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 Introduction to X-ray Imaging
* Types of contrast and focusing systems

* X-ray microscopes:
Full-field, STXM, projection

Standard imaging technique and new advanced ones
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* How can we use X-rays to make an image from

something we cannot see?

X-ray image contains spatially resolved information about how the sample modifies

the X-ray beam:

Absorption/attenuation imaging
Phase-contrast imaging
Scattering/diffraction-based imaging
Elemental/chemical imaging

X-ray imaging is not one technique
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e Absorption imaging measures the attenuation of
the x-ray beam as it travels through the specimen, |
very much like the x-ray radiographs commonly 0

produced in hospitals. \
|

* This imaging modality is by far the most
widespread since it simply entails measuring -
directly the intensity of the x-rays transmitted «
through the specimen.

Beer - Lambert’ s law:

. . .. =1 et
* In an absorption micrograph, the lateral variations

of contrast levels are determined by local density
and attenuation cross sections of the constituent
atoms for a given photon energy.
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* The discovery of x-rays by Rontgen in
1895 led not only to a revolution in
medical imaging but also in many
other fields of modern science.

* Rontgen could have been only
partially aware of the absorption and
phase properties of x-rays, especially
about the value of the complex
refractive index preventing him from
focusing his new light ‘invention’.

* It was Einstein who first suggested
that the refractive index of x-rays,
being a bit smaller than unity, should
be considered as well

Wilhelm Conrad Rontgen and the first x-ray picture
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nzl_na’/‘eﬂv (fi—|—lf2) @ lgl 5=10-6
7T

“Conventional refractive index” Describing photoelectric
describing phase change: absorption with coefficient:
27 4
plz)=—- p=—p
(z)== p
Exploitation of phase contrasts Consequence:
possible using X-rays ? Emission of Auger, photo-electrons
Lower radiation damage ? and fluorescence photons, but also
causes radiation damage
(energetic secondary electrons!)
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For X-raysn=1—-6 +if
where § is positive and very small, typically 1076-10"%, depending on energy and material.
So the real part is:

Re(n)=1-6<1
For visible light, by contrast, ordinary materials have approximately:
n>1

2. Why does that matter for a lens?

A convex lens is thicker in the middle.

For visible light, because n > 1, light travels more slowly through the glass than through air.
The thicker central part therefore produces a larger phase delay.

The geometry of the curved surfaces causes the rays to bend towards the optical axis,
producing focusing.

For X-rays, however:

NX—ray <1
The situation is reversed: the phase velocity in the material is slightly greater than in
vacuum.
Consequently, the refraction is in the opposite direction.
A convex X-ray lens is therefore divergent rather than convergent.
To obtain focusing, you need the opposite geometry: a concave lens.
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The fact that n is below 1 is not, by itself, the main practical
difficulty.
The real problem is that:
In—11=6 K1
The difference from unity is extremely small.
For example, suppose:

§=10"°
Then:
n = 0.999999
The amount by which an X-ray is refracted at an interface is
therefore tiny.
For visible light, you might have something like:

Nglass ~ 1.5
SO:
n—1~0.5
For X-rays:
n—1~-10"°

That's a difference of roughly five orders of magnitude!

* Focusing X-rays

For a simple lens, approximately:

1 1 1
—-=(n-1) (———)

Sincen — 1 = —§ is so small, the focal
length fbecomes very large.

For a single X-ray lens, you can easily end up
with a focal length of many metres.

That's obviously not very useful if you want

to focus an X-ray beam to a micron or
nanometre-sized spot.
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n=1-46+if
e n < 1, so refraction has the opposite sign to visible light
e § K 1, sorefraction is extremely weak
e Conventional lenses therefore have very long focal lengths
e Specialized X-ray optics are required:
zone plates, mirrors, compound refractive lenses, multilayer optics

It is not simply “because n < 1” that X-rays are difficult to focus. It is primarily because 7 is
extremely close to 1. The fact that it is slightly below 1 determines the direction of refraction and
hence the unusual geometry of refractive X-ray lenses.

