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u U Dyfraktometr rentgenowski
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I-Illln1 Measurement & Control

Laboratorium Milos | Nano Tomografii

Wysokorozdzielczy nanotomograf
komputerowy Phoenix nanotom

- Lampa rtg max. 180kV

- Minimalny rozmiar voxela <0.5um

- Maszyna wytrzymatosciowa do testow
Sciskania i rozciggania probek podczas
pomiarow

Umozliwia badania :

- struktury wewnetrznej materiatow
biologicznych, tworzyw, ceramiki, uktadow
krzemowych oraz metali

- mikropeknieé

- powierzchni

- inspekcja jakosci mikro urzadzen




Wyposazenie
AGH

|
Przystawka do testow mechanicznych I lll I n 1'
Tkanka kostna el

Laboratorium Mikra i Nano Tomografii

Kompozyt polimerowo-gumowy

Max. zmiana rozmiarow 10mm
Max. sita 500N (1%)

Rozdzielczos¢ tensometru: 3um
Predkos¢: 0.2mm/min — 2.0mm/min
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Przyktady
AGH

Zwapnienia zastawki serca Polimerowe skafoldy do regeneracji tkanki kostnej

(@) SET, - Sor (b) IRNF - S,

M. Kopytek, J. Tarasiuk, S. Wronski, A. Undas, K. Ktodowski J. Kaminski K. Nowicka J. Tarasiuk S.
J. Natorska, Non-vitamin K antagonist oral Wronski, M. Swietek M. Btazewicz H. Figiel K. Turek T.
anticoagulants (NOACs) attenuate valvular Szponder, Micro imaging of implanted scaffolds using
calcification in patients with severe aortic combined MRI and micro CT, Computerized Medical

stenosis, European Heart Journal 43:2 (2022) Imaging and Graphics, 38 (2014) 458-468




Przyktady

AGH
HEART - Heart Embryology and Anatomy Research Team HEART
LIDER X, National Centre for Research and Development (NCBIR), ' : E EEE";?S?W
interactive 1 TEAM

Poland (LIDER/7/0027/L-10/18/NCBR/2019) ,Virtual,
visualisation of the three-dimensional architecture of the human heart"
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ISEZ -PAN
Instytut Systematyki
i Ewolucji Zwierzat

P. Woijtal, G. Haynes, J. Klimowicz, K. Sobczyk, J. Tarasiuk, S. Wronski, J. Wilczynski; The earliest direct evidence of mammoth hunting in

Central Europe - the Krakow Spadzista site (Poland), Quaternary Science Reviews 213 (2019) 162-166
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m JJJ Materiaty stabo absorbujace
AGH

Zaleznosc¢ wspoétczynnika KONIECZNOSC KONTRASTOWANIA StABO
absorpcji od liczby Z

ABSORBUJACYCH MATERIALOW

§ 10% cesium iodide—

Z. Wang, P. Verboven, B. Nicolai, Contrast-enhanced 3D micro-CT of
plant tissues using different impregnation techniques, Wang et al. Plant
Methods (2017) 13:105

L. Krzemien, M. Strojecki, S. Wronski, J. Tarasiuk, M. tukomski, Dynamic response of earlywood and latewood
within annual growth ring structure of Scots pine subjected to changing relative humidity, Holzforschung, 69/5
(2015) 555-561



m Kontrast fazowy |
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Kontrast fazowy w praktyce
AGH

ZD=200 ZD=500
. pwka m
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1640 ZD=200 @ 0.065 - ® Kontrast absorpcyjny
ZD=500 ‘g ® Kontrast fazowy
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- warto$¢ maksymalna (minimalna) natezenia

Mat(Air) - Srednia warto$¢ natezenia promieniowania w skali szarosci dla materiatu




Lu uJ Wspdlna inicjatywa rozszerzenia bazy aparaturowej
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UCZELNIA

Zaangazowane wydzialy oraz techniki badawcze m
BADAWCZA

Wydziat Fizyki i Informatyki AGH

Stosowanej AGH

Tomografia absorpcyjna oraz fazowa, badania strukturalne,
tomografia z kontrastem dyfrakcyjnym, mikrospektroskopia rentgenowska

i Woydziat Inzynierii Metali i Informatyki Przemystowej

badania strukturalne, tomografia z kontrastem dyfrakcyjnym

WYDZIAL
P ENERGETYKI | PALIW

nisko katowe rozpraszanie promieniowania rentgenowskiego (SAXS),
mikrospektroskopia rentgenowska



L } Zrodio promieniowania rentgenowskiego
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Tradycyjne zrédta promieniowania
rentgenowskiego

