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MOTIVATION: What type of interactions occurs when an ion beam hits a target?

on Beam Analisys techniques
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PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or, @-beam at low energies, traditionally up to 3 MeV where nuclear forces play an important
role. The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-

rays.
. (p,p’y) Inelastic Scattering
= H' Az
P ~N
AZ

Therefore, it consists on the detection of
gamma-rays emitted in these reactions.

(p,¥y)  Nuclear Reaction ‘
(p,ay)

Kz'* A typical HPGe gamma spectrum
hpgeltn_Energy
2] ~ Entries 8192
‘E’ - Mean 3721
=} — Std Dev  406.9
8 250 —
— Advantages — B
200(—
- Non-destructive L
- Quantitative technique, determination of absolute concentration 150

- Permits multielemental analysis
- Allows isotopical differentiation
- Light element differentiation (2<20) 100
- Complementary to PIXE (Z>20)
50

FIPY FRAT T AT RITI | J o

1
0 500 1000 1500 2000 2500
Energy (keV)
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Sl €3 1CFAE (])ums [T

o

inanciado por:

Clee [AYME 5620

\I=S2<S ]




IDPASC/LIP PhD Students Workshop, Braga 2019 = H

PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or, @-beam at low energies, traditionally up to 3 MeV where nuclear forces play an important
role. The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-

rays.
. (p,p’y) Inelastic Scattering
= ’—}' Az
P ~N
AZ

Therefore, it consists on the detection of
gamma-rays emitted in these reactions.

(p,¥y)  Nuclear Reaction ‘
(p,ay)

Kz'* A typical HPGe gamma spectrum
hpgeltn_Energy
@a = Entries 8192
‘E‘ - Mean 3721
=] = Std Dev__406.9
8 250_—
— Advantages — E
200_—
- Non-destructive -
- Quantitative technique, determination of absolute 150
concentration
- Permits multielemental analysis 100
- Allows isotopical differentiation
- Light element differentiation (Z<20)
50
- Complementary to PIXE (Z>20)
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PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or , a-beam at low energies, traditionally up to 3 MeV where nuclear forces play an important
role. The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-

rays.
. (p,p’y) Inelastic Scattering

Az*
sl .

Therefore, it consists on the detection of
gamma-rays emitted in these reactions.

(p,¥y)  Nuclear Reaction ‘
(p,ay)

p,a

Kz'* A typical HPGe gamma spectrum
. e
‘E’ - Mean 3721
=1 = Std Dev___406.9
8 250_—
— Advantages — E
200(—
- Non-destructive -
- Quantitative technique, determination of absolute concentration 150
- Permits multielemental analysis
- Allows isotopical differentiation
- Light element differentiation (Z<20) 100
- Complementary to PIXE (Z>20)
50 208T|
0 | FITY FRT T TR ..LIJ, A
0 500 1000 1500 2000 2500
Energy (keV)
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PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or, @-beam at low energies, traditionally up to 3 MeV where nuclear forces play an important
role. The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-

rays.
4. wiR;?OBE#QV 3
(p,p’Y) Inelastic Scattering ag-meakevs %) Lo
10.67 11.53 2% 1460.9
Az*
K .

A’Z'*

p,a
(p,¥y)  Nuclear Reaction a0
(p,ay)

0.046 21.4 2F o STABLE

40,
184722

20— 12.355H7

— Advantages — o
Qlgs)=3525.22 kev 18 1{%) Logft
B-: 100 % N

692

- Non-destructive
- Quantitative technique, determination of absolute concentration o .
- Permits multielemental analysis o050 0,05 2
- Allows isotopical differentiation
- Light element differentiation (Z<20)

- Complementary to PIXE (Z>20)

0.070 4.98 3445.4

K 034 902 O+ 1 1837.2 0.33 NS

17.64 7.5501 -2+ 1524.6

81.90 9.4768 -2+ 0.0

2
20922
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PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or , a-beam at low energies, traditionally up to 3 MeV where nuclear forces play an important
role. The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-

rays.
. (p,p’y) Inelastic Scattering

Az*
sl .