The law of refraction (Snell's law) written in terms of the refractive indices is:
n,sinf@; = n, sin 6,

where:

nq= refractive index of medium 1

n,= refractive index of medium 2

6,= angle of incidence, measured from the normal
6,= angle of refraction, measured from the normal
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Principle Optics Typical applications
Refraction CRL (compound refractive lens) hard X-ray focusing — G’aﬁge -
Kinoform lens hard X-ray focusing \z
Diffraction Zone plate STXM, TXM, nano-XRF
Phase Fresnel lens high-efficiency focusing
MLL (Multilayer Laue Lens) hard X-ray nanofocusing il (;Jop:;r:fen; m) [Iownstream r\:lL)L
zone area only
Reflection KB mirrors sy.nchrotron : OSA
micro/nanofocusing i
Elliptical mirrors focusing/imaging ®
Toroidal mirrors beamline focusing
Total reflection Capillaries micro-XRF 1o (Dz - =
Polycapillaries laboratory XRF g% UESOUm gfinin 1
Crystal diffraction Bent crystals spectroscopy/XRF Sub-10nm
Multilayer diffraction Multilayer mirrors focusing/monochromation
Waveguiding X-ray waveguides nanofocusing/coherence

lensless/high-resolution

Computational Ptychography insefing
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Focusing optics: zone plates, mirrors, capillaries

KP-B mirrors ecach
focusing in one direction:
soft & hard: ~ 1000 nm

Soft & hard x-rays!
chromatic focal point,
easy energy tunability,

comfortable working
distance

Resolution ~ 1000 nm

Zone Plate optics: from ~
200 teo ~ 8000 eV
Resolution: 30 nm in
transmission

Capillary: multiple

Refractive lenses
reflection concentrator

N

Normal incidence:
spherical mirrors with
multilayer interference coating
(Schwarzschild Objective) Hard x-rays ~ 8-18 keV Reselution: > 1000 nm

Hard x-rays ~ 4-70 keV

net tunable, E < 100 eV Resolution: > 3000 nm

Reszolution: best ~ 100 nm
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* Absorption can produce little contrast for light (transparent) materials or for
materials with similar atomic number (similar attenuation factors).

* Moreover as the energy increases the contrast diminishes (absorption coefficient oc
1/E3)

* Phase contrast is more sensitive to edges and borders in the sample

* Contrast techniques using the real, phase-shifting part of the complex refractive
index are in many cases superior to absorption contrast because:
- the x-ray dose can be reduced dramatically
- the throughput is higher (the phase shift dominates the absorption in the x-ray
regime)
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100 '(, /\, /._.\. /’ _____ Absorption contrast
! \
‘ fir\ \ l . . . . . .
10 ,-' / ' '." \/ Mostly used for chemical studies in combination with
\' ’ XANES and XRF
g 1 ,.’! ' E ' |
{ o Phase contrast techniques
0.01 :
av — i opt. Fhase contrast * tremendous reduction of dose applied to object (dose ~ t
f e amplitude contrast . .
0001 b 0 v v v 0 with spat. resolution t)
0 1 2 3 4 5 6 7 8 9 10
wavelength [nm] *additional transmission information on low side of

absorption edges (XANES, XRF!)

Amplitude and phase contrast
for a model protein C94H139N24031

Courtesy of G. Schneider et al. BESSY, D
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X-ray microscopy:
bridge between visible light microscopy and electron microscopies

Spatial resolution:

visible light microscopy < X-ray microscopy < electron microscopy
Air Vacuum Vacuum
(or air)

X-ray Microscopy vs Electron Microscopy:

* FEasier sample preparation (no metalisation)
* Higher penetration depth of X-rays compared to electrons

‘ thicker samples can be analysed
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Scheme of a projection microscope with the source to specimen plane distance R; and specimen to

detector distance R
2 Specimen Detector

plane plane

The principle of the projection x-
ray technique (see figure 3.1) is to
record a magnified shadow image
by using a point source. This
approach is similar to medical
radiography, except that the
medical instruments use a much
larger x-ray source.

M=1+R2/R1
X-ray
source

Inveted in 1939 by Malsch and
Ardenne in Germany.

