was reduced to micrometric size
by passing through a pair of optically flat jaws, one of
which had a 2.5 μm scratch in the beam direction. It is
interesting to note that the beam was then extracted into air
through a thin mica window, i.e. the first microprobe was
actually an external microbeam. Collimated microbeams
have several disadvantages, for example:

1. strong reduction of beam intensity [5];
2. relevant particle scattering from the edges of the hole

(scattered-to-transmitted beam ratio increases as r−1),
degrading the aperture itself and both beam energy and
dimensions;

3. emission of radiation, limiting in many cases the
capabilities of analytical techniques coupled to the
microprobe.

For all these reasons the use of collimators to produce
microprobes is impractical and is nowadays restricted just
to cell ion irradiation (e.g. Refs. [6, 7] and references
therein).

The “true” microprobe era dates back to 1970, when
Cookson and Pilling, by using a lens made of magnetic
quadrupoles, obtained a beam spot of 15 μm, with 15 nA

intensity [5]. Ion beams of MeV energy are significantly
more rigid than electrons of a few keV energy, used in
electron microprobes (EM), and solenoids, the focusing
lenses of EM, are not strong enough to focus such particles,
unless superconducting lenses are used [8]. These devices,
however, gained little favour because of cost and complex-
ity, liquid helium consumption, and a high stray magnetic
field at the target position; as a consequence, magnetic
quadrupoles have stood out, because they can exploit the
much stronger focusing action of the main component of
the magnetic field. The lenses for microprobes are thus
commonly made up of quadrupole multiplets (e.g. doublets,
Oxford triplet, “Russian” quadruplet, separated quintuplet
[9], double doublet with superconducting quadrupoles at
the second stage [10], and double triplet [11, 12]), with
spatial resolution for IBA measurements down to few
hundreds of nanometres, with 50–100 pA intensities (e.g.
290×450 nm2 spot size for a 2 MeV proton beam of 50 pA
intensity [13]).

When intermediate or thick samples are to be charac-
terised [14], there is no point in pushing the probe
dimensions lower than few microns and most laboratories
work with proton beams in the micron range, as the actual
dimensions of the probed volume depend not only on the
beam dimensions before entering the sample, but also on
the “longitudinal resolution” (up to many tens of microns),
related to ion penetration inside the sample, and on the
“lateral straggling” (up to some microns), because of the
interaction with the material of the specimen [15], as
depicted in Fig. 1 and summarised in Table 1 for typical
energy–particle combinations in light, medium, and heavy
targets.

Beam scan

Scan systems enable full exploitation of the potential of a
microprobe by making possible the collection of 2D maps
of structural and compositional properties of the target. This
is done by either sweeping the beam over a static target or
by moving the target relative to a fixed beam, the former
being by far the most common solution. Its major drawback

a) b) 
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Fig. 1 (a) Zone of interest of
the sample and beam spot (top
view); (b) beam penetrating into
the sample (cross sectional
view), investigating a layer
thicker than the zone of interest
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is the production of aberrations, because of the off-axis
entrance of the beam in the lens (in the normally adopted
pre-lens configuration), but this is typically a minor effect,
if the scan size is within a couple of millimetres.

When larger areas are to be scanned, the target is
typically swept under fixed beam, so avoiding aberrations,
but fast and repeatable mechanical movements are not
trivial to achieve with high degree of accuracy (1 μm or
better). In addition, the duration of a full scan, much longer
with respect to the time scale of beam current instabilities,
may produce inhomogeneities of ion fluence in the scanned
area and alterations in the extracted maps. However, by
using DC motors and position reading through optical
encoders, areas can be scanned at relatively fast speed and
full raster scans can be repeated several times over each
analysed region, thus averaging the effects of possible
current instabilities (see Ref. [17] for references to similar
systems). A good example of elemental mapping obtained
by raster scanning the sample under a fixed microbeam is
reported in Ref. [18]. The sample is on a remotely-
controlled stage, equipped with high-precision stepping
motors; the mechanical scan enables mapping up to 1.25×
1.25 cm2, with a 3 mm s−1 scanning speed. PIXE maps give
information about element migration around inscriptions; in
addition, by pointing out the inhomogeneities of the ink
over the paper, the extracted maps make evident how the
precision and the sensitivity of point analyses are limited by
the heterogeneity of the sample nature (paper + ink track),
which has to be taken into account for proper comparison
of different inks.

