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A Budapesti Kutatoreaktor

10 MW-os vizh(téses, vizmoderatoros kutatdreaktor

Fluxus (az aktiv zonaban): 2,5:10'* cm2-s"

ey = -

CNS Measuring Hall

Shielding tunnel &2 | PGA
or 3 newtron guides) | ; R T NIPS

T SHR

~— Reactar Ball ntrance to the reactor hall
TOF i
TOF - Time of flight spectrometer {neutron guide) Cold neutron instrumennts:

(unaer:eanstcton) REFL — Reflectometer

TASC - TAS — Triple axis spectrometer on CNS
SANS — Small-angle scattering spectrometer

DMR. — Dynamic neutron
radiography
SNR - Static neutron radiography

BIO - Port used for biological PGAA — Prompt gamma activation analysis

experiments

MTEST — Material testing
diffractometer

NIPS — Neutron-induced prompt gamma-ray
spectrometer

IBMS — In-beam Médssbauer spectrometer

TAS - Triple axis spectrometer (naotsansiston)

PSD - Powder diffractometer



intermediate | fast

A neutron

«  Tdmeg: m=939 MeV/c? cold
iy Ze=d 0.05 25 meV
« Toltés: Q=0 2o mel — thernrjnealn

«  Magneses momentum: u=-1,9 p; Spin: 1/2

slow neutrons

epithermal
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A NEUTRON

TELJESSEGGEL ELEGET TESZ
A RONCSOLAS MENTESSEG KOVETELMENYENEK!

* A neutron — semleges részecske — melyen behatol a
mintaba

» NagymeretU targyak helyezhetok a nyalabba -
mintavétel nelkul

* Az indukalt radioaktivitas altalaban gyorsan lecseng



ARCHEOMETRIABAN KORABBAN
ALKALMAZOTT ,NEUTRONOS” MODSZEREK

. NEUTRONOK BEFOGASAN ALAPULO MODSZEREK |/ Osszetétel

1, Hagyomanyos neutronaktivacios analizis (INAA)
2, Neutronaktivacios autoradiografia (NAAR)

3, Prompt-gamma aktivacios analizis (PGAA)

4, Neutron rezonancia-befogasos analizis (NRCA)
5, Neutron tomografia (NT) / Képalkotas

Il. NEUTRONOK SZORODASAN ALAPULO MODSZEREK / Szerkezet

1, Neutrondiffrakcio (ND)
2, KisszogUl neutronszoras (SANS)




A PGAA MODSZER



A PGAA FIZIKAI ALAPJA
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A BUDAPESTI PGAA FOBB JELLEMZOI

1996-2000 2.5:10° cm2s™ termikus nyalab
2000-2007 510" cms" hidegneutron nyalab
2008- 1108 cm2s hidegneutron nyalab
‘Sokelemes’ (f6- s nyomelemek)

Minimalis mintaelokeszités

Roncsolasmentes (nincs hosszu életl radioaktivitas, ill.
mechanikai karosodas)

Az atlagos elemosszetétel a fizikai, ill. kémiai formatol
fuggetlenul mérhetd

Archeometriai alkalmazasok az IKI-ben 1998-t0l



APGAA és a NIPS-NORMA berendezés <&
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A BUDAPESTI PGAA KOZELITO KIMUTATASI HATARAI
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PGAA ALKALMAZASOK



PATTINTOTT KOESZKOZOK EREDETENEK
MEGHATAROZASA

Paleolitikum: ~ 400000-9000 BP Magyar Nemzeti Muzeum




A KULONBOZO NYERSANYAGU KOESZKOZOK
OSZTALYOZASA

12 -
® FLINT ARCHEO R
o FLINT GEO a5
40 | 4 PORPH ARCHEO |
4 PORPH GEO
g | DOBSGEO 1 s7
© OTHERS I
k=
c
g 6 T ® s6
E
3
s2
T 4 T ¢
a2
E , P30
|
o 2 1,83,54 T
o o
& $9, $10, 811, s8
<&
:%A $12, 813 _ 06 048
0 | | O =] | | I
A DEEE&. cobhg
p1 07037, 038
-2 L
SILEX PORPHYRY OBSIDIAN
-4 1

-6 -4 -2 0 2 4 6 8

1st Principal Component

Kasztovszky et al., Archaeometry, 2008, 50, 1, 12-29.