A'Z'*

p,a
(p,¥y)  Nuclear Reaction
(p,ay)

— Advantages —

- Non-destructive

- Quantitative technique, determination of absolute concentration
- Permits multielemental analysis

- Allows isotopical differentiation

_ Light element differentiation (z<20)!1! | The Z<16 correspond to
- Complementary to PIXE (Z>20) 95% of the Earth crust.

Department of Physics&Astronomy of the University and
Istituto Nazionale di Fisica NucleareFlorence, Italy
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PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or , a-beam at low energies, traditionally up to 3 MeV where only nuclear forces are involved.
The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-rays.

(p,p’y) Inelastic Scattering
/V — Technique Limitations —
Az* 1. The fact that the repulsive Coulomb barrier has to
sl .

be surpassed results in a limitation of this method. For
low energy beams the only accessible elements are the
light elements with Z<20.
AZ7% 2. A setback which could appear is the overlap of
gamma-rays in the spectrum making an element
determination a challenge.

[ | H
P, &
(p,¥y)  Nuclear Reaction

(p,ay)

— Advantages —

- Non-destructive PIGE
- Quantitative technique, determination of absolute concentration

- Permits multielemental analysis

- Allows isotopical differentiation PIXE
- Light element differentiation!!!

- Complementary to PIXE. The X-ray of Z>20 are more energetic.

. DERIODIC
TRBLE OF THE M
ELEMENTS
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PIGE TECHNIQUE (PROTON INDUCED GAMMA-RAY EMISSION)

The PIGE technique uses proton, deuteron or , a-beam at low energies, traditionally up to 3 MeV where only nuclear forces are involved.
The basic mechanism is the formation of a compound nucleus in a highly excited state which de-excites by the emission of gamma-rays.

(p,p’y) Inelastic Scattering
/V — Technique Limitations —
AZ* 1. The fact that the repulsive Coulomb barrier has to
sl .

be surpassed results in a limitation of this method. For
low energy beams the only accessible elements are the
light elements with Z<20.

_*’_}
p,a

(p,¥y)  Nuclear Reaction

(p,ay)

AZ77% 2. A setback which could appear is the overlap of
gamma-rays in the spectrum making an element
determination a challenge.

sample
5N beam
o, e S 5 -
at resonance energy above resonance energy L — Depth Proflllng —
| The profile information can be obtained using (p,y)
-,rdetemr'E‘ reactions within cross sections that present a strong
e resonance.
10000 ROI g 15,000 i i depth . . . . . . .
S o L ] r The principle of it is to compensate the intrinsic lack of
, D g & T depth resolution in PIGE bulk analysis by performing
£ § 5o @ . . .
3 z s measurements at increasing beam energy in order to
01 0 = . + 2 s ; ey - .
o 20 a0 6o 80 100 63 64 65 65 &7 61 &9 probe the sample composition at increasing depths

y-energy (MeV) beam energy (MeV)

(increasing ranges)
Depth Profiling SchemelAEA, TEC-DOC Series
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® PIGE: experimental analysis of Chlorine

inanciado por:

(Sl ENSAR 05520

@ |GFAE || [ TS




IDPASC/LIP PhD Students Workshop, Braga 2019 14 H

PIGE: EXPERIMENTAL ANALYSIS OF CHLORINE

It is the twenty-first most abundant chemical element in Earth's crust, mainly forming ionic sales (eg: NaCl) and also it is

present with the majority of metals (eg: AgCl).
We can find great quantities of it in salt mines and dissolved in sea water, but also humans use it industrially as a catalyst, cleaning

products, bleaching, water disinfectant, even as a chemical weapon (toxic gas). Moreover, it is an essential nutrient for metabolism (eg.
hydrochloric acid in the stomach).

