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Motivation

Sample – Unknown composition

SAMPLE

Charge particle

Different types of 
interactions:

Different techniques

Different types of 
interactions:

Different techniques

RBS
PIGE

PIXE

ERD
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1980 Borderie:

Yield of the γ-ray emission depends of the integrated 
cross section of the nuclear reaction

Few measurements of the relevant cross sections

Solution
so far:

Use standard samples with thickness and 
compositions known.

This method is always dependent on the availability of 
standards and gives only good results when the standards 
composition is very similar to the samples to be analyzed

Motivation
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(B. Borderie, Nucl. Instr. and Meth. 175 (1980) 465)



Last years:

Developed an alternative method for the PIGE technique 
without standards.

Measurement of the cross sections: Be, B, 
Li, F, Al, Mg and Na

Motivation
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† Introduction to PIGE (Particle-induced γ-ray emission) 

† Motivation
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Introduction to PIGE 

proton nucleus

Gamma Detector Ge(HP) 45%

Proton
or 

alpha
Energy 1,0-4,0 MeV

20-300 nA

10 uC

25Mg(p,p´γ)25Mg E=2,4 MeV

25Mg(p,p´γ)25Mg

181Ta(p,p´γ)181Ta
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† Simultaneous analysis of all light elements in the sample; 

Introduction to PIGE 

PIGE Particle-induced γ-ray emission
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Energy (keV)

ONE SPECTRA

Quantify:

Na
Al
Si

No elements:

Li
F
Mg

Simultaneous analysis of all light elements in the sample
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M. Fonseca et al NIMB (2011)
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† Nondestructive analysis;

† PIGE is complementary to PIXE analysis (usually for Z > Na);

† Providing accurate concentration values for light elements;

Introduction to PIGE 

PIGE

† The cross section of nuclear  
reactions exhibit narrow and large 
resonances

Depth Profiling
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Experimental Yield Experimental Yield 

Yield calculated by ERYA
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Introduction to PIGE 

Absolute efficiency of the detection system

Q/e Number of incident protons

fm- mass fraction
f
i
- isotopic abundance ‘i’

Nav- Avogadro´s number

A-1 – inverse of atomic mass
σ(E)-Nuclear reaction cross section related to the gamma emission

ε(E)-Stopping cross section of the sample in units of energy area per mass
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Introduction to PIGE 

Use a formalism similar to the one used for PIXE 
(but the cross section has narrow and large 
resonances)

ERYA CODE
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† Motivation

An alternative method for PIGE analysis

11th November  2011, Frankfurt 



ERYA CODE
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ERYA Code

New routine Plus non-linear fit

Levenberg-Marquart algoritm

International Atomic Energy Agency 
(IAEA) is going to adopt the ERYA code 
plus the IBANDL database.

International Atomic Energy Agency 
(IAEA) is going to adopt the ERYA code 
plus the IBANDL database.

freeware
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Increase the cross section database for 
the PIGE technique

Increase the cross section database for 
the PIGE technique
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DEPTH

Divided the sample in sublayers

Yk
YkYj

Yj

ERYA CODE - Principles

Within each sublayer the stopping power cross sections 
may be assumed as constant

SAMPLE

PROTON

DEPTH

Y
m

Y
m

Yn
Yn Yl

Yl Yi
Yi

Eincident=2380 keV

EincidentE-∆E

Yield calculated by ERYA
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ERYA CODE -Sublayers

Ei=2380 keVEi=2380 keV

ZOOMZOOM

Cross section of 25Mg(p,p’γ)25Mg

Energy (keV)

σ
(E

) 
a
rb

it
ra

ry
 u

n
it
s

Thick target

Ebeam=2380 to 0 keV

Thick target

Ebeam=2380 to 0 keV
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ERYA CODE -Sublayers
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to σ(E=0)to σ(E=0)

Number of sublayers is chosen equal to the number of energy steps in the cross 

section

Number of sublayers is chosen equal to the number of energy steps in the cross 

section

σ(E)n=3
σ(E)n=3∫

σ(E)n=2
σ(E)n=2∫ σ(E)n=1

σ(E)n=1∫

11th November  2011, Frankfurt 



ERYA Code

0.10

PIXE 

0.05

0.05

0.20

0.05

0.10

PIXE 

PIXE 

PIXE 

Mass Fraction 
– first guess

ERYA 
FIT

fits simultaneously the yields of all 

elements present in the PIGE spectra 

improving iteratively the first guess of the 

sample major composition. 
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ERYA CODE

In order to test the ERYA code

Measure the Gamma-ray yields from thick samples made of inorganic 

compounds-

Compare                                with the corresponding Experimental Yield Experimental Yield 

Yield calculated by ERYA

Ratio=1Ratio=1
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Experimental Yield Experimental Yield 



† Introduction to PIGE 
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† Motivation
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† Range of energy : 0.5 up to 4.5 MeV

Experimental
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† To measure the cross sections: thin target

No energy loss through the target

Target must be stable

Measurements take more than
10 days normally



Experimental
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† Incident Energy

Precise energy calibration

Beam spot ~2 mm

Beam line aligned



Experimental
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Q/e Number of incident protons

Chamber Faraday Cup?