A different approach is to combine magnetic and
mechanical scanning [19]: the former allows the collection
of elemental maps faster than mechanical scanning, within
an area up to few mm2, the latter enables collection of a
“super map”, composed by all the maps extracted by

magnetic scans; these “super maps” can be as wide as the
travel of the mechanical stage range. In Ref. [20] the
external scanning microbeam reported in Ref. [19] enabled
extraction of maps as wide as many square millimetres and
proved to be crucial to clarification of the structure of the
painting surface and to understanding the way the great
master of Italian Renaissance Antonello da Messina had
laid the paint layers to obtain the shading effects, giving
also a clear indication of the use of a red lake pigment, not
previously acknowledged for the studied portrait.

External microbeam set-ups

Why external set-ups?

In external set-ups, just before (a few millimetres or less)
reaching the target, particles are extracted into the atmo-
sphere through a thin window, which has to seal the beam-
line and sustain the pressure difference between inside
(high vacuum) and outside (atmospheric pressure), though
being “transparent” to the beam particles.

An external set-up has many advantages when compared
with a conventional arrangement: ease of handling, moving
and monitoring the target, no limits to the dimensions of the
objects to analyse; no need for sampling; far more effective
target heat dissipation; no charging effects; no time-
consuming pump-down and refill of the vacuum chamber
[21–23]. External beam analysis limits or prevents struc-
tural damage, discolouration, drying and outgassing, which
may alter samples and/or cause redistribution of elements in
the analysed volume (see, e.g., Ref. [24], in which loss of
S, Cl, C, and H is reported). In studies of biological
samples, external IBA analyses are practically mandatory to
reduce organic mass decomposition and enable the study of

Energy – particles Material Longitudinal range (μm) Radial range (μm)

Range Range straggling Range Range straggling

2 MeV – alpha Mylar 8.5 1.7 3.1 2.1

Si 7.3 2.6 4.4 3.0

Iron 3.2 1.6 3.1 2.0

Gold 2.9 3.0 5.8 3.3

3 MeV – alpha Mylar 14 1.9 3.8 2.8

Silicon 12 2.7 5.6 4.0

Iron 5 1.9 3.7 2.6

Gold 4.5 3.5 7.2 4.4

3 MeV - proton Mylar 116 2.0 3.3 3.2

Silicon 93 2.3 4.4 3.6

Iron 35 1.2 2.6 2.0

Gold 27 1.8 4.3 2.7

Table 1 Longitudinal and radial
ranges for 2 and 3-MeV alpha
particles and 3-MeV protons
entering a thick sample of light,
medium, heavy atomic weight
(TRIM2008 simulation [16])

A review of external microbeams for ion beam analyses 787



living systems (see, e.g., Ref. [25] for an updated list of
microbeam facilities for biological applications). External
beam analysis has also been used in biomedical applica-
tions and on living systems; in the latter case an external
set-up is a “conditio sine qua non” [26, 27].

Ex vacuo it has been possible to safely characterise
delicate works of art, the same studies being impossible
or at least hardly feasible in a vacuum, as is confirmed
by the many examples reported in the literature, for
example analyses of miniature paintings on ancient
manuscripts, glazed terracotta, drawings, jewels, embroi-
dery, etc. [28–32].

Beam extraction into the atmosphere requires some
caution not to degrade the beam quality. Angular and
energy straggling induced by the window and the
external path in the atmosphere increase the beam
dimensions and broaden the energy distribution of the
transmitted particles. As both energy straggling and beam
divergence decrease with decreasing crossed areal density
ρt (ρ mass density, t thickness; see, e.g., the Bohr formula
for energy straggling and the Molière equation for the
scattering angle), the smaller the areal density of the
external path (window + atmosphere), the better the
external beam, as discussed in the sections “Beam
extraction window” and “ Beam path out of vacuum”.