Lampa z wirujgca anodg

rotating anode stator of induction motor

glass envelope

i \ bearings

rotor/anode
support

focusing cup target
electrons
exit window

Zrodta mikrofocus

insulator

cathode
(filament)

grid
anode

deflection
unit

magnetic
lens

target

Lampa transmisyjna

Lampa transmisyjna




Lm JJJ Zrodto promieniowania rentgenowskiego
AGH

Source -_—

Object

Spot size 6um

Detector, \

nanofocus® resolution

Spot size 0.8um

Wysuszona todyga paprotki. Voxel size 500nm



Technologia Metallet
AGH

ecillum

REDEFINING THE X-RAY TUBE Ememe pEr‘fﬂrmanCE fﬂr
The Excillum Metallet series of X-ray sources are 5-40 pm source diameter
based on our unique metal-jet technology. Achieving
significantly higher brightness and smaller spot sizes
than any other available microfocus X-ray source,

the Metallet can create very brilliant and small EF_-beam pDWEF dEﬂSity

beams enabling the closest possible to synchrotron

performance in the home lab. 3000 o =y
s iquid Metal Jet
2500 i — Rotating Anode [1:10
'r‘g line focus)
—Solid Target
%% 000 ———— — 1 — T
=, =—Solid Target (1:10 line
£ 1500 - —at focus)
2 Transmission Target
&
g 1000 - —REie -
[=]
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Apparent Source Diameter [um)




Technologia Metallet
AGH

691 mm
X-rays are em_i"ed from the c T .
i e Gallium Alloy o
3 A gallium (Ga) rich alloy is available. Its 9.2 keV (1.3 A) Ka emission line is close
o o i Y 1 i it to the copper (Cu) Ka emission line.

liquid metal alloy. and correctional

optics together with In dium A ”0y

a high brightness

whdeeds Ay indium (In) rich alloy is also available. Its 24 keV (0.51 A) Ka emission line is
Pumps efc. are

h
ity e-beam fgocus.
housed in a 19"

hoo © close to the silver (Ag) Ka emission line
, & - P
I . 19" boxes.
. i =7 ST B Gallium Indium
n Anode Alloy (weight %) (weight %)

ExAlloy G1 95 5
ExAlloy 11 68 22
ExAlloy 12 47 37
MetalJet MetalJet EXA”Oy 13 75 25
D2+160 kV E1 160 kV
Target material ExAlloy I1, ExAlloy I1, 1E+12 4 Gaka T y '
1245 2.5 —Gallium (Ga) Alloy
Target type Liquid jet — 1E+11 CulKa
> —
Voltage 21-160kv  21-160 kV p Copper (Cu)
Power 0-250 W 0-700 W x  1E+10 1 |
[ *'rJLh' ]
Focal spot size 5-30 pm 5-30 pm >
g 1E+09 |
Emission stability <1% Sk A Ay
Position stability
1E+08
Application High-pressure CT
crystallography, phase-contrast
charge density imaging, 1E+07
mapping, HEDM, 0 10 20 30 40 50 60 70
SAXS SAXS

Energy [keV]




Efekt utwardzania wiazki
AGH

Zaleznos$¢ wspotczynnika absorpcji od energii Wptyw utwardzania wigzki na wynik rekonstrukcji
1e+5
—_ o/
1e+4 - : - T gl -,
= 1e+3 PO i Cal
g ° Fe
E tes2 | L —co
- Ni B 4..4-.4" A “‘\'1 b e
S e+t Cu st ,
1e+0 { Mo
Corrections ‘
1e-2 - T |
0.001 0. Energy 0.1 1 L

Energia [MV]
Zmiana widma po przejsciu przez wode

Tube spectrum After 20cm water After 30cm water

Relative Intensity

AT T

keV bh =0 bh=0.8

Without Beam Hardening With Beam Hardening




L } Hybrid Photon Counting (HPC) X-ray detectors
AGH

DECTRIS

detecting the future

Direct detection Indirect detection

X-ray X-ray

SNz

W\

[Technical specifications

- Charge captured in electric field - Radiation scattered in scintillator EIGER2R CdTe aM

=> All photons captured => Signal spread across pixels Number of detector modules 2x4

=> Signal remains in pixel => Light partially lost Active area, width x height [mm?] 155.1 x 162.2
Pixel size [um? 75 %75

*Huge active area for widest g-coverage
*Dual energy discrimination to minimize background

Point-spread function

1 pixel (FWHM)

*No dark current for better data from long exposures Energy-diseriminating thresholds 2

«Direct detection and small pixels for high angular resolution Photon energy tkeV 8-242

*High dynamic range with more than 4 billion counts per pixel Threshold energy [keV] 4-30
Maximum count rate [cps/mm?] 9.8 x 108

DECTRIS
EIGER2R

Al

DeCTAIS

™M

Counter depth [bit/threshold]

Acquisition mode

simultaneous read/write

Image bit depth [bit]

32

Optional vacuum compatibility?

yes

Cooling

Water-cooled

Dimensions (WHD) [mm?]