CSISZOLT KOESZKOZOK

Magyar Nemzeti Muzeum,

e L ._.__..’]

" Neoltikurn: ~ 9000-5000 BP ELTE Kozettan-Geokémiai Tanszék




Fo kozet tipusok — Principal Component Analyses

PC 3 (16%)

PCA 1 and 3 (49%) for major elements
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KERAMIAK

Simon Bolivar University, Caracas




VENEZUELAI KERAMIA LELETEK
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SiO,+Al,0; (weight %)

—

16th-17th c. fdV (Venetian) goblets
Zs. Kasztovszky & J. Kunicki, Proceedings of 37th ISA, Springer-Verlag, 2011
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Baroque glass

80
o 179 BEST QUALITY - BAROQUE (18th c.)
= 181, 104 “ |8i0,>75%, As,0,>0.2%
..?5 + 183
+200
GOOD QUALITY
+186 A
70 +176 . *182 +199
216 218
65 * 4208 .174 198 187
196 +197
18
60 v
/ POOR QUALITY
55
EARLIEST - MEDIEVAL (14th c.)
$i0,<65%, Ba0>3% Ty @
50 . . 1 1 . —
9 10 15 20 25 30
CaO+MgO (weight %) 30
g A Medieval stained glass
25 A
Green bottle
Roemer /_,_;_\
27 N A PR
§ ‘.0 " : & fdv-2
2 - -*»
o 1 .
m
o

o
»
fdV cristallo like

A
19th century

stained glass

15 20 25
Na,0+K,0 (W%)

30




FEMEK

El6zmeny...

Archaeometry 26. 1 (1984), 96—103. Printed in Great Britain

ANALYSIS OF COPPER-BASED METALLIC ARTIFACTS BY
PROMPT GAMMA-RAY NEUTRON ACTIVATION ANALYSIS

M.D.GLASCOCK, T. G. SPALDING

The Research Reactor Facility, University of Missouri, Columbia, Mo. 65211, U.S. A.

J.C.BIERS and M. F. CORNMAN

The Museum of Art and Archaeology, University of Missouri, Columbia, Mo. 65211, U.S.A.




ROMAI BRONZ FIBULAK ES ERMEK .A
(MTA Régészeti Intézete)

 Hegyeshalmi temeto: Korai (ll.sz.) / Késéi (1V.sz.)
mellekletek: 26 fibula és 0sszesen 383 pénzérme

* A pénzek alapjan a sirok 10-20 év biztonsaggal keltezhetok
A "hagymafejes” fibulak belsd kronologiaja alaki jegyek
alapjan nem allapithato meg

» Cél: Osszetétel alapjan osztalyozas, kovetkeztetés a
muhelyre,kereskedelemre, stb.

 Probléma: A nyersanyag ujrafelhasznalasa



~ I-IV. sz. rémai fibulak, Hegyeshalom
Vaday Andrea MTA Régészeti Intézet

Mass fraction (w%)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

MAIN COMPONENTS OF BRONZE FIBULAS

2"9C. 330 340 350 2™C. 335 335 340 340 355 380
Terminus post quem of fibulas / year A.D.

Cu, Sn, Zn, Pb, esetenként As, Sb mérése

Sn és Pb kimutatasi hatara tul magas (1-2%)

Zs. Kasztovszky et al.,, Proceedings of 31st ISA, BAR Int Series, 2002



Romai ezust ermek
Inst. of Nuclear Chemistry and Technology, Varsé
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Cu/Ag arany mérése

Jelentds, de lathatatlan Ag veszteség — ,inflaci¢”

XRF-fel (feltleti) nem mérhetd

HamiSitVényOk azonosithatok Kasztovszky et al., J. Radioanal Nucl Chem, 2005, 265, 2



ZARO MEGJEGYZESEK

* A PGAA jol alkalmazhato kulonbozo anyagu (ko, keramia, uveg, fémek)
regészeti leletek osszetételenek vizsgalatara.

