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Az emberiseég altal hasznalt és ismert anyagok
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Miert fontosak a neutronok a tudomanynak és technolégianak

A neutronok fontos szerkezeti, analitikali
es topoldgiai informacioval szolgalnak az
anyagok belsejerdl, tulajdonsagairdl
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Kisszogli neutronszorassal a dugattyt kiilonb6zd pontjain ‘K ©
a nanoszerkezeti elvaltozasokbol (6tvozo elemek kivalasa) ™
a mikrorepedesek kiidulasi gocaira kaptunk informaciot.

M. Rogante, F. Nicolae, E. Rétfalvi, L.Rosta, Physica. B 358, 224 (2005)
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intermediate | fast

Neutron

« Mass: m=939 MeV/c? cold
«  Electric charge: Q=0 et 2 e t2h5e?rfa\{ n

«  Magnetic momentum: y=-1,9 y; Spin: 1/2

slow neutrons

epithermal

INTERACTIONS WITH MATTER

Radiative capture — (n,y) reaction Scattering (elastic or inelastic)
LE [ Resonances NRCA \\HﬁlT
£ % <————>/" o G
2 > — PGAA /@) '4)“%-:_;
Cross section - /‘@ LI 1]
' Ey
7777777777777777 T o Q=k —k 4
. \‘Ty (NAA Q == = Q= Ehne
. o/ =Jea
- @ @ @ (2%
A
N+ Ax A+ly* ALY Ly

Composition: NRCA, PGAA, INAA Structure: SANS, TOF-ND



NEUTRONS FULFILL THE REQUIREMENT OF
NON-DESTRUCTIVITY!

* As an electrically neutral particle, it can go deep into
the sample

» Large objects can be placed in external beams -
without sampling

* Induced radioactivity decays fast in most cases



TYPICAL TASKS IN ARCHAEOMETRY

Provenance study — identification of raw material
source(s) or workshop(s)

|dentification of fakes or imitations

Survey of the art objects’ condition prior to
restoration or conservation

Dating - indirectly



Research Infrastructure offered for C-ERIC
Budapest Research Reactor

Tank-type
reactor,
moderated and
cooled by light
water

Power: 10 MW
Thermal neutron

/ 7
flux:
| 2.5%10% n/cm2s
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A BKR vizszintes neutron-nyalab berendezései
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TOF — Time of flight spectrometer
(under construction)

(neutron guide)

DNR - Dynamic neutron
radiography

) i TOF

SNR - Static neutron radiography (measuring hall)

BIO — Port used for biological
experiments

MTEST - Material testing
diffractometer

TAS — Triple axis spectrometer

PSD — Powder diffractometer

Cold neutron instruments:

REFL - Reflectometer

TASC - TAS — Triple axis spectrometer on CNS
SANS — Small-angle scattering spectrometer
PGAA — Prompt gamma activation analysis

NIPS — Neutron-induced prompt gamma-ray
spectrometer

IBMS - In-beam Mdssbauer spectrometer
(under construction)
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Radiography Inspection of an Archeological
Object

The structure of the helmet (from
IV. century B.C.) was studied by
*Gamma radiography,

*Thermal neutron radiography,
*Epithermal neutron radiography,
«X-ray radiography.

The inner structure and the
hidden decorations of the helmet
are shown by the different
radiations.

Photo of the helmet Gamma radiography picture

Epithermal neutron
X-ray radiography radiography picture

picture (button part)

Thermal neutron radiography
picture (button part)

M. Balasko, J. Dombévari, K. Bird



PROMPT GAMYLA
ASTIVATION ANALYSIS -
POAA

Applicable:
« Bulk composition of any (solid, liquid) sample
e Minimum sample mass ~ 0,1 ¢
* In principle all chemical elements

Very sensitive: H, B, Cl, Cd, Nd, Sm, Eu, Gd
 Detection Limits 0,1 ppm — 1000 ppm

Advantages:

» Non-destructive

« Minimal sample preparation

* Average for the total irradiated volume

« Parts of large objects can be studied
(beam size: 5 mm? — 2X2 cm?)




