I elektronu
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krystal Ni

* Podstata difrakce -
 ,Rozptyl® elektronti na elektronovém obalu a jadrech
e Dudlni povaha elektronového paprsku - Louis de Broglie

e Primarni monoenergeticky svazek elektront s vinovou
délkou A kratsi nez je obvykla mtizkova konstanta pevnych
latek

- A dana urychlyjicim napétim elektronové trysky



incident
electron beam

-

diffracted direct beam

* (dhad difrakc¢nich ahla-

e A, = 0.00197 nm (1.97 pm) pro 300 kV urychlované™"
elektrony

o ,typickd” hodnota pro vzdalenost krystalovych rovin
d = 0.2 nm

e dosazenim do Braggovy rovnice — hodnota difrakéniho ahlu
© = 0.28°

e Difrakéni thly v ED (elektronové difrakci) o < © < 2

e Rovina miizky skoro paralelni se smérem paprsku
> Mohou byt analyzovany velmi malé krystaly
>, Silnd“ Coulombicka interakce elektront s latkou




* Obdobné jako u RTG difrakce — odlisSnost
zaznamu pro monokrystal a
polykrystalicky vzorek

e Proméfovani monokrystalu pfi jeho rotaci
podél tii os — detailni informace o
struktufe a orientaci

e Polykrystalicky vzorek — superpozice

signal@ od rtizné orientovanych krystala —

typ krystalové struktury a mrizkové
parametry




e LEED (Low-Energy Electron Diffraction ) - difrakce elektrona

s nizkou energii — 50 - 500 eV - kolmo na povrch
 Charakterizace povrchii a povrchovych struktur v laboratornich
podminkach

e RHEED (Reflection High-Energy Electron Diffraction -
difrakce elektront s vysokou energii (méfend) na odraz -
energie 10 — 100 keV, maly thel dopadu (napf. 30 mrad)

« Charakterizace povrchti — napf. studium epitaxniho ristu,
polovodic¢ové materidly - sledovani povrchu béhem procesii

e THEED (Transmission High-Energy Electron Diffraction ) -
difrakce elektroni s vysokou energii méfend v prochdzejicim
paprsku

« Kombinace s TEM



o LEED (LOW—EHGI'gy Electron Fluorescent Scre ——
Diffraction ) - difrakce e ey

Selecting
elektront s nizkou energii -

30 o 500 ev (0,22' 7 O) 05 nm) I Sample

— kolmo na povrch W —7]

ElektI‘iCky Ilabité mf]’.ilw T Incident electron beam
Vyber ]e elaSt1C1<y Elastically diffracted electrons
,<rozptylenych” elektronti

Informace o struktuie a
usporadanosti povrchu,
informace o meziatomovych
vzdalenostech




e LEED (Low-Energy Electron Diffraction ) - difrakce elektront
s nizkou energii - 30 - 500 eV (0,22 - 0, 05 nm)

e Jednoduchy model - fada atomt (na povrchu)

n=-2| n=-1| n=0 n=+1| n=+2
3
L L L Int.
// | | l | |
» » » -E/-/{ » » » »
o -1 0 1
a / d=asill\l_lll\ Slna
d =a sin 9 Cu(110)

90 eV 140 eV



I e RHEED (Reflection High- Detector/CCD

Energy Electron Diffraction -
difrakce elektronti s vysokou

i G ; Electron Gun
energii (méfend) na —
odraz —

- Sample
energie 10 — 100 keV,
maly uhel dopadu

(napft. 30 mrad) sample Holder

reciprocal rods

part of the

Ewald sphere
T~

___________

e incident beam



e RHEED (Reflection High- Co0 P

Energy Electron Diffraction - > 0000—

° o .:
difrakce elektronti s vysokou 2008
energii (méfené) na Phosphorescent
odraz % 3Creen

. e (5 - 100 keV )

energie 10 — 100 keV,
maly uhel dopadu Sample

(napft. 30 mrad)

For an incidence angle of 88 degrees
d 1 = 0.017 YVacuum

eg. d < 0.2 wm when 1 = 10 nm
Eleciron trajectory

\

1] —— I~ —— iz ]

Solid



 Reflection high-energy electron diffraction (RHEED) is a
standard diffraction method:in surface science, but contrary
to low-energy electron diffraction (LEED) the analysis of
morphology and defect structure is not as reliable due to
inelastic scattering and a more complicated scattering
geometry. These difficulties are mastered by adequate
instrumentation and. measuring procedures as done with a
novel high—resolution energy-filtered RHEED instrument.