R,

R,

Kaulich B., Thibault P., Gianoncelli A., Kiskinova M. “Transmission and emission x-ray microscopy: operation modes, contrast mechanisms and applications” Journal of Physics:
Condensed Matter, Vol. 23 - 8, pp. 083002 (2011)



A A
Elettra > BN
Sincrotrone * *

Trioste T o Projection microscopy

3D phase contrast dataset view, reconstructed cross section of
part of a ceramisphere
rojection X-ray microscope at the CSIRO, Australia).
proj y p

The total collection time of the microtomogram was 10 h.
The diameter of the sphere is 110 pm

. _
A state-of-the art instrument for projection microscopy, including phase-sensitive imaging and
microtomography based on a converted scanning electron microscope, is reported for example by

Mayo et al. (Mayo et al 2002; Mayo et al 2003).

Mayo S C, Miller P R, Wilkins SW, Davis T ], Gao D, Gureyev T E, Paganin D, Parry D J, Pogany A and Stevenson A W 2003 Journal De
Physique 1V 104 543-546



<Y i Background info:
X-ray microscopy types

Scanning Sample Full-field imaging
(scanned) Detector

OSA | Sample
ZP fixed
N \ Aperture /(lxe)
\
ZP\ |

Monochromatic

light Monochromatic

light

Photo-emission

detector
+ versatile detectors can run simultaneously; + short exposure time;
+ easier optics set-up; + higher resolution
- long exposure time; - static system;
- complex electronics. - complex optical alignment.

|deal for spectromicroscopy |deal for dynamic studies and tomography
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Eyepiece Interpupillar
" Adj;pstr%ent Bi{.lolg:ular

Stand

Measuring
Graticule

Beamsplitter

Revolving
Nosepiece

Specimen
older

On/Off
Switch

|
Illumination
—ntensi
Contro

Nikon
Eclipse E200 Field Lens -

Student Field >
Microscope Diaphragm —
Collector

Lens

X-Y
Translation
Mechanism
Tungsten

Halogen
Lamp

Cutaway diagram of a visible light
microscope

* Full-field X-ray Microscopy (TXM)

Full-field X-ray imaging or “one shot” X-
ray image acquisition can be considered
as the optical analogus to a visible light
transmission microscope

BUT

Refractive index n is very close
to unity and smaller than unity!!!

n=1-8(1)=iB(A) <1
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Order selecting _
aperture Objective

zone plate
\ lens

* Similar to conventional
visible light microscope

* Analysis of morphology
in transmission

* Fast imaging, dynamics,
microtomography

Condenser
zone plate /

Specimen
lens P

Detector
systems
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Zone plate (ZP) is a circular diffraction grating
with radially increasing line density

L1 1 2rAr
—=—+— if n>100; f =
f p 9

Lateral resolution of a ZP (Rayleigh):

A4 ro_ A
f 2Ar
0 w=1.22A7‘

Rayleigh — NA

(not smaller than the diffraction limit
of the wavelength)
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mna fp, (9.19)

m=20
modd (9.24)
m even

1

m NA

1

m I
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/P parameters:

110 um diameter
50 nm outer zones
f=3.2 mm @ 720 eV
fabricated by TASC/
INFM

2 um

Test pattern with
30 nm features
(fabricated by
TASC/ INFM)

Experiment performed by
M. Prasciolu and D. Cojoc, TASC/ INFM)
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* Natural amplitude contrast between water
and organic matter

<<

-

X-ray energy (eV
500 Y ay )

1000
—

1500

10.0F

10}

Penetration distance (um)

0.1 1 11

Carbon edge

N

y Y

4
4

X-rays

Electrons

100

200

Electron energy (keV)

The “Water Window ' :

Due to dramatic difference

in the f2 values of two materials,
especially water and organic
matter between the C and O
K-absorption edges.

Note the penetration distance
compared to electrons !!!