kEletl 40Ca 41Ca | 42Ca

27P

Sodiun (Na*) 10556

Sulfate(SO,7) 2649 g
Magnesium (Mg?*)1.272 g
Bicarbonate (HCOy ) 0:140G
Calcium {Ca?*) 0,400 g

Potassium (K7) 0:380'g

Chiofide (CI') 18980

Other

©2005 Brooks/Colé - Thomson
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PIGE: EXPERIMENTAL ANALYSIS OF CHLORINE

kiElotl 40Ca 41Ca

33Ar 34Ar

37cl

STABLE
24.24%

. . Ground and isomeric state information for i;cl
E(level) (MeV) | In A(MeV) Ti/2 | Abundance | Decay Modes
308
. . . . 35 .. 0.0 3/2+|-31.7615 | STABLE | 24.24% 10
E(level) (MeV) | In | A(MeV) Ti/2 | Abundance | Decay Modes

31cl  32cl

Ground and isomeric state information for 17CI

0.0 3/2+(-29.0135 | STABLE | 75.76% 10
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PIGE: EXPERIMENTAL ANALYSIS OF CHLORINE

Regarding PIGE literature, there is a lack of 37¢]
H H H H TABLE
information in both stable isotopes. S
Cross sections and yields are not well defined.
) X . ; 37
Ground and isomeric state information for ::§CI Ground and isomeric state information for 17Cl
E(level) (MeV)| Jn | A(MeV) | Ty, |Abundance |Decay Modes E(level) (MeV) | Jn | A(MeV) Ti/2 | Abundance | Decay Modes
0.0 3/2+|-29.0135 | STABLE | 75.76% 10 0.0 3/2+|-31.7615 | STABLE | 24.24% 10
Interactive plotting of IBANDL and SigmaCalc data
1) 0=55° E,;=2.4-3.8MeV Source: A Z. Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123
2) 0=55° E;=2.4MeV Source: A.Anttila+, J. Radioanal. Chem. 62 (1981) 293
3) 6=55° E;=7-9MeV Source: J. Raisanen+, Nucl. Instr. and Meth. 28 (1987) 199
35C1(p, PT1-0)35C1 55.0deg.
q 6 8
T T T r T T T r T T
GAMMA YIELD of 1219.3 keV
<&
~ 108 o - 108
1=
s
N
S
d
N
<
£
£
<
)
5 (o]
= 106 -~ - 106
C
= o
109 109
a
1 1 I L I 1 I L 1 1
q 6 8
Incident Energy (MeU)

33Cl(p,p’Y1.0)**Cl
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PIGE: EXPERIMENTAL ANALYSIS OF CLHORINE

Regarding PIGE literature, there is a lack of 37¢]
H H H H TABLE
information in both stable isotopes. S
Cross sections and yields are not well defined.
. . . . 37
Ground and isomeric state information for >5CI Ground and isomeric state information for ;Cl
E(level) (MeV) | Jn | A(MeV) | Ty | Abundance |Decay Modes E(level) (MeV) | Jn | A(MeV) | Ty, | Abundance | Decay Modes
0.0 3/2+|-29.0135 | STABLE | 75.76% 10 0.0 3/2+|-31.7615 | STABLE | 24.24% 10
1) 0=55° E,;=2.4-3.8MeV Source: A.Z. Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123
3 0=55 OMeV So Interactive plotting of IBANDL and SigmaCalc data ‘
1) 0=55° E;=3.1-3.8MeV Source: A Z. Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123
2) 6=55° E;=7-9MeV Source: J. Raisanen+, Nucl. Instr. and Meth. 28 (1987) 199 ‘
35C1(p, P12-0)25C1 55.0deg. \
q 6 8 ‘
- - - - T T T T T
GAMMA YIELD of 1764 keV ‘
| o |
)
108 20x107 - + 20x107
g - ]
£ S 15x107 - - 15x107
£ S~
E ] L 1
2 <
] -] o
g 106 H
e 2 i 1
= ~ 10x107 -1 10%107
o L J
=
=
5x107 -15%107
109 L J
0OF © (o] -0
— L " L . . " I L . L I
q 6 8
Incident Energy (MeU)

33Cl(p,p’Y2.0)**Cl
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PIGE: EXPERIMENTAL ANALYSIS OF CLHORINE

Regarding PIGE literature, there is a lack of
information in both stable isotopes.