Comparison of reflection ]:ngh -energy electron diffraction and low-
energy electron dlffractmn using hlgh resolution instrumentation

Bert Miiller #°* Ma.rtm Henz]er

* [nstitut fiir Festkorperphysik, Universitidt Hannover, Appelstr. 2, D-30167 Hannover, Germany
® Instivit filr Quantenelekironik, Eidgendssische Technische Hochschule Ziirich, CH-8093 Ziirich, Swiizerland

Surface Science 389 (1997) 338348
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(a) TEM image of a group of nanolime particles (WS sample);
(b) electron diffraction image on A particle

The nanolimes 1n Cultural Heritage conservation: Characterisation
and analysis of the carbonatation process

Valeria Daniele, Giuliana Taglieri™, Raimondo Quaresima

Journal of Cultural Heritage 9 (2008) 294301



(a) TEM image of a group of small single particles;
(b) electron diffraction image on A’ particle

The nanolimes 1n Cultural Heritage conservation: Characterisation
and analysis of the carbonatation process

Valeria Daniele, Giuliana Taglieri™, Raimondo Quaresima

Journal of Cultural Heritage 9 (2008) 294301



Microchim Acta (2008) 16]: 363-3649

Van Gogh’s painting grounds: an examination of barium sulphate
extender using analytical electron microscopy — SEM/FIB/TEM /EDX

R. Haswell'. U. Zeile?. K. Mensch'

1 Shell Global Solutions Intemational B.V., Amsterdam, The Netherdands

2

Carl-Zeiss NTS GmbH, Oberkochen, Germany

The morphology seen in this section is typical of

t
t

ne three sections prepared, namely:
ne sections are single crystals with electron-

diffraction patterns that match barite.

In the section from F 546=9 some internal structure
IS visible mainly in the form of striations,.



* 1. pokusy - 1936

* Pocatky ve svété - po roce

1946 — intenzivni zdroje
neutrona - jaderné
reaktory - vyzkumné
reaktory, pulsni
neutronové zdroje

* 60. léta - ReZ - uvedeni
do provozu prvniho
neutronového
difraktometru SPN-100 u

vyzkumného reaktoru
VVR-S

Obr. 1. Prvni neutronovy difraktometr SPN-100 vybudovany
vilastnimi silami pro experimenty s polarizovanymi tak |
nepolarizovanymi termalnimi neutrony ktery je instalovany u
horizontalniho kanialu HK .
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Fyzikalni podstata

* Neutrony - vysoce pronikavé vétSinou material

* Malo citlivé na povrchové vrstvy, informace o stavu
vnitfnich® vrstev materidla (nedestruktivné) -
pranikova vzdalenost v dokonalém krystalu je ~104 cm
ve sméru Braggova uhlu dané reflexni roviny (hkl)

* Rozptyl neutronii je jadernou interakci

* Intenzita signalu neni monoténni funkci atomového
¢isla - prednost — lokalizace lehkych prvki , rozliseni i
izotopt — napf. vodik, deuterium - napf. pfi studiu
struktury makromolekularnich latek

* Neutronovy rozptyl ma i magnetickou slozku. -
studium magnetickych struktur - dtilezita oblast
vyuziti neutronového rozptylu