H. Wolter: Spiegelsysteme streifenden Einfalls als abbildende Optiken fuer Roentgenstrahlen, Ann. Phys. 10, 94-114, 286 (1952)
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Bacteria and clay dispersion: Destruction of associations of
clay particles by soil microbes

X-ray images acquired with the full-field imaging microscope at BESSY | @ 520 eV

Samples analysed in the natural hydrated state:
— no alteration of the environment of the sample

J. Thieme et al., IRP, Uni Goettingen / G. Machulla, Uni Halle, D
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cross edge imaging
200 ¢
Sample
L
< lo | :)n(%] Ly Y
‘CJ 160 l I L"
@
=
/
8 120} Ve
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O /
- b
e g 4
S 80}
= . 7
v /’ //
§ // ' //
40
/ | // Ag
7 | g
K 7 A
| | I | |
0 0.2 0.4 0.6 0.8 1.0 1.2
Wavelenath. A

Discontinuities due to absorption

The absorption occures when the incoming X-rays are matching the electron binding energies

Absorption edges are fingerprints = they can be used to identify the chemical elements

By taking two images, one above and one below a specific absorption edge, the correspondent chemical element will
give a high contrast difference in the two images



q Sincistrone T**;"’ﬁ%f - Brightfield imaging at higher photon
energies

Characterization of morphology
and defects in modern semiconductors
with a full-field imaging microscope (@ 1.8 keV, XM1/ ALS)

Sample preparation:
Back side thinning of Si wafer

100

(@)
(@)

O O

1/e - penetration depth /um

2 P | M "
102 5 103 5 104
photon energy / eV

G. Schneider et al., BESSY Il
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matter

TRIESTE ,_

P. Barbieri et al.,
Dept. of Chem., Univ. Trieste, |
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A detector measures intensity:

I=|E|?
and therefore does not directly measure the phase.
For a weakly absorbing sample, you can have a large phase 0SA
shift but very little absorption contrast. So a conventional
absorption image may look almost invisible.

To CCD camera/, -

Phase ring

Specimen

The basic idea of Zernike phase contrast

The clever ideais:

Convert differences in phase into differences in intensity.
This is done using a phase ring placed in the back focal plane of the objective.
The geometry is essentially:

X-ray source - sample - objective - phase plate - detector

s,

Annular aperture

B. Kaulich, P. Thibault, A. Gianoncelli, M. Kiskinova “Transmission and emission x-ray microscopy: operation modes, contrast mechanisms and applications ” 2011 J. Phys.: Condens. Matter 23 083002
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Phase Contrast Light Pathways Objective A small ring is positioned exactly where
Condenser Area detector the direct beam falls.
A The phase ring does two things:

= Phase ———
f *ﬁ—Ring
! Deflected /

Light

attenuates the direct beam
shifts its phase by approximately /2

—— Objecti
' jective The scattered/diffracted radiation
— o P Specimen - largely passes around the ring and is
.y therefore not given the same phase
shift.

Annular -

- a — Condenser

:;n: S:)eCimen Separate the unscatterec_j and
~From Figure 1 scattered waves and deliberately
change the phase of one relative to
B o i%At _ the other so that their interference
Aspecimen - Asurre - Asurre ~ Asurr (1 T Z(D) O << 1 produces intensity contrast.

Phase plate in “back-focal” plane: Phase of A,,,, can be shifted by +/- ©/2 I!!

Phase differences are converted in amplitude differences !!!
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TwinMic ° Compa rison

detector intensity [a.u.)

00 05 10 15
position on sample [um)

X-ray micrographs of a microelectronic test structure with the buried copper interconnect lines imaged in (a) positive phase contrast, (b) negative phase contrast and (c) absorption

contrast mode. (d) The line scans across the serpentine structures demonstrate that Zernike phase contrast strongly enhances the image contrast and the visualization of weakly
absorbing object details

B. Kaulich, P. Thibault, A. Gianoncelli, M. Kiskinova “Transmission and emission x-ray microscopy: operation modes, contrast mechanisms and applications ” 2011 J. Phys.: Condens. Matter 23 083002
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* Darkfield or darkground imaging

Cardioid Darkfield Condenser

— Light to Darkfield illumination requires blocking out of
B; Epapiens the central light which ordinarily passes through
Nu’,,‘,'g,'}ca, | and around (surrounding) the specimen,
Aperture — i i i
o&i bt allqwmg only ol?l1que rays from every azimuth to
"strike" the specimen.
Iris
-;L-Dlaphragm
Oblique ¢
Hljllg:v
ane\ . Spgﬁgnen
- ~— Slide