235 x 237 x 372

Weight [kg]

.

15

~




Propozycja stanowiska badawczego

DECTRIS ' -
EIGERR

aM

- modular design

- custom-length - shutters

detector and
sample translation _ Dectris PILATUS3
- multilayer optics slides or EIGER photon-

(focusing or - sample rotation counting detectors
parallel beam) stages

- custom beam
path lengths

(up to 10 m) - collection software

- accommodation for
experimental rigs
such as tensile
testers, rotation
stages, etc.

- full integration
with all devices

- custom algorithm
development

- silicon flat panels
- fully automated

- custom motion as
alignment

required

SOURCE

- scintillation
cameras

ENCLOSURE
SOFTWARE




Projekt proponowanego stanowiska badawczego
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Wydajnosc¢ zrodta
P INCOATEC

A G H innovative coating technologies

Wielowarstwowe zwierciadta

multilayer

100 gm

source \,
cross slit

/ screen _\ view angle = Bragg peak width
for W/C multilayer:

100 mm * 1 mrad = 100 ym FWHM = 1 mrad for Cu K,

Source model Jetmaterial Power Acceleration Totalfluxinfocus Mean flux densityin

8 e:C i I I U [W] voltage [ph/s] 50 um diameter?
- [kV] [ph/s/mm2]
MetalJet D2+ ExAlloy-13 250 70 3x10° 4x10°
MetalJet E1+ ExAlloy-12 1000 160 1.9x108 1.1x101%°

http://www.excillum.com/products/metaljet/metaljet-with-optics/



SOLARIS

MNARCDOAWE CENTRLIM
PROMIENICWAMNIA
SYMCHROTRONOWECD

Wydajnosc¢ zrodta

AGH

POLYX (w budowie)

POLYX jest kompaktowq linig stuzacg do mikroobrazowania i mikrospektroskopii rentgenowskiej w zakresie
energii 4-15 keV. Nazwa POLYX wywodzi sie od optyki polikapilarnej i polichromatycznego promieniowania,
ktére mogg by¢ wykorzystane na linii POLYX. POLYX pozwala na obrazowanie struktury (2D i 3D), sktadu
pierwiastkowego oraz faz chemicznych w badanych prébkach.

Parametry linii

PARAMETRY WARTOSC

Dostepny zakres energii fotonéow 4 — 15 keV

Mody pracy “biala wiazka™ 102 fot./s/mm?

“wysoka intensywnosc™: podwdjny monochromator wielowarstwowy (DMM): 101!
fot./s/mm? (@8 keV), BW 1-2%

“wysoka rozdzielczos¢™: podwéjny monochromator krystaliczny Si(111) (DCM): 10°
fot./s/mm? (@8 keV), BW 2x104

Rozmiar plamki w miejscu probk  wigzka niezogniskowana (maksymalny rozmiar wiazki) : 20 mm = 4 mm,
(poziomy x pionowy) wigzka zogniskowana (minimalny rozmiar ogniska):

polikapilary: 8 pm — 200 pm

monokapilara: 2 pm

Intensywnos¢ promieniowania w  Maksymalna liczba fotonéow w ognisku 10 pm @ 8 keV:
miejscu probki DMM: 10! fot./s

DCM: 10° fot./s . 1.
https://synchrotron.uj.edu.pl/linie-badawcze/polyx



Small Angle X-ray Scattering (SAXS)
AGH

Small-angle X-ray scattering (SAXS) czyli elastyczne rozpraszanie promieni rentgenowskich pod niskimi
katami, umozliwia badania niejednorodnosci w zakresie nanometréw. W obrazie dyfrakcyjnym zawarte sq
informacje dotyczace ksztattu, wielkosci i odlegtosci makromolekut o uporzadkowaniu blisko zasiegowym.
Efekt mato katowego rozpraszania pojawia sie, gdy w materiale sq czastki o rozmiarach rzedu kilku nm

$ciegno ogona szczura

. e -5
- " . at
k. & .
Adelins
Intensity Profile

Liguid Sample

57x -89x improvement

Integral of reflection 1: Integral of reflection 1:
1.2 counts per second 68 counts per second

P

'MQ/QLD%

Integral of reflection 2: Integral of reflection 2:
1 counts per second 89 counts per second