Beam extraction window

A window for beam extraction should not degrade its high
tensile strength and radiation resistance, even for long
irradiation time, and should minimise broadening of the
beam size (negligible beam divergence) and energy
distribution (very limited energy straggling). The use of
Be, Al, Mica, polymer (Mylar, Al-Mylar, Kapton, Havar),
Ti, Ni, Mo, Er, Zr, and Ta windows of different thicknesses
has been reported [33–36], the 7.5 μm Kapton foil being
the most widely used. However, beam degradation induced
by a 7.5-μm Kapton window is not negligible, if micro-
metric beam dimensions are required; for example, for a
3 MeV proton beam, just the 7.5 μm Kapton foil, 2 mm
downstream of the window, without taking into account the
contribution of the atmosphere, induces a beam broadening
of ~20 μm and an energy straggling of ~10 keV
(TRIM2008 calculation). In addition, the radiation hardness
of the Kapton foil is not very satisfactory: even with

“rarefied” MeV proton beams (hundreds of microns spot
size), kapton windows easily degrade under beam bom-
bardment [3, 37]. This problem is increasingly relevant
when beam dimensions are reduced, in order to obtain a
microprobe, because the beam energy is released in smaller
and smaller volumes. The dramatic increase of the damage
density substantially shortens the life of the windows,
which can last hours (or minutes) instead of weeks. In
conclusion, none of the above mentioned windows is well
suited to external microbeams.

State-of-art exit windows are ultra-thin (tens or hundreds
of nanometres) silicon nitride (Si3N4) membranes; the
successful use of Si3N4 windows with 1×1 mm2 area,
50 nm thickness [38], and 1×1 mm2 area, 100 nm thickness
[28, 39, 40] has been reported; also 2×2 mm2 (200 nm
thick) and 5×5 mm2 (500 nm thick) windows have been
used when slight worsening of beam characteristic is
endurable [19].

Beam path out of vacuum

In order to minimize also the beam spoil induced by the
atmosphere, paths as short as possible in a light gas
atmosphere, for example He or H instead of air, are
normally mandatory, as can be deduced from Table 2, in
which energy loss and straggling for 3 MeV protons are
compared for typical window-to-target path lengths in He
and air.

To give an example, at our external microbeam [19],
the He atmosphere along the particle trajectories is
guaranteed by a six-way system, one pipe for the beam
path, one to reduce the absorption of low-energy X rays,
one to cool the sample, and three to saturate the paths from
sample to detectors of the backscattered and forward-
scattered particles. Pipes are mounted on mini three-axis
stages for fine aiming of the gas flow to the zone of
interest.

The combined use of the 100 nm thick Si3N4 windows
and very short paths in light gases, most often He, enables
very small probe dimensions to be achieved, even working
out of vacuum. Table 3 summarises increases in probe
dimensions for a 3-MeV proton beam after crossing the
window (100 nm thick Si3N4) and the ex-vacuo path; the
strong reduction of beam diameter when substituting air
with He is apparent.

Path length (mm) in atmosphere Energy loss (keV) Straggling (σ, keV)

Air Helium Air Helium

2 28 6 4 1.5

3 40 8 5 2

4 54 10 6 2

Table 2 Energy loss and strag-
gling for 3-MeV protons in He
and air, for typical window-to-
target path lengths (TRIM2008
simulation)
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The spot size on the sample can be as small as few
microns for 2–3 MeV protons, the size being further
reduced if higher-energy protons are adopted [41].

External IBA techniques

Detector setting is generally much easier ex-vacuo rather
than in-vacuum, because the external set-up enables easy
on-the-way adjustments of the detection geometry, such as
adding a new detector, changing its orientation, or adjusting
sample-to-detector distance, instances which may require
installation of a new chamber, if working in vacuum.