Cross sections and yields are not well defined.

37c|

STABLE
24.24%

. . . . 37
Ground and isomeric state information for >5CI Ground and isomeric state information for ;Cl
E(level) (MeV) | Jn | A(MeV) | Ty | Abundance |Decay Modes E(level) (MeV)| Jn | A(MeV) | Ty, |Abundance |Decay Modes
0.0 3/2+|-29.0135 | STABLE | 75.76% 10 0.0 3/2+|-31.7615 | STABLE | 24.24% 10
| Interactive plotting of IBANDL and SigmaCalc data
1) 0=55° E,;=2.4-3.8Mev Source: A Z. Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123 | 1) 6=55°E,=3.1-3.8MeV Source: AZ.Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123
37C1(p, P11-0)°7C1 55.0deg.
) 0=55 =7-9MevV Soy
1) 6=55° E,=3.1-3.8MeV Source: A.Z. Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123 3.2 3.4 3.6 3.8
: ; - : h - : - i . : . -
5 i 5
C1(p, 120)35C1 55.0d60. 3+10 GAMMA YIELD of 1727 keV 3x10
(o]
q 6 8
g g ]
108 0x10 . s 2%105 - 2%10%
5 <
= < r 1
\ £
> £
@ - H L J
N z 2
£ < 15%107 i(Z L ]
s ©
2 S ] L j
= , £ ES
= 10 s 1105 4 1%10%
= g 10107 1 L i
5x10 o F oo J
109 s s 1 s s 1 s L " 1 " L " 1
3.2 3.4 3.6 3.8
Incident Energy (MeU)
0 0
‘ 37c|( ’ )37C|
q 6
Incident Energy (Mel) plp y1-0
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PIGE: EXPERIMENTAL ANALYSIS OF CLHORINE

Regarding PIGE literature, there is a lack of 37¢]
information on both stable isotopes. S

Cross sections and yields are not well defined.

Ground and isomeric state information for 35CI Ground and isomeric state information for 75Cl

E(level) (MeV)| In | A(MeV) Ti/2 | Abundance | Decay Modes

E(level) (MeV)| In A(MeV) Ti/2 | Abundance | Decay Modes
0.0 3/2+|-29.0135 | STABLE | 75.76% 10

0.0 3/2+|-31.7615 | STABLE | 24.24% 10

1) 0=55° E

@ GOAL: The purpose is to provide 3>Cl and 3’Cl cross section data at low energies
completing, and adding to the available data sets. The experimental campaign

will take place at the CTN/IST Laboratory (Sacavém) using an HPGe detector.

TECNICO
LISBOA

Yield (Ngamma/sr-/uC)
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1/2+
PIGE: EXPERIMENTAL ANALYSIS OF CLHORINE i 1219.3

