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a b s t r a c t

Particle-Induced Gamma-ray Emission (PIGE) is a powerful analytical technique that exploits the inter-
actions of rapid charged particles with nuclei located near a sample surface to determine the composition
and structure of the surface regions of solids by measurement of characteristic prompt c rays. The poten-
tial for depth profiling of this technique has long been recognized, however, the implementation has been
limited owing to insufficient knowledge of the physical data and lack of suitable user-friendly computer
codes for the applications. Although a considerable body of published data exists in the nuclear physics
literature for nuclear reaction cross sections with c rays in the exit channel, there is no up-to-date, com-
prehensive compilation specifically dedicated to IBA applications. A number of PIGE cross-section data
had already been uploaded to the Ion Beam Analysis Nuclear Data Library (IBANDL) (http://www-nds.
iaea.org/ibandl) by members of the IBA community by 2011, however a preliminary survey of this body
of unevaluated experimental data has revealed numerous discrepancies beyond the uncertainty limits
reported by the authors. Using the resources and coordination provided by the IAEA, a concerted effort
to improve the situation was made within the Coordinated Research Project on the Development of a
Reference Database for PIGE spectroscopy, from 2011 to 2015. The aim of the CRP was to create a data
library for Ion Beam Analysis that contains reliable and usable data on charged particle c-ray emission
cross sections that would be made freely available to the user community. As the CRP has reached its
completion, we shall present its main achievements, including the results of nuclear cross-section eval-
uations and the development of a computer code that will become available to the public allowing for the
implementation of a standardless PIGE technique.

! 2015 Elsevier B.V. All rights reserved.

1. Introduction

Among the various accelerator-based Ion Beam Analysis tech-
niques used for material characterization, Particle-Induced
Gamma-ray Emission spectroscopy (PIGE) is one of the most

powerful ones. PIGE uses the interactions of rapid (several MeV)
charged particles with matter to determine the composition and
the depth profile of constituting elements near the surface (from
0 to 500 lm) by measuring the energy spectra of prompt c rays.
This technique has been used since the early 1960’s in different
fields of applications ranging from analysis of fission rector mate-
rials to biomedicine, environment,cultural heritage, and more
recently, fusion reactor materials. Its potential for depth profiling
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with better resolution than the other IBA techniques was recog-
nized early on.

As with all IBA methods including backscattering spectroscopy
and nuclear reaction analysis, PIGE relies strongly on differential
cross-section data, the lack of which has significantly hindered
progress in the implementation of IBA techniques in general. In
an attempt to address the IBA data needs, the Nuclear Data Sec-
tion (NDS) of the International Atomic Energy Agency (IAEA) held
a Coordinated Research Project (CRP) on the Development of a Ref-
erence Database for Ion Beam Analysis [1] from 2005 to 2010. The
CRP produced a comprehensive and reliable database of cross-
section data relevant for elastic backscattering (EBS) and nuclear
reaction analysis (NRA) techniques primarily, including evaluated
cross sections. The experimental cross-section data were made
available on the Ion Beam Analysis Nuclear Data Library (IBANDL)
[2] while the evaluated cross sections are available through the
online calculator SigmaCalc [3]. While this first CRP catered for
the data needs of the EBS and NRA techniques, the situation for

PIGE was far from satisfactory. Although there existed a consider-
able body of published data in the nuclear physics literature, there
was no up-to-date and comprehensive compilation dedicated to
IBA purposes. Although a number of PIGE cross-section data had
already been uploaded to IBANDL by members of the IBA commu-
nity, a preliminary survey of this data revealed numerous discrep-
ancies showing that there was an urgent need for compilation,
assessment and evaluation of the PIGE cross-sections.