» APGAA roncsolasmentes volta — a kisebb érzékenyseg ellenére is —
felulmulhatatlan elony.

 Af0- és nyomelem koncentraciok alkalmasak (lehetnek) a leletek
osztalyozasara, ill. eredetének meghatarozasara.

 Arégeszeti, ill. geoldgiai referencia mintak minél nagyobb szama
kivanatos.

« APGAA nem ,mindenhatd’, kiegészitd modszerek alkalmazasa ajanlott.

 Méréstechnikai szempontbdl az érzekenység novelése, ill. a terbeli
osszetétel-eloszlas (,elemtérkép”) mérése fontos irany.
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AZ ELEMOSSZETETEL KISZAMITASA

Ac =m-S-t

N

S = 0051, @ £(E)

/4

m : az adott elem tomege
S : erzékenyseg
Ag : csucsterulet
N, : Avogadro-szam
M : molsuly
0 : Izotopgyakorisag
o, - heutronbefogasi hataskeresztmetszet
|, : gammahozam
®d, : neutron intenzitas
g(E,) : detektor hatasfok



Ax OC(Y) ‘9

m, Ay .S
m, A S}/, A koc(X) &,

TetszoOleges ket elem tomegaranyat kapjuk



RONTGEN
SPEKTROSZKOPIA -
PIXE, hordozhato XRF

Alkalmas:
* Felszin kozeli 10-500 um elemzésére
» Kimutatasi hatar 50-1000 ppm, Al-U

Eldényok:
PIXE

» Roncsolas mentes - A &

» Preciz 3D pozicionalas (nagy targyak is) M S

« Minimalis minta el6készités ¢ ﬁ - :

» Behatolasi mélység 8-20 um

« Nyalabméret: 4 mm? .
XRF

» Roncsolas mentes

» Gyors (terepi) elemzés

» Behatolasi mélység 20-170 um
« Nyalabméret: 25 mm?




A PGAA ALKALMAZASA UVEGEK ARCHEOMETRIAJABAN

. FO- ES ADALEK OSSZETEVOK
Si0,, Na,0 (>0.7%), K,0, Ca0, MgO (>1.5%),
As,0, (>0.2%), PbO (>0.5%), BaO (>1-2%), 2-3% >B,0, > 0.5 ppm

+ SZINEZO, OPALOSITO ANYAGOK
Sn0O, (>2%). Co, Cu, Mn, Fe, Ag, Au, Hg

—> Keltezés, gyartasi technika, miihely (hamisitvanyok)

« SZENNYEZOK
P,0: (>2%), Al,O, (>1%), TiO,, Fe,0,, S(>2% ), Cl

—p Nyersanyaq, eredet

+  KILUGOZODAS: H,0 —  Komyezet, restauralas

»  NEM MERHETO: Sb, Sr, Rb, Zr, Y, Zn




Neutron-based
element-mapping and imaging
at the Budapest Neutron Centre

NIPS-NORMA



NIPS—-NORMA and RAD at the BNC

Budapest

+ B




~ NIPS-NORMA and RAD at the BNC

@ Stations are located in the Cold Neutron Guide Hall and the Reactor Hall
@ NIPS — Neutron Induced Prompt gamma-ray Spectrometry
@ NORMA — Neutron Optics and Radiography for Material Analysis

@ RAD - Static and Dynamic Neutron Imaging, X-ray and gamma-ray radiography

(Shielding Tunne (for 3 Nas})

Moderator Gell of CNS)

‘Make-up Tank (4x10m3)

M \ATHOS )

0




Characteristics of the NIPS-NORMA facility

@ NIPS—NORMA, the ,versatile” @ Characteristics:
» curved supermirror guides (2.5 ©) » cold n-spectrum: 1.5-2.5-8 A
» various neutron and gamma collimation » no epithermal and fast components
B position-sensitive element analysis (PGAI) » very low gamma-ray background
> » HPGe + BGO detectors in Compton-

imaging system (NR/NT)
V& ] ' HPGe gamma

spectrometer

suppression mode

[ |
|
E

Neutron beam

|
I
i

camera: 16-bit 1 Mpx CCD
FOV: 40x40 mm?