When designing an external detection set-up, many
efforts are made to minimise the distance crossed out of
vacuum by the beam, without sacrificing the field of view
of the detectors. To meet these requirements, it has been
necessary to design structures for the beam exit snout [40–
45], not obstructing the volume close to the beam-impact
point on the sample. As a consequence, whereas with
external milli-beams it is hard to use techniques different
from PIXE/PIGE, with the advent of the external microbe-
ams it has been possible to develop also techniques, for
example external BS, ERDA, STIM, and IBIC, scarcely
used, or not used at all in external milli-beam set-ups.

PIXE

The energy straggling induced by the external beam path
has a quite limited effect on quantitative analysis, because
X-ray production cross sections are not highly dependent
on beam energy and the He atmosphere along the beam
path further reduces beam-energy indeterminacy. Because
of the use of He atmosphere along the soft X-ray path from
target to detector, PIXE is not affected by the limitations
typical of the in-vacuum configuration. The main limit for
lighter element detection arises from X-ray absorption in
the sample itself, in the detector’s entrance window, and in
the detector dead layer, with absorption in the external path
being practically negligible; for example, in a realistic low-
energy X ray detector configuration, the transmission
factors of the low-energy Na X-rays (~1 KeV) through a
5 cm long sample-to-target path in He (density
ρ=0.167×10−4 g cm−3 and mass attenuation coefficient

μ/ρ=60.8 cm2 g−1) and a 7.5 μm thick Be window (density
ρ=1.85 g cm−3, mass attenuation coefficient μ/ρ=604 cm2

g−1) [46] are respectively (I/I0)He=0.95 and (I/I0)Be=0.43.
Problems arising from He permeation through the Be

window of the Si(Li) detectors are widely discussed in Ref.
[22]; as a matter of fact, a pump down of the cryostat
volume enables removal of the pressure increase. To
conclude, ex-vacuo and in-vacuum set-ups permit detection
of low-energy X-rays, down to Na, with good sensitivity.

The external micro-PIXE technique has been the
cornerstone of a wide project carried out since 1999 by
the Spanish group of Seville for the non destructive study
of the production of precious jewels in the south Iberian
Peninsula, in the period between the 7th and the 2nd
century BC (Refs. [30, 47] and references therein). The
metallic alloys used for the many analysed jewels have
been characterised, with the finding that the ancient gold-
smiths used rich/very rich gold alloys (70–90% (w/w)
Au, ~2.5% (w/w) Ag for the remaining part). For a subset
of the analysed artefacts, it was also possible to propose a
marker for provenance identification: the presence of Pa
could possibly identify Punic jewels produced in the area of
Cádiz. Finally, the soldering techniques were investigated
and it was possible to find evidence of the systematic use of
only two procedures, i.e. gold fusion and use of Ag/Cu
alloy in the soldering points.

Also PIXE measurements with external α microbeams
do not present particular difficulties, although α microbe-
ams are not frequently used, because of the increase of
beam divergence and energy straggling with respect to
proton beams. A very good example is reported in Ref.
[48] for the analysis of layered porcelain samples,
constituted by a ~20 μm thick painted layer on
a ~100 μm glaze, deposited over a porcelain bulk. α
particles with energy of 2500 keV (~9 μm range in the
decoration) were well suited to study just the decoration,
without stimulating contributions from the glaze, whereas
8000 MeV α (40 μm range in the glaze) were the
appropriate beam to analyze the glaze, without affecting
the underneath porcelain. The external α-PIXE study
disentangled the structure of the layers, in particular of
the painted brush strokes, determining in a fully non-
destructive way the pigment compositions, task not
achievable with other techniques.