In response to the request of the IBA community, NDS organized
a consultant’s meeting to assess the data needs for PIGE and pro-
pose actions for improving the quality and availability of nuclear
cross-section data for PIGE. The meeting was held in 2010 [4]
and recommended a CRP with the goal to develop a Reference
Database for PIGE data that would be freely available to the com-
munity of practice. The IAEA CRP ran from 2011 to 2015 with the
participation of ten laboratories from ten different countries with
active IBA research and applications programmes. Three Research
Coordination Meetings (RCM) were held [5–7] during the course

Fig. 1. Differential cross sections of the 27Al(p,p
0c)27Al, Ec ¼ 844 keV (isotropic line), at energies ranging from 2.5 to 3 MeV, as measured by the different laboratories shown in

the legend. The solid line corresponds to the evaluated cross section [16].

Fig. 2. Number of PIGE datasets available on IBANDL during the course of the PIGE CRP.
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of the CRP to determine, monitor and revise the work plan which
consisted of the following main activities:

" Compilation of existing data.
" New measurements.
" Assessment of existing and new data.
" Study of the feasibility of evaluating PIGE data.
" Development of a PIGE analysis code for bulk analysis and
depth profiling.

These activities will be discussed in more detail in the following
sections.

2. Experimental data

2.1. New measurements

New measurements of c-production cross sections for thin tar-
gets constitute a major part of the activities of this CRP. The objec-
tive was to measure cross sections relevant to the analysis of
elements of importance for the various applications such as
sodium, aluminum, boron, fluorine, magnesium, sulfur, beryllium,
silicon, nitrogen, oxygen and chromium. An initial survey of the lit-
erature revealed discrepancies among different authors, lack of
data for some important nuclear reactions, as well as insufficient
coverage of energy ranges needed for PIGE applications [4,5].

Ten different laboratories with different facilities covering a
wide range of angles and energies participated in the measurement
campaign. To arrive at a consistent set of absolute cross-section
measurements that would allow for a meaningful comparison
and assessment, a common methodology was adopted to treat
the following experimental aspects [5]: (i) energy calibration of
accelerators, (ii) target preparation, (iii) detector efficiency, (iv)
cross-section normalization, and (v) assignment of uncertainties.

The majority of the new cross-section data have already been
uploaded in IBANDL. Details of some of the measurements can be
found in Refs. [8–15].

2.2. Coordinated measurement

A coordinated exercise was carried out in an effort to identify
possible sources of discrepancies and systematic errors among
the laboratories participating in the CRP. All ten groups measured
the cross section of the reaction 27Al(p; p0c)27Al, Ec ¼ 844 keV (iso-
tropic line), at energies ranging from 2.5 to 3 MeV with an energy
step of 10 keV, for a thin target. A similar exercise was performed
for a thick-target measurement: participants measured the yield of
the reaction 27Al(p; c)28Si using the Ec ¼ 1:779 MeV c line, at ener-
gies ranging from 0.95 to 1.1 MeV with an energy step small
enough to reproduce the 27Al(p; c)28Si resonance at 991 keV proton
energy. The cross sections measured at the different facilities as
well as details of the different experimental procedures outlined
above, including the uncertainty budgets, were collected and crit-
ically assessed. Some results are shown in Fig. 1. A careful compar-
ison of the resulting data for the thin-target measurements reveals
an inconsistency in the energies of the narrow resonances that
were used for energy calibration purposes, especially at energies
above 2 MeV. As far as the cross-section values are concerned,
the reported data agree within the quoted uncertainties (7–10%),
with one or two exceptions which need to be revisited.

The conclusions drawn from this coordinated measurement
have been helpful in analyzing and assessing the rest of the reac-
tions that have been measured for this CRP. In particular the real-
ization that all the steps of the common methodology outlined
above need to be treated with special care and well documented

so that possible discrepancies can be easily traced back to their
sources. Overall, one can safely say that provided the commonly
accepted methodology is implemented with care and rigor, abso-
lute PIGE measurements can be performed with an accuracy of
up to 10%. A detailed article on this coordinated measurement is
in preparation.