° yzikélni podstata
* Vnéjskoveé podobné RTG difrakci

* OvSem ,rozptyl® na jadrech

* Vlnova délka termalnich neutronti - cca 10 m

* Tepelné neutrony - energie v oblasti 102 az 10" eV

e Srovnatelna s energii kmitt krystalové mfize

e Studium nejen statické struktury krystald, ale i tepelny
pohyb atom

* Chladné neutrony - ohraniceny energii 5.103 eV

* Spektrometr - zdroj neutronti, kolimacni systém, stinény
monochromator, vlastni difraktometr s jednim ¢i dvéma
rameny, detektor



* Spektrometr - zdroj neutronti, kolimac¢ni systém, stinény
monochromator, vlastni difraktometr s jednim ¢i dvéma
rameny, detektor

* Pristroje pracujici s konstantni vinovou délkou
monochromatického svazku. Jedna se o tzv. konvenc¢ni
nebo téz klasické usporadani pro neutronovou
difraktografii.

e 7 polychromatického spektra vinovych délek vysilanych
neutronovym zdrojem vybereme pomoci monochromatoru
pozadovanou vlnovou délku, po rozptylu na vzorku je
difraktovany svazek registrovan detektorem umisténym na
rameni pristroje, které bud krokové nebo kontinualné
probiha oblast 26



* Spektrometr - zdroj neutronti, kolimac¢ni systém, stinény
monochromator, vlastni difraktometr s jednim ¢i dvéma
rameny, detektor

* Pristroje pracujici s konstantnim thlem rozptylu 26. Jedna
se o difraktometry zaloZené na priletové metodé (TOF).

* Polychromatickeé zareni pulzniho zdroje dopada pfimo na
vzorek, rozptylené neutrony jsou snimany detektorem pod
fixnim thlem 20. Separace v zavislosti na vinové délce je
provadéna méfenim doby potifebné pro priilet neutront
vymezenou vzdalenosti L. K registraci impulsu detektoru
se pouziva casového analyzatoru, kde kazdému kanalu
odpovida vinova délka.



* Detektor - neutrony detegovany pomoci sekundarnich
produkti jadernych reakci, které vyvolavaji

B+'n—>'Li+*He+0,48MeV  93%
UB+'n—'Li+*He 7%
°Li+'n—"T+"He
*He+'n—'H+'T
* BF, pocitac - plnén plynem BF, obohacenym na 96% B*

* Heliovy pocitac - 3He (n,p) 3H

» Stépné komory - elektrody potaZeny vrstvou §tépného
materidlu (obvykle U,Og) - produkty Stépeni do plynné
naplné a zplisobi ionizaci



* 60. léta — ReZ - uvedeni do provozu
prvniho neutronového
difraktometru SPN-100 - ptivodné
Spektrometr polarizovanych
neutronti, pozdéji oznacen -
Dvouosy difraktometr SPN-100

* Difrakc¢ni experimenty jak s
polarizovanymi, tak
nepolarizovanymi neutrony o
vinové délce A = (0.08-0.25) nm

 Difrakce na feromagnetickych
dokonalych monokrystalech

 Difrakce neutronti na ultrazvukem
buzenych kmitajicich
monokrystalech

heam tube with collimator

bent 51 220

bent5i 111

b\
Yy
b
{asymmetne cut ) samples
LLL
it interfemmeter ™y

II-I| Thermal and {:
||||.'|' acoustic shielding ™2

POSITION SeTsitve
detoctor

'He detectors

Obr. 3. Schematické zobrazeni dvoukrystalového difraktometu
malodhlového roeptylu DN-2 8 eaffzeni pro neutronovou
interferometrn, kterd jsou instaloviny spoleéné u HE-E,

\\\\\\”””ﬁ“*ff:mmc

Bent Si cr:.rstal (ke

L1
7
.-1'
i
L1
.'
,1
bk i

b, 10, l'}plné asymetrickd difrakéni geometne cyhndricky
ohmutého dokonaltho monokrystalu kfemiku jako neutronového
monochromatoru.
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. Diffraction. This method has the largest user community. Experiments
includes studies of crystal structure and microstructure, both on liquids
and amorphous materials, polyerystalline materials, and single crystals.
Engineering Diffraction. Research 1n this field includes measurements and
interpretations of internal strains i materials, and studies of crystalline

textures i polycrystallie materials.

