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Archaeology

Fixlab

Budapest Neutron Centre

e  Hungarian Armour was not allowed to be
sampled nor taken out of the country

Defensive armour from the following
museums

e  Hungarian National Museum Budapest
(5 helmets, 1 cuirass)

Museum of Szekszard (1 helmet)
Museum of Kaposvar (1 helmet, 1 greave)

e Invasive sampling was prohibited .
e non-invasive analyses in Hungary =2 PGAA, o
PIXE, ToF-ND .
[ ]

Main Project

e Title: Bronze Age Warfare in Eastern Europe:
Development, Technology and Usage of Defensive Armour

Museum of Paks (1 helmet)
Museum of Keszthely (2 (37) Greaves)

PGAA

e non-invasive!
bulk composition

main-and trace elements
cold neutrons

Higher flux

higher reaction rate, shorter
measurementtime

Prompt Gamma Activation Analysis facility operates at one of the horizontal cold neutron beam of the 10 MW
Budapest Research Reactor. The thermal equivalent intensity of the neutron beam is 10° cm?s” at the
sample position. PGAA is a non-destructive nuclear method capable to quantify elemental composition of
bulk solid, liquid or gaseous samples. In principle, it can detect all the chemical elements (except He), but

One of the most remarkable advantages of PGAA, is that the irradiation of a sample is performed by external
guided neutrons, without limitations of the object’s dimensions. Sampling from the object is not necessary,
and the induced radioactivity due to irradiation is negligible.

The method is most applicable to measure all the major geochemical components and some trace elements
in rocks, alloying components of bronzes, efc. It is unique in measuring some light elements, especially H

e  3-year project financed by the Austrian Science Fund
(FWF) and FP7-Marie Curie (EU), 1.7.2011-31.6.2014
e  Studying, documenting and sampling of approx. 120 pieces . . 80U
of armour in: Austria, Bosnia, Croatia, Czech Republic, with very different sensitivities.
Hungary, Serbia, Slovakia, Slovenia, Romania, ...
e Place of research: Dipartimento di Chimica e Chimica
Industriale, Universita di Genova
e  Archaeological documentation & analyses with SEM, XRF,
Metallography, Raman, ToF-ND, PGAA, PIXE.
and B.
Object Findspot | Measured| H | S | CI | Fe [Co| Ni| Cu | As | Ag| Sn [ Pb| Sn% Sn%
part 1 rel. unc. | abs. unc.
PGAA |greave (complete) Varvalgy sheat 0.06 0.04 83.60 0.12] 8.89 | 7.28
0 = shield - PIXE sheat 0.51]0.01]0.00] 83.60 [1.35|10.62| 1646[1.51| 4.23 0.70
Tt Far ring 0.10{0.00]0.02] 71.35 [0.32]0.19] 28.87]0.65] 590 | 1.70
¥ =cuirass ‘_;:, o o wire 0.06(0.01]0.07] 99.71 [0.00]10.00] 052 [0.03] 8598 045
! ‘?QD% A PGAA |greave (complete) [I.engyenéti sheat 0.03 0.17]0.18] 93.24 1 0.23|0.06| 6.06
3%9 {00g 8™ PIXE sheat 0460.09]0.18] 99.12 [o.50[0.00] 0.94 Jo.22] 1763 | 047
] ? 8 ; _Q'l_f ' rivet 0.380.00{0.09| 99.39 | 0.15/0.05) 0.68 | 0.26| 18.38 0.13
§°o3’o i _ wire _[0.36]0.04]0.16] 9943 [045]0.04] 062 [024] 2358 | (.15
og§‘: s °‘Qé PGAA [cap helmet with stars |Northern H.7 _|cap 0.40]0.02| 0.28 90.76 0.00] 6.32 [ 247
: o PIXE cap ST 0.77] 94.28 | 5.73/0.34| 5.80 [ 2.67| 6.59 0.38
i I 0 cap 1.16 0.37] 98.76 | 1.20]0.07 1.31 [0.54] 13.10 017
A Aagh ABO A < rivet _ 0.84 _ 042 SlSE 3.25 O.E 6.75 _112 12.01 0.81
W el 2 PGAA [conical bell helmet__|Dunafoldvar__|cap 0.05 0.02 83.97 0.02]12.43] 350
b F' a! AR F, PIXE cap 1.02 0.07] 9178 10.13]0.03] 8.31 | 0.26 8.50 0.7
Ay S, a;* 1 [polished cap 0.46 0.03] 93.52 [0.09]0.03] 6.54 | 0.30] 4.08 0.21
L wat s ‘ﬁ}l = A _ cap _ 0.49 0.0_4 94.13 [0.11]0.01] 593 [0.26| 15.44 092
n a4 o A‘éA PGAA [cap helmet with stars_|Paks cap 0.03]0.22[0.01 0.01]0.35] 89.56 [0.11 9.1
v % A PIXE cap 0.37/0.03]0.28] 96.07 [0.35 4.00[0.59] 520 [
; knob 0.01]0.25]0.02 0.02 88.91 0.08]10.72
A knob 049 0.23] 93.84 [0.32/0.00( 624 [0.31| 4.20 0.26
R et PGAA [fragment; helmet ___[Jaszkarajend |cap 0.26]0.34] 0.09] __[0.04] 0.05] 87.78 0.09] 9.09 [1.96
' PIXE cap 0.92 0.07 96.20 ] 0.75 386 (011 7.24 0.28
cap 0.81 0.13] 96.67 | 0.76 379 [0.00] 10.86 041
' ' n' rivet 3.35 0.11]100.00] 0.48 0.00 | 0.00
U ! PGAA [conical bell helmet  [K cap 0.34]0.40] 0.05 82.12 0.05/13.69]3.73
s Ll A ! PIXE 0.35/0.00{0.90] 66.79 [0.62]|0.29|3323|5.89| 3.45 1.15
0.25/0.01]0.56] 88.19 [0.40]0.05| 11.84[1.77| 4.98 0.59
cuirass Szentgaloskér |sheat 0.06]0.89] 0.01 0.2310.12 91.81 | 0.05 6.81
PGAA |bell helmet Nagylétény cap 0.02) 0.25] 0.01 0.04 92.32 (0.20]0.05] 7.11
PIXE | cap 042 0.14] 99.40 10.33]0.03] 0.68 | 0.80| 20.51 0.14
PGAA |bell helmet [Nagylétérly knob 0.00 0.03 92,07 0.06] 7.83
IXE knob 040 0.19] 99.06 |1 0.33]0.08] 1.02 | 1.36] 15.63 0.16
e  Non-invasive! Analyses on corroded surfaces; or on the
surface the corrosion is removed (invasive!).
e  Elemental sensitivities: 5-100ppm range, depending on the
element
e Depth of analysis for 2.5 MeV proton in bronze (micrometer):
Fe 8.6 As 1.5
Co 9.9 Ag 12.7
Ni 10.6 Sn 12.9
Cu 11.3 Pb 7.6
Zn 119 0,[58 . g37 E‘S - 912t ] 10604 [oi3 BT 1y
h 0,034 167 [ 0100 [ 8321 023 -JIﬂ__'JI'.Cﬁ D.o1s | 61 9,26
. . hareal win sars H? Ual | 0023|0045 | 028 i) 4 004 JE04 |0D0E) 63 |22 -
e  On several elements such as Ni, Au, Pb and Bi XRS-PIXE Conical ool veimes—[uraiar TE T 7 00 2 I 0 L R
g o heiel with stars 0o30) 022 ) 001 TR RGN 00 I B 5E-06 0,28
methods have a better SenSItIVIty than PGAA. T helmet | Isosharnment 0,787 | 0,34 | 0,088 | 5038 038 | 0047 | B8 3087 | 18603 | 0022 | 81 |28] b
. . ' ' joonual bell holiel [ ereariets [EEED IS0 S 21 QoG5 | SREDS (oD fav|ar] 878
e  The analysis of Sn and Sb is more difficult, since the wrvol wih ars Pars__ D) EF1 L 1 74
agr e 0,066 [ 089 | 0013 152 [ 0133 8] 005 <00 | 0,008 104
sensitivities of both PIXE and PGAA methods are poor, T — (573 (1 3 N 1. 3 B
however the sensitivity of PIXE can be considerably improved S T T L o e o
by optimization of the experimental procedure. e th ”; .