- Cardioid

Concave Condenser
Mirror
Convex
Mirror
Opaque
Light
Light —— Stop . . . .
From Visible light micrographs of silica
Source .

skeletons from a small marine

Figure 1 : .
g protozoan (radiolarian)
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Scanning Sample
(scanned) Detector

,,,,,,,,

Monochromatic
light

Photo-emission
detector

+ versatile detectors can run
simultaneously;

+ easier optics set-up;

- long exposure time;

- complex electronics.

|deal for
spectromicroscopy
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at Elettra (T'winMic beamline)

Specimen raster-scanned

Zone plate that forms  across the microprobe

a microprobe

Multi-element XRF /
detector system Configured transmission

detector system with

.. , Max achievable spatial
visible light converter

resolution: 30-50nm
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Specimen raster-scanned
across the microprobe

400-2200 eV High vaccum: 10 mbar
In the future 250-4200 eV

a microprobe

Zone plate that forms \

Multi-element XRF

detector system Configured transmission

detector system with
visible light converter

Simultaneous acquisition of:

* Absorption or transmission
* Differential phase contrast
* Darkfield images

Morrison, G. et al., IPAP Conf. Series 7, 377-379 (2006)
Gianoncelli A. et al., Appl Phys Lett 89, 251117 (2006) Spatial resolution 50nm-2 m
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X-ray microscopy:

Focus

Acquired with Andor Ixon DV860A
Frame transfer back-illuminated
Electron Multiplying CCD with shutter
and light converting system
(128x128px, 5 Mhz, 110f/s)
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Computational
extraction of Raw data acquisition of
first diffraction order image

contrasts

Applying different

for each pixel of the raster
scan

masks

Bright field Differential phase Darkfield
and absorption

A. Gianoncelli et al., Appl. Phys. Lett.
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* Principle: Differential phase contrast

Focus

Point source

Detector plane
o

The detector can be split into several elements

The sum signal gives the incoherent bright-field
signal

Anti-symmetric signal combinations relate to the
phase gradient of the object transmittance.

.!‘;I
e

*

First Moment Y

First Mbment X

10 ym

3.3 keV

3

Darkfield
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Planktonic diatom Coscinodiscus sp.
(A. Beran, Laboratory for Marine Biology, Trieste, 1)
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imaging

Planktonic diatom “Casciodiscus sp.” (provided by LBM, Trieste, |)

e 4

Biology, Trigsth: Adid image DPC mode — X-moment
Images acquired in STXM mode with FRCCD camera; E=1320 eV, 200x190 px, 50ms dwell/px

B. Kaulich et al., JOSA A 19 (4), 797-806 (2002)
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| do G do

™ "l‘_'+‘_"|

[ ,
STXM - 2N

-El a | i
:
(] &

Brightfield image of

a cell with Au labelling
spheres overlayed with
a darkfield image

Images acquired with STXM
at the NSLS

Area-integrating

* Darkfield imaging in scanning X-ray
microscopy

Technique is especially suited for small,
strongly scattering particles as for example
a few 10nm diameter labelling spheres

S. Vogt, M.A. thesis, SUNY Stony Brook (1997).
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at Elettra (T'winMic beamline)

Specimen raster-scanned

Zone plate that forms  across the microprobe

a microprobe

Multi-element XRF /
detector system Configured transmission

detector system with

.. , Max achievable spatial
visible light converter

resolution: 30-50nm
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» X-ray fluorescence (XRF) is the characteristic x-ray emission resulting from the de-excitation process after
x-ray absorption and electron ejection, which is unique for each element.
* This makes XRF spectroscopy an excellent tool for elemental and chemical analysis.

 The main advantage of combining XRF mapping with STXM microscopy is the possibility to collect
simultaneously absorption and phase contrast images and the corresponding elemental distribution
maps. Thus the specimen morphology can be directly correlated with the elemental distribution.