Target holder?

Isolated flanges?

Different proton beam currents during the experiment

I= 50 nA I= 500 nA



Experimental Setup

3 MV Tandem accelerator

Protons beam : 0.5 up to 4.5 MeV
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ITN/CFNUL Laboratory at Lisbon



Experimental Setup

2,5 MV Van de Graaff accelerator 

Protons and alpha beams : 0.1 up to 2.4 MeV
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Preparation of Thin targets

1º Evaporation of an Ag self-supporting thin film

2ª Evaporation of inorganic compound

MgWO4

MgNO3

MgN2

MgO
MgF2
LiF
NaCl
NaF

3ª Evaporation of a thin layer : Ag ou Au. Protect the previous thin 
film

Be foil
Mg foil

Or:

EVAPORATION SETUP
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210 kV Ion implanter 
7Li implanted in Al target

Thesis. João Duarte Neves Cruz. FCT/UNL (2006)

Experimental Setup– Thin targets
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210 kV Ion implanter 

Experimental Setup– Thin targets
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Magnesium diffuses at room 
temperature.

Not stable



Van der Graaff

Tandem

Experimental Setup
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Experimental Setup: New Nuclear Reactions Beam Line
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Experimental Setup: New Nuclear Reactions Beam Line
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RBS line

PIXE line

SW Magnet

Qua
dru
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Experimental Setup: New Nuclear Reactions Beam Line
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Experimental Setup: New Nuclear Reactions Beam Line

RBS line

PIXE line
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Collimator System

Experimental Setup: New Nuclear Reactions Beam Line

11th November  2011, Frankfurt 

Ta collimator
181Ta(p,p´γ)181Ta

110, 197 keV 19F(p,p´γ)19F

Background low as possible in the 
Gamma-ray Spectra

Element ?

Au collimator

X-rays

Lead foil



Collimator System

Experimental Setup: New Nuclear Reactions Beam Line
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Number of incident protons

Ge(HP) detector 45%

2 PIPS detectors

Passivated Implanted Planar Silicon
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Chamber Faraday Cup

Stable thin target LiF/CuEVAPORATION SETUP

478 keV 7Li(p,p´γ)7Li

I 
(nA)

Counts for γγγγ-ray emission: 
478 keV

50 2059

100 2063

200 2024

300 1994

450 1990

600 1993

Same collected charge 100µC

Unce
rta

inty
< 3%

Number of incident protons



Energy Calibration

Target: NaF/Ag
LiF/Cu

Mg/Ag

Gamma Detector Ge(HP) 45%

11th November  2011, Frankfurt 

Protons: (1 + N)V



585 keV 25Mg(p,p´γγγγ)25Mg

718 keV                 9Be(p,γ)10B

1634 keV      23Na(p,p’γ)23Na

478 keV 7Li(p,p´γ)7Li

429 keV 10B(p,αγ)7Be 

110, 197 keV
19F(p,p´γ)19F

440 keV                 23Na(p,p’γ)23Na

Van der Graaff

Tandem

Experimenal Setup
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† Introdution to PIGE 

† ERYA Code 

† Experimental Setup

† Motivation

† PIGE analysis: Be, B, Li, F, Na e Mg
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An alternative method for PIGE analysis



Analysis of Mg

AgAg MgMg

Eincident

How much 25Mg do 
we have?

stoichiometry

RUTHERFORD 
BACKSCATTERING 
SPECTROMETRY

11th November  2011, Frankfurt 

AgAg



stoichiometric ratio

Analysis of Mg
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Ag
2

Ag
2

MgMg Ag
1

Ag
1 Eincident

Alpha beam: 1.6 
Mev



Analysis of Mg
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p

Two spectrum simultaneously :



25Mg(p,p´γ)25Mg

Particle spectra

γ−ray Spectra

Two spectrum simultaneously :

Cross section is independent:

† Collected charge beam
† Target thickness

Analysis of Mg
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25Mg(p,p´γ)25Mg
Van der Graaff

M. Fonseca et al, NIMB 268 (2010) 1806. 

Analysis of Mg
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Pressed Pellets Analysis of inorganic compounds with known compositionPressed Pellets Analysis of inorganic compounds with known composition

Mg(OH)2; MgH2; MgSO4

M. Fonseca et al, NIMB 268 (2010) 1806. 

11 de Novembro de 2011, Frankfurt 

Analysis of Mg



Ratio=1Ratio=1

The points follow trend lines 
parallel to the straight line 
corresponding to the ratio equal 
to 1

The deviations results from 
systematic uncertainties on the 
values of the collected beam 
charge

The average ratio was introduced as 
correction factor in the ERYA code.