e  90% of the X-ray counts are coming from the layer of thickness
listed above.
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Typical PIXE-spectrum setup

Results and challenges

e  Corrosion on the surface: Unfortunately no analyses on the pure metal permitted; the penetration
depth of 2.5 MeV protons is not large enough; no possibility to check the thickness of the corrosion

layer non-invasive

e  On the surface with PIXE less Sn was detected than with the PGAA in the bulk; further studies are

planned to find the reasons

e The quantitative results were giving a good idea of the alloy composition, and in addition the minor

and trace elements can also be analysed

Round circles for the elements typical in rocks (might be present as
soil contamination?), elipses for components of bronzes.

SENSITIVITY FOR BUDAPEST SYSTEM
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ToF-ND

non-invasive!
phase analysis of composition
texture analysis
Elemental composition
max. llluminated surface: 25x100 mm?.
min. sample volume: a few cm?
e  back scattering mode, ToF-ND resolution:
Ad/d ~1x10° at A=0.1 nm (200 Hz)
o In the case of inhomogeneous samples, the measured
information is the average for the whole illuminated
volume
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Diffraction spectra for one rotation setting
measured on Kér-Szentgaloskér sample

Diffraction pattern of measured sample
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Cap helmets

Conical bell helmets

Applique

Greaves

Bronze Age metal defensive armour
Greave (leg protection)
Curiass
Helmet
Shield

Dating relative: Bz D Ha B3
Dating absolute:
(approx. 1300 800/750 BC)

Spite Bronzezeit

Ha B2/3 800-950 v. Chr.
Ha B1 950-1050 v. Chr.
Ha A2 1060-1100 v. Chr.
Ha A1 1100-1200 v. Chr.
BzD 1200-1300 v. Chr.

Mittlere Bronzezeit

Bz C2 1300-1400 v. Chr.

Bz C1 1400-1500 v. Chr

BzB 1500-1600 v. Chr.
Friihe Bronzezeit

Bz A2 1600-2000 v. Chr.

Bz A1 2000-2200 v. Chr