Small-Angle Neutron Scattering (SANS). Users in this field have interests
that span from biochemistry to solid-state magnetism. SANS research in-
cludes a large activity in polymer structure, and the structural evolution
of polymers under temperature and flow.

Reflectometry, which measures the depth profile of neutron scattering
near a surtace. The science 1includes structures of large molecules at sur-
faces and interfaces, and surface magnetism probed with polarized neu-
tromns.

Inelastic scattering, which studies dynamical processes such as the ele-
mentary excitations of phonons and magnons 1n solids, and vibrations
and motions of molecules.

Brent Fultz, Tim Kelley, Mike McKerns, Jiao Lin, JaeDong Lee, Olivier Delaire, Max
Kresch, Michael Aivazis: Experimental Inelastic Neutron Scattering



monochromator

PSD detector

sample

diffraction profile - .
Obr. 16. Schematické zndzornéni fokusujiciho difraktometru pro
méfeni relativnich zmén miiZkového parametru polykrystalic-
kych latek.

Obr. 17. Geometrie uloZeni vzorku v tthadce a v neutronovém
svazku pro méfeni [11-S i1t

* Malouhlovy rozptyl neutronti (SANS) patti k
experimentalnim technikam ¢asto vyuzivanym k vyzkumu
nehomogenit o rozmérech od 10 A do 10 pm a ma $iroké
uplatnéni v chemii, biologii a fyzice pevnych latek

* Prednosti je moznost nedestruktivni kvantitativni analyzy
parametr mikrostruktury, priimérovanych pfes
makroskopicky objem vzorku a tudiz neovlivhénych
povrchovymi artefakty a lokalnimi fluktuacemi



* Napr. studium porozity plasmove nandsenych keramickych
materidlt, které jsou charakteristické pritomnosti sirokého

spektra port a trhlin

140

—

P

o
T

Obr. 14. Distribuce velikosti porli v plasmové stfikané keramice

Al,O; ziskana z malothlového rozptylu neutrontl.
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Archeometrial Mithely 2006/2.

NEUTRON DIFFRACTION IMAGING OF CULTURAL HERITAGE
OBJECTS

WINFRIED KOCKELMANNY & ARMIN KIRFEL?
and the Ancient Charm Collaboration

! Rutherford Appleton Laboratory, ISIS Facility, Chilton, OX11 0QX, United Kingdom

* Mineralogisch-Petrologisches Institut, Universitit Bonn, 53115 Bonn, Germany

The capabilities of neutron diffraction for studving archaeological ceramics and metals have been demonstrated
on many occasions. The main advantages of thermal neutrons are deep penetration and non-destructive
analvsis of intact objects. Neutron diffraction provides imformation on structural properties which are aoften
related to the past material treatments and historical fabrication techwiques. Most neutron diffraction analvses
are normally performed on one or several points of an object with a large neutron beam, hence without much
spatial resolution. In this paper we review the existing options and future perspectives of the systematic

mapping of phases and microstructures with a neutron beam.
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NEUTRON DIFFRACTION IMAGING OF CULTURAL HERITAGE
OBJECTS

WINFRIED KOCKELMANN!" & ARMIN KIRFEL?
and the Ancient Charm Collaboration
! Rutherford Appleton Laboratory, ISIS Facility, Chilton, OX11 0QX, United Kingdom

* Mineralogisch-Petrologisches Institut, Universitit Bonn. 53115 Bonn, Germany

* Neutron radiation is a versatile probe for obtaining
information from the interior of undisturbed museum objects
and archaeological findings.

