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▪ carbon in archaeological steel

▪ C mapping nuclear using external deuteron beam

▪ DIGE setup

▪ NRA setup

▪ results

▪ comparison with Laser Induced Breakdown Spectrometry (LIBS)

▪ perspectives

Outline
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▪ carbon impacts iron alloy mechanical properties

▪ C in Fe3C carbide crystals (cementite) and in solid solution with Fe (ferrite, pearlite, austenite…)

▪ heterogeneously distributed in the iron alloy, macroscopically and microscopically
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Carbon in archaeological ferrous alloys

Iron pillar, 4th c. BC
Dehli, India

C % name Manufacture process furnace T° BH Mpa properties

< 0.08 wrought iron reduction of iron ore w/out melting bloomery 1200-1300 120 malleable

0.5 - 1.5 steel (e.g. wootz) carburization of wrought iron closed furnace 1300-1400 120-230 hard, flexible

2 - 4 cast iron melting iron ore blast furnace 1400-1500 230 hard, brittle

wootz alloy blade

Medieval Bloomery
Agricola, 1556
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Carbon microphases normal steel content (0.45% C)
cementite (Fe3C, 6.6% C)
pearlite (0.8% C)
ferrite (<0.02% C) 



PIGE : -ray detection

E = f(isotope)

• light elements 1<Z<11
• complementary to PIXE
• high sensitivity

NRA : particle detection

Ep = f(isotope, depth) 

Examples: 

• C,N,O composition of bronze patina

14N(2H, a)12C nuclear reaction

PARTICLE INDUCED GAMMA-RAY EMISSION (PIGE) 
NUCLEAR REACTION ANALYSIS (NRA) 
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2 MV PelIetron Tandem
External beam end-station



Incident beam

1.5 MeV deuterons 

• magnetic rigidity of 3-MeV protons
• beam transport & focus in protons
• lower neutron hazard
• best S/N ratio for 3089 keV C peak

(background from Si3N4 window)
• narrow probed depth (2-3 µm)

20 nA intensity 
monitored by PIXE on Si3N4 exit foil
50 µm beam diameter

hybrid beam scanning
0.5 mm magnetic scan + X/Y stages
scans up to 250 x 250 mm 

Experimental NRA : particle detectionDIGE : -ray detection

HPGe detector (37% NaI)

forward geometry (0°) 
30 mm distance
 = few % @ 3089 keV
5 l/min helium flux

300 mm² / 300 µm annular SSD
25 µm Mylar foil
backward geometry (135°)
15 mm distance
 ≈ 1 Sr (no collimator)
Plexiglas box helium 3 l/min
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12C(d,pγ1-0)13C
Eγ=3089 keV

Optimizing S/N in DIGE

carbon and nitrogen thick target yields
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14N(d,pγ1-0)15O
Eγ=5270 keV
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Composition
0.45% C / 99.55% Fe 

Conditions

• 20 nA
• 120 secs
• 2.42 µC

12C(d,pγ1-0)13C
3089 keV
net area : 3180
background : 1740

point DIGE spectrum on reference steel standard

12C(d,pγ1-0)13C
3089 keV

511 keV

14N(d,pγ4-1)15N
1885 keV

14N(d,pγ6-1)15N
2297 keV

16O(d,pγ1-0)17O
872 keV
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point NRA spectrum on reference steel standard

Composotion
0.45% C / 99.55% Fe 

Conditions

• 20 nA
• 120 secs
• 2.42 µC

13Cp0 Peak
2.7 MeV
net area : 107000
background : 9560

50x counts DIGE

15Np5

15Np6



Carbon mapping in an archaological sample - NRA and DIGE 
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5 mm x 0.5 mm area

• 50 µm beam spot
• 100 x 10 points
• 2.8 sec/point
• 20 nA
• 48 min total time

Dataset format

• EDF
• HDF5

Processing

• Plot and Roi
• PYMCA

C NRA

C DIGE

O DIGE



• 193 nm CI /3P1→
3P0 emission line of Carbon

• Nd:YAG at 1064 nm
• Ar+He atmosphere
• time-gated spectrometer

Carbon analysis using Laser-Induced Breakdown Spectrometry (LIBS)

Principle
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µ-LIBS mapping

• 5.5 mm x 1.5 mm area 
• 100 µm laser spot
• 550 x 15 points
• 200 shots/point
• 20 sec/point
• 4h total time

• 35 µm wide craters
• 0.65 mJ/shot 
• 1 shot = 0.15 µm deep

Comparison of µ-LIBS and DIGE mapping of carbon phases 
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Conclusions and perspectives

✓ non-destructive carbon mapping in steel using in-air accelerator methods

✓ two techniques evaluated for point analysis reference measurements

• DIGE 

• NRA

✓ useful to calibrate µ-LIBS method

▪ towards larger and faster scans, smaller spot size 

▪ mapping C traces at the surface of prehistoric tools (traceology)
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Questions?

Thank you for your attention !
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