PGAA — Prompt Gamma Activation Analysis ' PNC‘

neutron beam of 108cm2s1

5mm?2-400mm?

v"Non-destructive nuclear method for
determination of bulk elemental composition.
v'Elemental identification is based on the

(n, y) reaction

v'All chemical elements can be measured, with
the LOD of 0.1ppm-1000ppm

v'PGAA is extremly sensitive for H, B, Cl, Cd,
Nd, Sm, Eu and Gd.

v'Spectrum analysis is done by HYPERNET-
PC software, using our PGAA library

t Neutron Center

PGAA facility is built on the external cold http: //WWW_an_hu ’

contact: Zsolt KASZTOVSZKY

The beam size can vary between kzsolt@iki.kfki.hu
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Characterisation of Prehistoric chipped stone objects
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APPROXIMATE DETECTION LIMITS FOR THE BUDAPEST PGAA
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TINZE OF FLIGHT NEUTRON
‘ TION =TOrF-ND

Applicable:

« To study monochrystal or polychrystal structure
« Strain analysis

 Texture analysis

« To identify phases

Advantages:

» Non-destructive

« Minimal sample preparation

* Average for the total irradiated volume

« Parts of large objects can be studied
(beam size: 3 cm? — 2,5 X 10 cm?)




counts

The secret of Viking arms

Four — believed — medieval swords had been studied.
Swordl strongly corroded but together with Sword2 were visibly Damascus blades,
certificated archeological objects. Sword3 and Sword4 were in good state but not certificated.

High resolution TOF diffraction: 150 spectra

] ] ] ] ] ]

3
— 200x10
4000 rpm 2000 —f — Swl

- 150 — Sw2
— Sw3
— Swé
— Iron powder

sSjunood

— 100
1500 —

— 50

counts

1000 —

2500 — ‘
2000 -
Band1

Band2 Band3
‘ 500
| |
| ‘ U‘ ‘wm w H » = m_.ﬁ.fhm_ — =

T T T T 0
0.6 0.8 1. 0 1.2 1.4 1.6
d-spacing [A]

1500 —
1000

500

1.430 1.435 1.440 1.445
d-spacing [A]

*Phase composition. (For steel phases as ferrite, cementite,  Some conclusions:

martensite and non-steel phases). Important and equal cementit content

*The degree of alloying of the main phase. Inhomogeneous precipitate distribut.
*The total carbon content (using the two previous information) -The tensile strength was nearly same

*Texture analyses (preferred orientations of the crystallites).
*Average internal stress and dislocation density. Except for 1 sword - decorated



SMALL ANGLE NEUTRON ,,
SCNTTERING — SANS

‘ Neutron guides 2 beam shutter Collimation system
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Velocity selector Monitor

actor and H2 cold source

10 MW power re:

Applicable:

 To study inhomogeneities 1-100 nm scale

 To determine pore size

« To study anisotropy, precipitates in metals or in
minerals

* To study inhomogeneities, porosity in
cheramics, stones

Beam shutter Entrance aperture Exit aperture 2D detector

Advantages:

 Non-destructive

« Minimal sample preparation

* Average for the total irradiated volume

« Parts of large objects can be studied
(beam size: mm? — 4X4 cm?)




Marble samples from different mines

: 3 | &
. ' i Nedd i’
Rimski 2, PKl,_
Hungary Slovenia K7, Turkey
Rimski 3, PK3,
Hungary Slovenia K9, Turkey

anisotropic distribution of nanoscale pores or precipitates



SRAY OPRECTROSCOP Y —
PlA=, ARF
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Applicable:
 For near-surface analysis 10-500 um
 Detection Limits 50-1000 ppm, Al-U

Advantages:
PIXE

« Non-destructive

« 3D positioning (even for large objects)
« Minimal sample preparation
 Penetration depth 8-20 um

« Beam size: 1-2 mm?

XRFE
« Non-destructive
« Fast (in situ) analysis
 Penetration depth 20-170 um
« Beam size : 25 mm?




External beam PIXE contrubution to the CHARISMA project

Bronze-Age Usage and Development of Defensive
Armour in Eastern Europe

Project leader: Marianne Maodlinger,
Landesmuseum Kaérnten, Klagenfurt, Austria
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A bronze helmet from Northern Hungary A typical PIXE spectrum
facing to the external proton beam




NUCLEAR TECHNIQUES IN RESEARCH
FOR CULTURAL HERITAGE

Laszlé Rosta, Zoltan Székefalvi-Nagy, Zsolt Kasztovszky and
Zita Szikszai

CHARISMA

Cultural Heritage Advanced Research Infrastructures: Synergy
for a Multdisciplmary Approach to Conservation/Restoration

Project co-funded by the European Commission within the action 'Research
Infrastructures' of the 'Capacities' Programme - GA FP7 228330
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The CHARISMA TNA"

i Jchan

programme in ATOMKI

Scanning ion microprobe

Techniques:
PIXE, PIGE, RBS with focused ion
beams (+XRF)