2.3. Literature

Most of the existing data were already compiled in EXFOR [17]
and were thus converted to R33 format through an automatized
procedure that consists of a simple press of a button. Data pub-
lished in graphical format were digitized by NDS staff using estab-
lished software that are regularly used for EXFOR compilations. So
far 265 data sets for thin- and thick-target measurements found in
the existing literature have been uploaded into IBANDL.The search
for existing data was extended to the databases and compilations
used by the nuclear astrophysics community (NACRE [18]) since
there is considerable overlap between the data needs for IBA
applications and stellar nucleosynthesis studies.

3. Evaluations

Data evaluation consists of several well established and gener-
ally accepted steps such as data compilation, critical assessment of
existing data, parameterization in the framework of a suitable
nuclear model and statistical analysis of the inconsistencies
between model calculations and experimental data. To meet the
needs of the IBA techniques, a certain number of charged-particle
cross sections, mainly for elastic scattering and transfer reactions,
have been evaluated and the SigmaCalc software was developed
for IBA scientists to perform calculations of differential cross sec-
tions at any angle. Similar evaluation efforts were applied to PIGE
cross-section data within the CRP, and the SigmaCalc software was
extended to provide evaluated cross sections for the following
reactions [16,19]: 27Al(p; p0c1#0)

27Al, 23Na(p; p0c1#0)
23Na, and 53Cr

(p; c1#0)
54Mn. The results of the evaluation for 27Al(p; p0cÞ27Al are

shown in Fig. 1.

4. PIGE analysis code

One of the advantages of having a database with reliable and
precise PIGE differential cross-section data readily available to
the community of practice is that it would allow for the technique
to be implemented without the need of a ‘standard’ to compare or
normalize to. The aim of ‘standardless’ PIGE could only be achieved
however, if besides the differential cross-section data, the commu-
nity was also provided with a reliable computer code to calculate
the material composition in the case of bulk analysis and the layer
composition in the case of depth analysis using a given set of cross-
section data and stopping power data. To this end, the ERYA code,
which was developed in CFNUL, Universidade de Lisboa [20] for
bulk analysis of sample materials using PIGE cross sections, was
distributed among the CRP participants to enable them to test
the PIGE Reference Database in specific cases of bulk sample anal-
ysis. The code was further developed to include depth analysis
capabilities [21].

5. Conclusions

With the completion of the IAEA CRP on Development of a
Reference Database for Particle-Induced Gamma-ray Emission
spectroscopy, IBANDL includes a comprehensive compilation of
PIGE cross-section data for the most important elements used in
IBA applications. About 500 datasets (new and existing data) have
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already been uploaded in IBANDL as can be seen in Fig. 2 and the
updating procedure is still ongoing. Detailed assessments of
the new data as well as of those existing in the literature will be
included in the final technical report of the CRP.

Several outstanding issues have emerged during the course of
the CRP that require further attention [7]:

" There is a need for measurements, in particular of angular
distributions to support the evaluation procedure and produce
recommended cross sections in cases where discrepancies are
still not resolved.

" Evaluation efforts should be extended to include uncertainties
in the evaluated files.

" Benchmarking experiments are needed to validate the mea-
sured and evaluated data.

" PIGE analysis codes should be incorporated in existing widely
used IBA analysis codes.

In response to the above-mentioned data needs, the NDS held a
Technical Meeting on Benchmarking Experiments for Ion Beam
Analysis [22] from 26–29 May 2015. Participants gathered to dis-
cuss the validation of nuclear cross-section data for IBA through
carefully planned benchmark measurements. The meeting pro-
duced a well-defined methodology for performing benchmark
experiments, detailed guidelines for benchmarking experiments
for the three techniques that were discussed, namely EBS, NRA
and PIGE, and corresponding lists of priority benchmarking exper-
iments. Details of the meeting will be published in the summary
report which is in preparation. Presentations at the meeting are
available from [22].
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