R. J. Kline, D. F. Sunday, D. Windover and W. Wu, ‘Bringing

Example of CD-SAXS system with Metallet at NIST, CD-SAXS to the Fab’. SEMICON West 2014. 2014

Gaithersburg



Laboratory Diffraction Contrast Tomography
AGH

Experimental Implementation:

DCT Detector

Sample
Aperture “;:d‘,_-::—: s 2 : , _ __________
Source
L
= e Example Results on Timet B S
Sample and Reconstruction
- Sample photograph

Material Beta-21S titanium
Grain size 100-400 micron
Space group 229 (Im-3m)
#grains 176

2z [mem)

Diffraction pattern
on Detector

Reconstructed crystallography



Laboratory Diffraction Contrast Tomography

0

Porownanie technik

As rolled 873 K 973 K
: ;'_": ror ' GrainMapper3D™
: 3D EBSD Synchrotron DCT lab DCT
Probe Electrons Synchrotron X-rays  Laboratory X-rays
- S Non-destructive X (. (‘
. Voxel dimension 0.2 1-5 =5
1 mm . S .
773K 873K 973 K Angular resolution  0.1-05° 0.05° ~0.1°
(2 Scanning time 460+ hours 0.5h— 2h ~2h-10h
4
[001] [011] Grain sizes <1pum 20-500 pym 40-500 um
RD
4D Studies X 4 v
ND\I/TD
Sub-grain
deformation YA X X
Sample Volume (50 pm)*3 (0.3-2.0 mm)*3 (0.3-2.0 mm)*3

J. SUN, Ch. HOLZNER, H. BALE, M. TOMITA, N.
GUENINCHAULT, F. BACHMANN, E. LAURIDSEN, T. INAGUMA, M.
KIMURA, 3D Crystal Orientation Mapping of Recrystallization in
Severely Cold-rolled Pure Iron Using Laboratory Diffraction
Contrast Tomography. ISIJ International 60:3 (2020) 528-533




Laboratory Diffraction Contrast Tomography

AGH

« 3D grain maps are perfectly suited for
coupling to 3D computer simulations of
microstructure evolution

Experiment Simulation

(@)

(c)

-

20402 250402 200402 440402 400402 530402 570400 620002 000402 710402 750002 Bes02

W. Ludwig, A. King, P. Reischig et al, Materials Science and Engineering A 524 I.M. McKenna, S.0. Poulsen, E.M. Lauridsen, W. Ludwig, P.W. Voorhees, Acta
(2009) 69-76 Materialia, 78 (2014), 125-134




Total reflection X-ray spectroscopy (TXRF)
AGH

Total reflection X-ray spectroscopy (TXRF) is a powerful analytical technique for qualitative and
quantitative analysis of trace and ultra-trace elements in a sample. = OMl;l;T:—l]

TXRF extends the capabilities of XRF down to the ultratrace elemental range, with detection limits
reaching the femtogram levels.

—liquid metal jet X-ray tube  ---diffraction X-ray tube
3,5 SieK
Semi-conductor detector (EDS)
3 ! !
ngle < < Total retisetion critizal angle @ ¢ A : Ga-Ka
Incident X-ray T T | T F"!;:'_\-:t-:;ae‘""'i'-':-:‘, Scattered X-ray 2,5 I ] ] | I I Scatter

0.05-0.5° M,/

Informatien. depth; ~several nim

1 2 3 4 5 6 7 8 9 10

Energy [keV]
ML Monechromator. L. .
\ e SampIe Spectrum of a sample containing 288 pg Mn, excited by the 2 kW (40 kV/50
i'/-"'Ja CCD . Camera mA) diffraction X-ray tube (red) and the liquidmetal jet X-ray tube (blue).
Sour(;(r e - , Fl
e . mple| 4 Data and LLDs of single element samples measured with liquid metal jet X-ray tube.
s AAdapteltes ke p
: ; Element Sample Acquisition Net peak Backeground Calculated
mass [pg] time [s] area area LLD [pg]
Mn 288 100 2918 86 09
Ni 258 1000 54291 455 03

A. Maderitsch,et all. Feasibility study of TXRF using a liquid metal jet X-Ray tube, Spectrochimica Acta Part B 99 (2014) 67-69



o T N Department of Applied Physics, KTH Royal Inst. of
325 KTH %& Technol Stockholm, Sweden

VETENSKAP
28 OCH KONST 2%

ST

(a) ,
Multi-layer

! xyr stage
mirror

Monochromatic pencil C&‘
beam (24 keV)

Polychromatic x-ray

spectrum
Liquid-metal Fluorescence
X-ray source signal (17 keV)
Absorption
detector
Fluorescence
detector
®) o (c) (d) | (e)
- 10 —~ 0.4 - 10
% In Kot S i
~ = )
g s Z 0.2 = 10° Mo Re
I B "
"o 0 T O < 10°
5 15 20 25 30 15 20 25 30 15 20 25 30
Energy (keV) Energy (keV) Energy (keV)

Jakob C Larsson et al 2018 Phys. Med. Biol. 63 164001

Mikro spektroskopia rentgenowska

(a) (b)

/ . Lungs and heart
-
-

._ J ";

Liver and spleen, front view

( .!