1 y=1219.3 keV
TARGET: AgCI 35C|(p’ p’y1_0)3SCI 3/2+ 0 STABLE

GAMMA YIELD of 1219.3 keV

4000

N
H 2000
Z
-
o
O .
L)
1000 ;
o. \
*%
o ~
PROTON ENERGY (keV)
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1/2+
PIGE: EXPERIMENTAL ANALYSIS OF CLHORINE 12193
—_ y=1219.3 keV
Interactive plotting of IBANDL and SigmaCalc data
1) 6=55° E,=2.4-3.8MeV Source: A.Z. Kiss+, J. Radioanal. Nucl. Chem. 89 (1985) 123 3/2+
2) 0=55° E;=2.4MeV Source: A.Anttila+, J. Radioanal. Chem. 62 (1981) 293 0 STABLE
3) 0=55° E,;=7-9MeV Source: J. Raisanen+, Nucl. Instr. and Meth. 28 (1987) 199
\ YIELD of 1219.3 keV
35C1(p, PT1-0)35C1 55.0deg.
L
o
35 ’ 35
. Cl(p,p’y1.0)*>Cl
~ 108 o - 108 ®
: 106 -1 108 . °
109 - - 109 ¢ °
‘ T
Incident Energy (MeU) L4 .
© . . ° ’
e ° . ¢
. o. LY °
¢ -
~* .
2800 3000 3200 3400
PROTON ENERGY (keV)
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® EnsarRoot framework and developments
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ENSARROOT FRAMEWORK
ENSAR:

; : : ; \Y=S5S 4+
EnsarRoot consist on a VMC framework for the analysis and simulation https://sithub.com/EnsarRootGroun/ Ensar Root

of different moderate size setups and tools. http://igfae.usc.es/satnurse/ensarroot.html
Pablo Cabanelas et al J. Phys.: Conf. Ser. 1024

012038 (2018)

It is based on
- FairSoft and FairRoot which are fully based on the ROOT code

- Virtual Monte Carlo platform

- Supports different transport engines, such as Geant3 and Geant4. m ) GEANT4

A SIMULATION TOOLKIT

Simulates data

FairSoft ~ Analyses exp.

FairRoot
data

It is possible to simulate data and perform the data analysis within the same framework.

Moreover, experimental data can be analysed on equal footing.
@ |GFAE ] ([ T
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https://github.com/EnsarRootGroup/EnsarRoot
http://igfae.usc.es/satnurse/ensarroot.html
https://iopscience.iop.org/article/10.1088/1742-6596/1024/1/012038
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e Motivation

® PIGE technique

® PIGE: experimental analysis of Chlorine
® EnsarRoot framework and developments

® Summary

inanciado por:

sne [ARIGE #5520 @ |GFAE [J))sses [ T




IDPASC/LIP PhD Students Workshop, Braga 2019 o5 H

SUMMARY

- PIGE technique is a widely used IBA method which analyses gamma vyields of
excited low Z elements present in organic samples, archaeological remains,
paintings, etc.

- The aim is to provide the missing PIGE information regarding these two essential
stable isotops: 3>Cl and 3’ClI

- An experimental campaing has been initiated to be carried out at CTN/IST
Laboratory to measure the gamma vyields and the cross sections of these two
isotopes

- The data (simulated and experimental) will be analysed using the EnsarRoot
framework, it will be further developed to include PIGE analysing tools
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Thanks to my supervisors
&
collaborators:

Daniel Galaviz3#, Héctor Alvarez-Pol*?2, Pablo Cabanelas!?, Pamela Teubig3*
Eduardo Alves®, Rui C. da Silva>, Luis Peralta 34, Sandra Soares*®

1Universidad Santiago de Compostela, 2IGFAE
3Faculdade de Ciéncias da ULisboa, 4LIP, SCTN/IST,
6Universidade da Beira Interior
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Thanks for your attention!
Questions?

Suggestions?
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APENDIX
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ENSARROOT DEVELOPMENTS

The purpose of this part was to simulate the
detailed experimental setup of CTN/ITN (Lisbon),
including a high resolution HPGe detector and a
reaction chamber within the air media,

the
parent nuclei are located in rocks, walls and
other building materials, for this reason, the
simulated setup should be modified including a
Silicon layer wunder the HPGe detector.
Otherwise, we will lose the energy lost effect
produced when gammas travel through matter.

Silicon layer of 12.20 cm
The earth is made by an
outer silicate solid crust.
The thickness of this layer has been calculated using

the fundamental Law of Gamma Attenuation for the

265 keV 212Pb peak (Thorium chain).
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