L/D measured: 233

spatial resolution: 0.2-0.5 mm
S/N: ~60000/2000 = 30

|

¥y ¥ ¥ v ¥

Sample

chamber B position accuracy:

» translation: <5 um
Motorized
sample

» rotation: < 0.002 deg



What we can offer at NIPS-NORMA

@ PGAI (prompt-gamma activation imaging)

» collimating the neutron beam: chord

+ collimating the gamma detection: isovolume n -\-!\\‘Y ) y
» point-wise scanning: 2D/3D PGAA
» resolution reached: 2—-3mm glpeetip Isovolumengiiy
» very time consuming: > days

@ Neutron Radiography/Tomography

» fast: sec — hours

» small objects: in the range of cm’s

@ Radiography/Tomography-driven PGAI

» visualize and locate the interesting regions first
» prompt-y measurement only where it is needed

» canh save substantial beam time




= Egyptian Statuette

;f:_‘gﬂ'& E‘
- Aims:

Determine the elemental composition of
the statuette

Compare the composition of the Ty ﬁi fg
statuette, the goddess, the monkey }';""t"ja

figures and the palm stubs

The origin of the iron containing palm
stubs (meteoritic?)



NIPS-NORMA Egyptian Statuette

neutron radiography RS
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NIPS-NORMA — PGAI-NT

PGAA - bulk analytical method
Neutronradiography — inhomogeneity
Combining of the results of complementary
methods



NIPS-NORMA — PGAI-NT

1. Broken side, monkey
head
El. wt% *
Cu 86 0.4
Sn 14.0 0.4
Sn/Cu 0.162 0.004

2. Statuette, goddes leg
El. wt% t
Cu 86 0.4
Sn 13.8 0.4

Sn/Cu 0.160 0.005
4. Broken side, palm n/Cu

stub, iron

El. wt% t 6. Palm stub, upper
K 1l 1l 0.1
Si 12 0.2 El. wt% %
S 13.5 0.4 Mn 0.42 0.02
- -7 0-2 Fe 19.4 0.4
: n 5?;3 - Cu 61 0.6
ce o8 i Sn 8 0.5

8 : . Sn/Cu 0.131 0.010
Sn 4.1 0.3
Pb 28 1.8 3. Palm stub
Sn/Cu 0.43 0.03 El. wt% +
Mn 0.5 0.03

Cu 72 0.7
Sn 11.3 0.4

5. Broken side, palm
stub, bronze

B wt%  + Fe 99 03
cu 76 11 Sn/Cu 0.157 0.006
Sn 12 1.2
Fe 64 0.3 .

sn/Cu 0.16 0.01 Co, Ni —not detected Meteoritic origin was not confirmed

PGAAD.L. (Co—0.01 wt%; Ni—



Neutron and X-ray imaging
at the Budapest Neutron Centre

RAD



RAD @ BNC

Cha raéteristics:

Distance (L): 463 — 539 cm
Flux range: 4.6 — 3.38 X 10’ n.cm2.s!

L/D =170 — 195

Beam size: §195 — 230 mm

(Dsude/cDepi 52

Neutron to gamma ratio: 1.72x10° cm?mR?
Cadmium ratio: 3.3

Gamma intensity: ~ 8,5 Gy/h Reactor
Neutron

beam

y

measurement
positions

RAD: NR/NT
station

Imaging possibilities: neutron + X-ray

16-bit 4 Mpx sCMOS camera
Low-light-level TV camera
Photo-luminescent Imaging Plates

NR/NT of larger objects (up to 250 kg)
Larger FOV (~ 20%x20 cm?) with lower
spatial resolution (200-300 pm)
Smaller FOV (1010 cm?, 4x4 cm?) with
higher spatial resolution (~100 pum)

X-ray tubes: 25-300 keV; 5-10 mA



Improvements at RAD

@ Capable of neutron, X-ray and gamma imaging
» static imaging:
e radiography and tomography based on sCMQOS camera (Andor Neo 5.5)
e neutron: Li°F/ZnS, Gadox; X-ray: Gadox; gamma-ray: NaCs crystal

» dynamic imaging:
e radiography based on low-level-light analog TV camera (Vidicon tube) and digital sSCMOS

beam &>
» different field of views: port

e 250%250 mm?2 (Sigma 50mm) | y
e 100%x100 mm?(Nikon 105mm)
e 40%x40 mm?(Nikon 300mm)

4
S IN PROGRESS
m—t light-tight house light-tight house
for scintillator for optics and

and mirror positioning mechanics




a flower ... behind 5 crm granite wall



Intensity and contrast (neutrons, X-ray)

Radiographic contrast:

the difference between the
intensities (grayvalues) of
two adjacent areas.