External path length of the particles (mm) FWHM (μm) FW1/100 M (μm)

Air He Air He

2 ~6 ~3.5 ~25 ~14

3 ~11 ~5 ~50 ~21

4 ~18 ~7 ~74 ~30

Table 3 Probe dimension in-
crease for a 3-MeV proton
beam after crossing an 100 nm
thick Si3N4 window and the
external path (TRIM2008
simulation)
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PIGE

Because absorption is negligible practically for all γ-rays,
external PIGE can take advantage of the ease of positioning
detectors, with a possible relevant increase of the subtended
solid angle. Quantitative PIGE analyses are carried out by
integrating the γ-ray differential cross-sections along the
beam path in the target; γ-ray production cross sections are
often strongly dependent on beam energy [49], so, in
principle, beam extraction, by broadening the energy
distribution of the incoming particles, can make quantita-
tive analyses less reliable. For thin/intermediate samples of
unknown thickness and matrix composition, a possible
strategy, typically followed in aerosol analysis, is to choose
the energy of the incoming beam in such a way that the
particle energy at the sample surface corresponds to the
high-energy edge of a region where the cross-section is
constant, this region being wider than the maximum energy
loss of the beam in the target and of the corresponding
energy straggling; the maximum energy loss in the sample
must be measured in advance, to ascertain that the particle
energy remains always inside the plateau region of the γ-
ray cross section, independent on the local sample thickness
[50–52]. When this strategy is possible, quantitative
analysis can be performed by normalizing the γ-ray yield
to the response obtained with thin standards under the same
experimental conditions. For thick samples, in-vacuum and
external PIGE are substantially equivalent, as the energy
straggling in the external path induces negligible fluctuation
in the total γ-ray yield from a thick target.

In Japan, in 2002, the microbeam group at JAERI,
Takasaki, developed an external PIGE–PIXE set-up and
started a project to study fluoride distribution and uptake in
teeth [53]. The use of external proton beams enables
avoidance of cracking on the teeth, preventing charging,
and drastically lowering heating and drying. For this study,
the elements of interest are F and Ca, studied by means of
external PIGE (19F(p, α γ)16O reaction) and external PIXE,
respectively. After demonstrating the capability of the new
system for characterising the distribution of fluorine in
human teeth, the study has been extended to characterize
the penetration into the tooth of F from thin layers of
different F-releasing resins (these materials are under study
for use for caries prevention, in conjunction with filling
resins in dental restoration [40, 43, 54, 55]).

IL

This technique was introduced quite recently and is still
under development; results are very promising and have
attracted substantial interest in the community [56–60].
Daylight, typically present when working out of a vacuum
chamber, could in principle worsen the spectral sensitivity

of the technique, but this can be avoided by covering the
experimental area with dark cloth. In normal applications,
external IL does not seem to be disadvantaged compared
with in-vacuum measurements. On the other hand, external
IL is not feasible when target cooling is required, as for
measurements with high spectral resolution.

Recently three independent studies exploited external IL
for characterisation of pigments; in Ref. [17], external IL has
been used to study formation of the dark spots induced by
proton bombardment in IBA studies of pigments (dark spots
are to be avoided when studying objects of art). During
irradiation, IL + PIXE enabled identification of the impuri-
ties that act as recombination centres—Mn in calcite and
dolomite, Pb in cerussite, and Cu in malachite and azurite;
the modifications induced in the IL spectra by the proton
damage are similar to those induced by X-ray and UV
irradiation, both in the structure and in the peak position of
the spectra. In Ref. [59], strong luminescence features were
identified as fingerprints of the pigment identity, enabling, in
some cases, discrimination of pigments of the same type but
of different origins. In Refs [60, 61] a systematic study of the
IL emitted by lapis lazuli is reported and criteria for
identification of the provenance of the stone from the main
historical sources were successfully proposed. On the basis
of the results obtained, initial investigation of the provenance
of the stone used for precious and delicate art objects of the
Collezione Medicea has been carried out.