Trace element level composition
and distribution

Beam size: 1um x 1pum

PIXE is applied in all projects:
Elements: C-U (quantitative: O-U)
Typical det. limits: 10-100 ppm
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PROVENANCE STUDY OF LAPIS LAZULI [l
BNC - ATOMKI - Tiibingen University ~ S\SS70)
Project leader: Judit Zoldfoldi | |

* A few geological occurances in the World
(Ural, Chile, Afghanistan, Lake Bajkal)

» Main mineral: Lazurit / (Na,Ca),_4(Al,Si)1,0,,4[(SO,)Cl,(OH),]

* AIM: Identification of raw materials, provenance of art objects |
* PGAA: H, Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, S, C
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TOF - Time of Flight Neutron Diffraction NC

t Neutron Center

Metallurgy Archaeometry
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Proof of meteoritic origin of mankind’s earliest iron

artefacts, 3200 BC, by neutron and X-ray techniques
Principal Proposer: Thilo Rehren — UCL London

A predynastic cemetery was excavated near Gerzeh by G.A. Wainwright and J.P. Bushe-Fox in 1911



« 3 iron beads were investigated by non-destructive techniques (NR, TOF-ND, PGAA, PIXE)

* The objective was to determine the nature of the iron from which these earliest iron beads
are made - can we demonstrate that they are meteoritic in origin, as has been speculated
based on their early date?

* Meteoritic iron has several characteristics that distinguish it from smelted iron. Most
prominent are the large crystal grain size, elevated bulk concentrations of Ni (1-10 wt%),
Co (1000-10000 ppm) and Ge (200-400 ppm)
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Zsolt Kasztovszky, B

PGAA

oglarka

Mardti & Tamas Belgya

Spectr. Nr. 578 579 58 580 589
Sample code UC10738 UC10739 UC10740 CdC3C 28848/12 28848/1
Element Conc./ | Abs. Unc. | Conc./ | Abs.Unc. | Conc./ | Abs.Unc. | Conc./ | Abs.Unc. | Conc./ | Abs.Unc. | Conc./ | Abs. Unc.
wit% +/- wt% +/- wt% +/- wt% +/- wt% +/- wit% +/-
H 1.65 0.03 1.58 0.03 2.03 0.03 0.114 0.003 1.16 0.03 1.36 0.03
B 0.0473 0.0009 0.0575 0.0010 0.0810 0.0012| <D.L. 0.00172 0.00004 | 0.00465 0.00010
Na 0.13 0.01 0.23 0.02 0.20 0.01| <D.L. 0.059 0.004 0.090 0.012
Mg 0.66 0.09| <D.L. 0.46 0.04| <D.L. 0.37 0.06 0.47 0.06
Al 0.18 0.07 0.31 0.02 0.10 0.03| <D.L. 0.12 0.02 0.06 0.02
Si 1.5 0.1 3.0 0.1 1.3 0.05| <D.L. 0.6 0.04 0.2 0.06
P 0.8 0.2 0.6 0.1 1.0 0.1 0.24 0.05| <D.L. <D.L.
S 0.2 0.02 0.2 0.01 0.2 0.01 0.11 0.01 0.063 0.007| <D.L.
Cl 0.709 0.017 0.625 0.011 0.806 0.015 0.0050 0.0001 0.118 0.003 0.167 0.004
K 0.028 0.002 0.077 0.003 0.080 0.005| <D.L. 0.023 0.003 0.021 0.004
Ca 0.48 0.03 0.55 0.02 0.67 0.03| <D.L. 0.80 0.03 0.28 0.02
Ti 0.016 0.002 0.047 0.002 0.009 0.001| <D.L. <D.L. <D.L.
Mn 0.023 0.003 0.0160 0.0004 0.050 0.001| <D.L. 0.008 0.0005 0.027 0.0007
Fe 50.2 0.4 48.7 0.4 48.5 0.3 64.1 0.2 60.2 0.2 60.0 0.2
Co 0.203 0.006 0.237 0.008 0.170 0.006 0.284 0.010| <D.L. <D.L.
Ni 3.55 0.10 4.10 0.10 2.75 0.06 4.88 0.15]| <D.L. <D.L.
Nd <D.L. <D.L. 0.002 0.0005| <D.L. <D.L. <D.L.
Sm 0.00002| 0.000002| 0.00002( 0.000001| <D.L. <D.L. <D.L. <D.L.
Gd <D.L. 0.000023| 0.000003| <D.L. <D.L. <D.L. <D.L.
O (calculated) 39.6 0.1 39.7 0.1 41.6 0.1 30.3 0.1 36.5 0.1 37.3 0.1

PGAA showed that the beads consist predominantly of Fe and O in broadly similar amounts,
which is consistent with their corroded state. Of more interest, the beads contain 2.8-4.1 wt% Ni,
0.6-1.0 wt% P, and 1700-2400 ppm Co. Ge was below the D.L.