Mathematically it is the
ratio of the difference and
the sum of adjacent
intensities.

contrast = ~mex Vi
V.. +V

max min

In practice a grayscale with
various bit depth (12-16 bit)
from black to white.

neutron

X-ray



A bronze spearhead (Inv. nr.: HNM 75.1893.1200)

neutron image

———

4
———

e Hollow is filled with different materials

e AT e Not seen in the X-ray images = organic

small fibrous-like material

a sharp, long and slim wand
next to 2 a similar but thicker wand

= e e =

around the bottom of wands a fibrous-like substance



W

~ Early Iron Age bronze shield from HNM

Do we see contrast? Cases if:
1. X-ray —yes, neutron — yes: e.g. bronze (rivet fragments)
2. X-ray — yes, neutron — no: high atomic number (e.g. lead)
3. X-ray — no, neutron — yes: low atomic number (e.g. organic)



Az abaujdevecseri bronz tekercs
vizsgalata neutron diffrakcioval

Kali Gyorgy
MTA Wigner Fizikai Kutatokozpont Szilardtestfizikai és Optikai Intézet

P. Fischl K.1 — Kasztovszky Zs.2 — Kali Gy.3 — Kis Z.2 — Kiss V. * — Mardti B.2 — Mitcsenkov-Horvath E. 3— Szabd G.»

1 Miskolci Egyetem, Torténettudomanyi Intézet
2 MTA Energiatudomanyi Kutatékdzpont
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BRONZKORI FEMTARGYAK RONCSOLASMENTES NEUTRON
ANALITIKAI VIZSGALATANAK EREDMENYEI

Journal of Analytical Atomic

Spectrometry
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@s-: ~~~~~ Mark Non-destructive analyses of bronze artefacts from

Bronze Age Hungary using neutron-based methods

V. Kiss, " K. P. Fischl” E. Horvdth,® Gy. Kali* Zs. Kasztovszky,” Z. Kis,” B, Maréti®
and G, 5zabd®

Lendilet 2015 nowv. Kali Gyorgy QﬁEHEI‘




Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval
A berendezés (TOF-ND)

Beam stop Sampie e —_—

Lo gl detector

Biological shiekding

(CED PROMPT GAMMA SPECTROMETER
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval
Repilési id6 diffraktometria (TOF-ND)
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval
A targy

43 cm, 12 kg
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval

Fazis analizis
T(C) Sn (at96) TK Magas ontartalmu, sokfazisu bronz
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval

Fazis analizis

Sn content [wt%]
0

0 5 1 15 20

—réz
—— diadém —
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—— A2 Bonyhad

Intenzitas [tetsz egys.]
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Homogén ontvény
Lassu kihilés
10,3810,5wWwt% Sn
100% a szilard oldat
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval

Textura vizsgalat — a krisztallitok orientacidjanak eloszlasa

A targyon 6t helyen végeztiink textlira mérést,

két-két merdleges tengely koruli forgatassal:

e Az egyik spirdlis rész kozbiils6 menetén (,,1a”) szembdl.
e Ugyanitt hatulrdl (,,1b”).

* A hajlitott rad nyolcszog( részén (,,20”)

e Arud kor keresztmetszetU részén (,,30”)

e A megmunkalt részen (,,4”)
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakcidval

Textura vizsgalat — a krisztallitok orientacidjanak eloszlasa
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Az abaujdevecseri bronz tekercs vizsgalata neutron diffrakciéval

Koszonom a figyelmet!

Kali Gyorgy
MTA Wigner Fizikai Kutatokozpont Szilardtestfizikai és Optikai Intézet
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