BS

Information blur because of particle scattering along the
external path is the main reason why BS is not commonly
used out of vacuum. Nonetheless, when using standard
detectors with energy resolution of the order of 10–15 keV,
BS measurements are possible without noticeable worsen-
ing compared with in-vacuum measurements by:

1. installing ultra-thin windows for beam extraction (see
the section “PIGE”);

2. adopting very short window-to-target distances, to limit
the energy straggling before hitting the sample;

3. keeping the path of the scattered particles as short as
possible, but anyway within a few millimetres;

4. exploiting He for the external path of the particles
before and after the interaction;

5. using ultra-thin membranes (typically 1 μm Al-Mylar
or 100 nm thick Si3N4) as entrance windows of the
particle detectors.

This way, it is possible to minimise, and often make
negligible, energy straggling originating from external
configuration; as a consequence, because energy straggling
is responsible for mass-resolution (i.e. the ability to
discriminate similar target masses) worsening with respect
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to in-vacuum operation, results obtained either ex-vacuo or
in-vacuum may be practically the same. Two approaches
are typically exploited for detector housing. In the former,
the detector is hosted in the beam exit snout, so that the
beam exit window is also the detector entrance window
[62] (a recent implementation of this set-up is reported in
Ref. [45]). This solution enables backscattered particles to
be detected at large angles (170° in the above mentioned
configuration), so enhancing the mass resolution; interfer-
ence with other detectors is minimized, so wide detection
solid angles are achievable, e.g. by using annular detectors,
as in Ref. [45]. High-quality external BS spectra have been
obtained by the AGLAE group in Paris by following this
approach for protons and, more noticeably, for α particles;
these spectra are practically indistinguishable from those
obtained in vacuum under the same experimental condi-
tions [45]. An elegant application of this external BS set-up,
reported in Ref. [45], is a study of the black inlays
decorating an ancient Japanese silver drop dispenser. The
PIXE analysis identified the metallic alloy as a typical
Shakudo alloy (Cu + a few percent of Ag and Au). The
associated BS spectra indicate the presence of a copper
compound, responsible of the characteristic black colour of
the inlays, over the pure metallic bulk, as revealed by a
small depletion of the Cu signal correlated with an O bump.
The BS spectra also revealed evidence of the presence of a
protective varnish, indicated by a C peak and by small, well
defined steps in the Au and Ag contributions.

In the latter configuration [3, 19], the detector housing is
separate from the beam exit snout; particle paths in the
atmosphere after the interaction are typically longer, and
backscattering angles wider than 150–155° are difficult to
achieve. However, the scattering angle can be easily changed,
if required, and beam scanning is not affected by the presence
of the BS detector, as may be the case of the previous
configuration. The external BS setup reported in Ref. [19]
was used to characterise a SiC wafer with metal contacts. The
external BS maps of the structure under investigation enabled
understanding of the layer structure of the sample; the BS
spectra extracted from proper sub-areas enabled determina-
tion of the composition and thickness of the layers.

The widely diffused and freeware SIMNRA simulation
code [63] proved to be well fit to handle spectra obtained
ex-vacuo, as it is able to take into accout the beam exit
window, the external paths of the incoming and back-
scattered particles, the detector entrance window, and the
particle path inside the detector housing.

ERDA

The technique is very new and results are still scarce; in
2006 the AGLAE group proved the feasibility of ERDA
measurements for hydrogen depth profiling ex-vacuo. In

that work, a 3-MeV 4He2+ static beam impinged at 15° to
the specimen surface. Recoiled H+ ions were detected at a
forward angle of 30°, with suppression of the beam
particles scattered toward the detector by use of a
“diffused” filter, obtained by setting the particle detector
84 mm far from the beam impact point on the sample, in an
He atmosphere. External ERDA measurements were carried
out also on quartz historical objects, in order to test the
potential of ERDA for hydration-dating studies [64].

IBIC

To the best of our knowledge, the first paper showing the use
of external IBICwas presented in 2009 [38]. A 3,150-keV He
beam was extracted in air through an Si3N4 window, with
50 nm thickness and 1 mm2 area, focused and raster scanned
over the surface of a thin film CdS/CdTe solar cell. The
beam spot on the sample was ~30 μm, ~1 mm from the exit
window. This work, while presenting the first IBIC
characterisation of thin film solar cells, demonstrated the
feasibility of external IBIC and its ability in investigating the
electronic properties of such devices. The charge-collection
efficiency of the solar cell was mapped and, in addition, the
radiation hardness of the cell was characterised by contin-
uous monitoring of the charge collection efficiency versus
the ion fluence, from the perspective of space applications.