* Neutrons penetrate easily through coatings and corrosion
layers deep into centimetre-thick artefacts, a property that
makes them suitable for non-destructive analyses. A
particular attraction of neutron techniques for archaeologists
and conservation scientists is the prospect of locating
hidden materials and structures inside objects.
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NEUTRON DIFFRACTION IMAGING OF CULTURAL HERITAGE
OBJECTS

WINFRIED KOCKELMANN'"" & ARMIN KIRFEL’
and the Ancient Charm Collaboration
! Rutherford Appleton Laboratory, ISIS Facility, Chilton, OX11 0QX, United Kingdom

2 Mineralogisch-Petrologisches Institut, Universitit Bonn, 53115 Bonn. Germany

* Neutron analysis techniques are based on a simple principle.
A material is placed in a beam of neutrons which can interact
with the atomic nuclei in two ways: the neutrons are either
Scattered or absorbed. These scattering and capture
processes are material specific, that is, every material
responds differently to neutron illumination.

» Detectors can be used to measure the intensity of the
transmitted or scattered radiation, the scattering angles, or
the energies of both neutrons and gamma rays.
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! Rutherford Appleton Laboratory, ISIS Facility, Chilton, OX11 0QX, United Kingdom

? Mineralogisch-Petrologisches Institut, Universitit Bonn. 53115 Bonn, Germany

« Scattered neutrons may be exploited to give information on
the microscopic structure of a material in terms of the
mineral or metal phase abundance, of the microstructure,
of texture or porosity, to name some examples.

* Neutron Activation Analysis -the capture of neutrons

* Neutron Diffraction - the elastic scattering of thermal neutrons

« Small Angle Neutron Scattering - the elastic neutron
scattering of thermal neutrons. Porosity of a material, and size
and surface characteristics of mineral aggregates

* Inelastic neutron scattering - atomic and molecular motion as
well as magnetic and crystal field excitations
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* Neutron Diffraction - the elastic scattering of thermal neutrons

 capable of determining many structural aspects of a material
such as phase composition and crystallographic texture. These
properties are often related to the deformation and treatment
history of the material

* the use - a non-destructive archaeometric tool to study ceramic
and metal artefacts - depending on sample thickness and
neutron spot sizes, the typical time needed to achieve
satisfactory data statistics and resolution for a quantitative
analysis ranged from a few minutes up to several hours for
metal and pottery samples

« a complete mapping of objects by neutron diffraction is rather
the exception than the rule
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*Neutron and X-ray diffraction — not competing but
complementary methods

* For non-destructive studies of archaeological objects or historic artefacts, X-
ray diffraction is a choice for studying surfaces whereas neutron diffraction
sees the bulk

* Neutron diffraction is a direct method for examining all structural aspects of
archaeological materials. Many archaeological materials (e.g. pottery,
marble, pigments, metals, alloys, corrosion products) are poly-crystalline and
multi-phase opposed to single-crystalline and single-phase, respectively. The
corresponding multi-phase diffraction pattern is a superposition of the single-
phase patterns. The diffraction pattern of a pure metal with cubic or
hexagonal symmetry may contain a rather small number of about 20 Bragg
peaks. A multi-mineralic piece of pottery generates thousands of peaks.
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* The microscopic structure of a material often carries information about the
mechanical deformation history. An important parameter is the
crystallographic texture of a material.

*Polycrystalline samples are made of a large number of grains that are
composed of tiny single crystals (‘crystallites’). Each of the crystallites may
have a size and orientation different from its neighbours.

*QOften the grains are oriented at random, then the material is said to be free
of texture. Otherwise, if the grains prefer certain orientations, e.g. from a
particular mechanical treatment, then the material is said to exhibit texture.

* The presence and the absence of certain minerals in a piece of pottery, for
example, and a quantitative assessment of the mineral mixture may provide
information about the initial clay mixture and about firing temperatures and
the firing atmosphere.
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* |t is important to underline that these structural features are obtained non-
destructively. Neutron diffraction allows for separating corrosion and
alteration phases from the alloy phases, and hence to obtain an
unobstructed view onto the original alloy components, even in the presence
of substantial surface corrosion and mineralisation.

* The experimental concepts presented in this paper are based on the time-
of-flight (TOF) method, i.e. the energies of the neutrons are determined by a
measurement of the flight times. The TOF techniques use a ‘white neutron
beam’, containing neutrons with a wide range of velocities.

1 1 ¢ I y 2

2
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