Fontos bizonyitékként a csillebérci gyorsitonal uzemeld rontgen-emisszios berendezéssel
(PIXE) a germanium jelenlétét is sikerult kimutatni.

-, T

Prof. Thilo Rehnen (University College London) az egyik vasgyongy beallitasat figyeli
csillebérci protongyorsitd rontgen-emissziés merdallomasanal (MTA Wigner FK).



PIXE
Imre Kovacs & Zoltan Szdkefalvi-Nagy
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« PIXE analysis of the beads’ surfaces confirmed the presence of Fe as the main
element, followed by Ni at an estimated 5 wt%, and the light elements from the soil.
Individual spots have different concentrations of Cu, Pb, As, Zn and Mn. Two of the
beads showed spots with Ge, estimated to be at 30 ppm, and reaching up to 100 ppm.



TOF-ND
Gyorgy Kali & Laszlo Rosta

« By ToF-ND testing for grain size and crystal lattice structure
of any metallic phases present in the beads, no metallic form
of iron was found. No definite Bragg peaks were observed,
consequently they should consist of a larger number of low
symmetry crystalline phases (probably with non-uniform
chemical compositions, as oxides), imperfectly crystallized or
amorphous compounds

* This is considered typical for the corrosion products of iron



NEUTRON RADIOGRAPHY

Zoltan Kis & Laszlé Szentmiklosi

 Neutron radiography revealed the original
shapes and bulk morphology of the artefacts
Details of their manufacture can be detucted.

« All three artefacts have a central hole along
their long axis, not visible during visual
inspection due to their corrosion. |t
demonstrate that the beads were made from
rolled iron sheet, with areas of overlapping
metal visible at the centre of the seam
UC10740.

« This would have required repeated
hammering with intermittent annealing.
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CONCLUSIONS

» Serendipity was a key factor in this investigation

"happy accident™ of finding something good or useful while not specifically searching for it.

* We provided positive proof of a meteoritic origin of these
beads, strengthening the argument that these are indeed the
earliest known examples of iron metal worked by humans
made from a material much more difficult to work.

« Composition and manufacturing technique rule out a sub-
recent origin of the beads, confirming that they are not later
intrusions into Gerzeh tombs, but indeed humankind's oldest
known iron artefacts.



Mikor is kezdodott a vaskor ???
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http://nol.hu/tud-tech/20130813- otezer eves vasgyongyok az egbol
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Uj kihivas: a Viking fegyverek titka

Gazdag leletanyag a Karpat-medencében.

Szent Istvan (1000-1038)




counts

Uj kihivas: a Viking fegyverek titka

Four — believed — medieval swords had been studied.
Swordl strongly corroded but together with Sword2 were visibly Damascus blades,
certificated archeological objects. Sword3 and Sword4 were in good state but not certificated.

High resolution TOF diffraction: 150 spectra
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*Phase composition. (For steel phases as ferrite, cementite,  Some conclusions:

martensite and non-steel phases). Important and equal cementit content

*The degree of alloying of the main phase. Inhomogeneous precipitate distribut.
*The total carbon content (using the two previous information) -The tensile strength was nearly same

*Texture analyses (preferred orientations of the crystallites).
*Average internal stress and dislocation density. Except for 1 sword - decorated



Uj kihivas: a Viking fegyverek titka

Koronazasi szimbolumok

A torténeszek kérdése:
Melyik is Istvan Kiraly

valodi kardja, és ez(ek)
tényleg viking kardok?

A valasz
természettudomanyos

megkozelitést igéenyel
pl.nanodiagnosztika
neutronokkal

Szent Istvan kardja (1356 ota Pragaban, ma
a Szt.Vitus székesegyhaz mizeumaban)




Egyedulallo
nagymuszer
egyuttes a
csillebeérci

Neutrondiffrakcié
Kisszogu szoras

Neutron/gamma
radiografia

PGAA és PIXE




A neutronok régészeti
alkalmazasa elott nagy
j6vo all

ELFT Vandorgytlés, Debrecen, 2013. augusztus 22.