STIM

In biomedical applications, STIM has been most often applied
to the in-vacuum analysis of freeze-dried specimens [65].
External-beam analysis for biological and medical research
has been reported since the mid-1970s, exploiting both milli
and microbeams [66]. Quite surprisingly, external STIM for
analysis of small living animals and cell imaging has been
introduced rather recently, for example Refs. [44, 67, 68]. In
2001, at the nuclear microprobe of Bordeaux-Gradignan, the
standard vacuum chamber for in-vacuum analysis was
modified in order to accept a removable exit snout,
supporting a standard Si3N4 exit window. With this set-up,
exploiting a 2.3-MeV proton beam with ~5 μm spatial
resolution, energy loss STIM images of living cultured cells
were reported. By use of the external STIM images, it was
possible to identify sub-cellular ultra-structures. The combi-
nation of STIM and IBA analysis with external beam
microprobes was suggested as a qualitative improvement
for trace element studies in living cells.

Charge normalisation in external set-ups

To carry out quantitative analysis it is essential the measure
of the charge falling on the target. In vacuum, when
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studying thin samples, the beam charge is integrated by
using a Faraday cup behind the target; for thick samples, it
is normally collected directly on the object under examina-
tion, most often applying a positive bias to prevent electron
loss.

In external applications, direct charge integration is not
as easy as in vacuum, because electrons created by the
beam along the external path and in the target itself do not
always recombine with the corresponding positive ions and
may be discharged to ground, leading to incorrect charge
determination. Adding a positive bias to prevent electron
loss does not enable proper charge integration out of
vacuum, because a current would always be measured,
even in absence of the beam (atmosphere = plenty of free
charge carriers).

For thin targets, proper direct charge integration in
external applications with a Faraday cup is possible by
using long and narrow Faraday cups, as close as possible to
the sample to minimise electron loss, and high beam
intensities, at least on the nA scale, because discrepancies
between measured and actual charge values decrease with
increasing beam intensity [69]. For thick targets, direct
charge integration on the sample itself is normally
unreliable (see Ref. [70] for a review of the charge
measurement in external applications).

Alternative systems rely on its indirect measurement and
exploit detection of the:

1. radiation induced by the incoming particles in a target,
over which the beam is periodically deflected [45];

2. X-rays emitted or beam particles backscattered by the
exit window [3, 19];

3. particles backscattered by the sample itself; in this case
a simultaneous BS analysis of the sample has to be
carried out and the charge is deduced from the area of
the BS spectrum [41];

4. X-ray emitted or beam particles backscattered from a
chopper periodically intercepting the beam [21, 69];

5. scattered particles, visible light, or X-rays emitted by
the gas molecules between the exit window and target
[36, 71–73].

With external microbeams, the first three methods, only,
are typically exploited; the other normalisation techniques
seem infeasible, because of the very compact detection
geometry, the extremely short window-to-target distance,
and the He atmosphere.

Conclusions

External microbeams have made available both the favour-
able aspects of external set-ups and high resolution probes,
the dimensions of which can be well in the micron range;

for thick targets the spatial resolution achievable ex-vacuo
can be equivalent to that achievable in-vacuum.

Besides the already existing external PIXE and PIGE,
out-of-vacuum microbeams have enabled the development
of external BS, ERDA, STIM, and IBIC, scarcely used or
not applied previously.

Because of the combined use ex-vacuo of scanning
microprobes and IBA techniques in external applications, it
is now possible to obtain a rich insight into samples of interest
for a wide set of sciences with high spatial resolution and with
strongly reduced or even suppressed damage to the samples,
thus enabling the study of samples characterised by low
radiation resistance or easily damaged if put in vacuum.
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