Liver and spleen, side view

et E 7
CJXRF 5109 4-10"

Mo wt%




L } Mikro spektroskopia rentgenowska
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Time after NP injection

15 min 1 hour 24 hours 4 weeks 14 weeks
20

3 Mozliwos¢ badania przestrzennego rozktadu

2 pierwiastkdw w ogniwach elektrycznych

o

v T +0.Acquisition steps XRD acqmsntlon
g 0.9] FENEEE A ; 1 7 \’ eed
3 .:3 234 2280 £
& 5 B .& 2 ; 1520 8
g ) 332 XRD detector = I i

110 3 g 8 \ S e

[}
S 00 = 6 8 10 12 84 86 88 90 . 0.160.150200.220.240,260.280.300.320‘3‘0.36
E Tlme( ) Pt d-spacing (nm)

3 Batte I

2 10% cycle

< 5

Synchrotron — 1 cycle
X-ray source Akt
, | A 5 Pristine state
0.91 : ; 0.02 T
Integrated fluorescence signal (relative 15 min
. gnal ) Electrochemical cell XRCT acquisition

V. Vanpeene, A. King, E. Maire, L. Roué, In situ characterization
of Si-based anodes by coupling synchrotron X-ray tomography
and diffraction, Nano Energy 56 (2019) 799-812,

Jakob C Larsson et al 2018 Phys.
Med. Biol. 63 164001




High resolution XRD
HZB Helmholtz
AGH Zentrum Berlin

Synchrotron diffractometer - EDDI

EDDI is among the few beamlines world-wide
dedicated to energy dispersive (ED) diffraction and
the only one specialized in high resolution residual
stress-, texture and microstructure depth profiling.

E | N

LIMAX - X-ray analysis with high-flux Metallet sources

Novel high-flux X-ray sources using liquid
metal as targets enable X-ray studies in the
laboratory that previously only had been
possible at synchrotrons. The department
runs two laboratories (LIMAX-160, LIMAX-70)
equipped with liquid-metal-jet X-ray sources
as part of the X-ray Corelab.

diffractogra™ |

https://www.helmholtz-berlin.de/forschung/oe/ce/mikrostruktur-eigenspannungsanalyse/methoden/pof-metaljet_en.html



https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=2117
https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=de&gid=2116

High resolution XRD
HZB Helmholtz
A G H Zentrum Berlin

Prawo bragga 2dsin @ =nA

o
g =) Spektrum fir Austenite (tth = 21.5°):

A hkl dhkl Ehkl m (Ehkl) tgkl
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20

Zmiennosc¢ rozktadu naprezen w gtab dla prébki
magnezowej po obrébce powierzchniowej
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Accessories
AGH

CT5000 5kN in-situ loadcell tensile/compression stage for X-Ray CT/diffraction applications

75%CS

100% CS

€S « Compessive itrengh




Podsumowanie
AGH

« Wraz z odpowiednig optyka mozliwe jest osiggniecie wyjatkowej intensywnosci wigzki poréwnywalnej z
synchrotronem,

« W jednym zrdédle mozliwe jest posiadanie dwdch wigzek o energii 9.2keV i 24keV,

« Dwie linie charakterystyczne zrdédta oraz mozliwos¢ sterowania dyskryminatorem energii detektora
Dectris EIGER2R4M umozliwig elastyczng zmiane zakresu energii podczas réznorakich eksperymentow,

« Szerokie spektrum detektoréw (2 detektory 2D o rozmiarze piksela 75um oraz 3.7um oraz detektor
SDD) daje mozliwos¢ zaimplementowania innych technik badawczych,

« Modutowa budowa i duza przestrzen prébki umozliwia instalacje dodatkowych przystawek (komory
prézniowej, komory temperaturowej, maszyny wytrzymatosciowej oraz innych),

« Szerokie spektrum optyki (wigzka rownolegfa i zogniskowana)

« Mozliwos¢ budowy kolejnych stanowisk
badawczych - Dual port

Przyktad implementacji zrédta Metallet dla dwdch stanowisk



Dziekuje z uwage
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