Analysis of Mg
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Analysis of Mg
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PIGE analysis: Be, B, Li, F and Mg
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Analysis 23Na – 440 keV

A. Caciolli et al, NIMB 266 (2008) 1392

R. Mateus et al, NIMB 219-220 (2004) 307

c
ro

s
s
 s

e
c
ti
o
n
 (

b
a
rn

)

Energy (MeV)
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Energy (keV)

19F, 110keV:

A. P. Jesus et al, NIMB 161-163 (2000) 186

A. Caciolli et al, NIMB 249 (2006) 98

Analysis 19F – 110 keV
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Target: NaF/Ag

Analysis 19F and 23Na

Measurements at Portugal ITN/CFNUL and Italy INFNMeasurements at Portugal ITN/CFNUL and Italy INFN
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Energy (MeV)

Simultaneous analysis of F and Na

Thesis. Filipa Lourenço. FCT/UNL (2006)
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PIGE analysis of C

12C(p,γ)13N 12C(p,p’γ)12C

Resonances take place for specific energies12C(p,p)12C

non–Rutherford cross section of C at 4.0 

MeV is 128 greater than Rutherford´s one

Very difficult to measure

J. R. Tesmer, M. Nastasi, Handbook of modern ion beam material analysis. (MRS,Pitssburg,1995)
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PIPS:140o ; E=1979 keV 

Target: Graphitte

PIGE analysis of C

12C(p,p)12C
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PIGE analysis of C

12C(p,p)12C

NDF program Mass concentration

M. Fonseca et al NIMB (2011)

DOI:10.1016/J.NIMB.2011.04.060

Pressed pellets
SrCO3, CaCO3 and K2CO3
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PIGE analysis of C

0.10

PIXE

0.05

0.05

0.20

0.05

0.10

PIXE 

PIXE 

PIXE 

Mass Fraction – first guess

ERYA 
FIT

C
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11

Elastic Backsctattering



PIGE analysis of O

TaTa

MgMg

511 keV

495 keV495 keV

Peak is to small
16O(p,γ)17F

Mg(OH)2

E=2.0 MeV
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Experimental Yield Experimental Yield 

Yield calculated by ERYA

Y(E) = ε
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An alternative method for PIGE analysis

σ(E)-Nuclear reaction cross section related to the gamma emission



ERYA Code
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† Introdution to PIGE 

† ERYA Code 

† Experimental Setup

† Motivation

† PIGE analysis: Be, B, Li, F, Na and Mg

† Applications

An alternative method for PIGE analysis
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PIGE analysis of Li, F-ornamental stones

For F

For Li

11 ornamental stones
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Applications

† B Quantification

Custódia de Belém

Mosaic Glass
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Applications
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http://helenaabrantes.com/



A ceramic glaze contains three necessary components:

• Body           Kaolin (Al2O3.2SiO2.2H2O) 
• Flint            Silica 
• Flux            Depending on the glaze 

borax (where Boron is the main element) 
barium carbonate, 
calcium carbonate,
lead bisilicate, 
lithium oxide, 
magnesium carbonate, 
sodium oxide, 
potassium oxide 
zinc oxide 
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Applications



Applications
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ceramic glaze 



Nowadays, there are no golden glazes at low temperatures 

commercially available 

Our work aims at providing the chemical information needed by the 

ceramists in order to obtain the desired golden glaze

Portuguese sellers do not supply the composition of these frits

two new, supposed to be, golden glazes show a metallic black 

color at those temperatures 
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Applications



Energy (keV)

Applications
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M. Fonseca et al NIMB (2011)

DOI:10.1016/J.NIMB.2011.04.060



Applications
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PIGEPIGE

PIXEPIXE



Element Old Golden Glaze 11646 Glaze 6910 Glaze

Mass Fraction(%) Mass Fraction (%) Mass Fraction(%)

Al 0,60 1,53 1,61

Si 4,51 6,40 6,10

K 0,29 0,76 0,57

Ca 0,15 2,02 1,00

Ti 1,43x10-3 0,21 2,27x10-2

Cr 1,27x10-3 1,35x10-2 1,56x10-2

Mn 0,36 1,76 1,48

Fe 0,37 0,19 0,21

Co 0,19 - -

Ni 4,75x10-3 0,51 9,80x10-3

Cu 0,28 0,27 0,22

Mo 0,34 - -

Pb 18,1 23,7 22,5

O 45,03 49,26 46,00

Na 34,11 15,70 22,96

Flux: sodium oxide
lead bisilicate

Old golden glaze: Mo e Co

11th November  2011, Frankfurt 

Applications



Conclusions

† The IBA techniques proved to be highly suitable to help Portuguese 
ceramists in the understanding of the composition of different glazes, as 
well as helping lowering the costs associated to the process of obtaining a 
golden glaze;

† The ERYA code is a reliable and accurate method for PIGE analysis of 25Mg, 
9Be, 7Li, 19F-197 keV, 10B in thick samples, without the use of standards;

† For 23Na and 19F-110 keV further measurements are needed.

† Same targets will be used in differents Laboratories to compare cross 
sections measurements and calibration energy of the differents 
accelerators.
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Análise por PIGE: Be, B, Li, F e Na

Be: A secção eficaz foi determinada para a emissão de radiação γ de 
718 keV a partir de um alvo fino de Be;

Pastilha BeO: resultados concordantes com uma incerteza inferior
a 4%.

10B: A secção eficaz foi normalizada pelos resultados de Day et al. 
(1954);

Pastilha Mistura Ag+B: resultados concordantes com uma 
incerteza inferior a 5%.

7Li: A secção eficaz foi normalizada pelos resultados de Mateus et 
al. (2002);

Pastilha Mistura Ag+LiF: resultados concordantes com uma 
incerteza inferior a 5%.

19F 197 keV: A secção eficaz foi determinada para a emissão de radiação γ
de 197 keV a partir de um alvo fino de LiF/Ag;

Pastilha Mistura Ag+LiF: resultados concordantes com uma 
incerteza inferior a 8%.
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Análise 10B
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Análise 7Li
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Análise 19F – 197 keV
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Análise 9Be
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Análise 19F – 110 keV
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Código ERYA-Subcamadas
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NTAIB-2008, 1 - 3 APRIL, Sacavém, Portugal

v Função de excitação do 9Be(p,γ)10B

Q= -1.851 MeV9Be(p,n)9B9Be(α,nγ)12CNeutrões:

9Be(p,γγγγ)10B9Be(p,γγγγ)10B

Einc< 1700 keV

Pó de Be é muito tóxico

1ª Opção

Alvo espesso

Método de Secção eficaz 
diferencial

Eγ = 718 keV

Análise de PIGE do Be



Análise de PIGE do Be

Método de Secção eficaz 

diferencial

Função de excitação da 9Be(p,γ)l0B, em 
forma de facor astrofísico, obtida por 
um dtectr soma 4πInteresse astrofísicoInteresse astrofísicoMedidas experimentais do γ=718 keV de 

Be metálico



Análise de PIGE do Be 

2ª Opção Alvo fino Be evaporado sobre Ag auto-suportada

Secção eficaz do detector Soma 4π corrigida pelos “branching ratios”

Necessário corrigir a distribuição angular



Setup Experimental: Nova Linha de Reacções Nucleares

Colimadores à entrada da linha:

diâmetro=2, 3, 5 mm

4 de Julho de 2011, Portugal 

quartzo

Permite medir a corrente



Energy Calibration

Protons: (1 + �)V

Terminal Energy (keV)

R
e
s
s
o
n
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n
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n
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y 
(k

e
V

)
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Elemento Frita 1 
fm (%)

Frita 2
fm (%)

Frita 3
fm (%)

Frita 4
fm (%)

Frita 5
fm (%)

Frita 6
fm (%)

Na 3,2 33.7 18.2 7.5 6.2 38.5

Mg 1.47 0.03 - - 0.275 -

Al 8.3 5.80 5.97 7.9 8.5 3.54

Si 24.4 30.0 30.1 37.6 37.8 36.2

K 0.99 2.77 8.51 3.83 0.98 2.66

Ca 4.05 7.4 1.05 2.57 4.87 2.46

Ti 0.026 0.014 0.046 0.062 0.041 0.0135

Fe 0.084 0.092 0.084 0.125 0.123 0.057

Ni 0.010 - - - - -

Zn 19.9 19.9 0.041 1.32 0.78 7.5

Ba 0.064 0.094 0.057 0.85 0.091 0.056

Pb 19.5 - 0.37 1.43 2.46 -

Frits 1+ Frits 2

Mass Fraction Na: 34 %

Mass Fraction Pb: 18 %

Frits: sodium oxide
lead bisilicate
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Applications