* The possibility to combine the XRF setup with high brilliance micro- or nanobeam sources has also
opened new opportunities in the field of XRF microtomography, where several transmission and XRF
image projections are collected by rotating and translating the specimen under the x-ray probe. This
requires a high-precision goniometer and translation stages for the specimen and an appropriate
algorithm to reconstruct the 3D information.
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X-ray absorption
(through photoelectric
effect)

The primary X-ray photon
causes the ejection of
electrons from the inner
shells, creating vacancies

Pholoeleciron

AE=E-E AE=E. -
pea AE;E1 EyEq

Auger
/Electron

Incoming
radiation from
x-ray tube or
radioisotope.

X-ray Fluorescence Auger effect

The vacancy created by the The vacancy created by the
primary X-ray photon is primary X-ray photon is
filled by an electron coming filled by an electron coming
from an outer shell causing from an outer shell and the
the emission of a energy is transferred directly
characteristic X-ray photon to one of the outer

whose energy is the electrons, causing it to be
difference between the two ejected from the atom.

binding energies of the

corresponding shells
P & http://lwww.amptek.com/xrf.html
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Low-energy X-ray fluorescence:

L AR TwinMic LEXRF
(\ spectrum with
unfocused beam
of a test organic
Prim matrix on a
metal shim

1000

Dynamic range:
up to 30 kcounts/s

Average FWHM
energy resolution
@ C- Kedge: 69 eV

| N | 2 ] !
800 1200 1600
Energy (eV)

A. Gianoncelli, B. Kaulich, M. Kiskinova, R. Alberti, T. Klatka, A. Longoni, A. de Marco, A. Marcello, Simultaneous Soft X-ray Transmission and Emission Microscopy, Nucl.
Instr. and Meth. A 608 (1), 195-198
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: Original detector signals " Final results
10 T T T T T T T 10 : : : : :
‘ Spectra 10° : SECUS ‘
=% ) — 1
— 10 — 2|
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* Spctra alignment is necessary when system with multiple XRF detector are used
* Manual alignment can be performed in the case of a few detectors

* For multiple detector auuomated way are the way to go (Kourousias et al, X-Ray Spectrom. 2017, 46, 44—48)
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» X-ray or electron optics; X-ray or electron detection; current

SPEM: Imaging and microspectroscopy
PN > XRF, XPS, XAS = elemental
) 0%, chemical, spin information
(,‘ Z k » X-ray transmission and scattering
s (phase contrast): morphology-XAS
el k > Topology - ®, current (XBIC)

XPEEM : PES and XAS (+LEEM/p-LEED))
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Image contrast

» Density, thickness, morphology (incl. phase contrast and WJME}E
ptychography); H-XPS, p-XAS, u-XRF in selected areas from the
» Element presence and concentration;
» Chemical state, band-bending, charging;
» Magnetic spin or bond orientation.

images: detailed characterization of the chemical
and electronic structure of coexisting micro-phases.

B. Kaulich et al, J. Phys.: Cond. Matter 23 (2011) 083002, M. Amati et al, doi.org/10.1007/978-3-030-46906-1_14
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* The photoemission electron microscope images a XPEEM : PES and XAS (+LEEM/u-LEED))
specimen that is illuminated with soft x-rays or ultra- samme
violet (UV). MY e~
* The emitted electrons are accelerated by a strong _— W ‘N
field in the objective lens.
* The objective produces a magnified image of the spertre O e
specimen, which is further magnified by one or | 232&'2?2
several additional lenses onto a two-dimensional S - \
image detector. A\ \—/ // /b\ projector
* The detector is usually a multi-channel plate image AN~
intensifier—phosphorus screen combination and the e Va"a'vzef

image on the screen is recorded with a CCD camera.

* What can researchers learn?

* Domain size, shape and distribution, including whether domains form stripes or labyrinthine patterns.

* How magnetic domains respond to applied magnetic fields.

* How interfaces, defects and local chemical composition influence magnetic anisotropy and domain-wall pinning.

« How magnetization changes during switching, and, with suitable time-resolved measurements, how domains move.
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* Investigation of magnetic domains and magnetization reversal in thin films and nanostructures.

 XPEEM combines spatially resolved imaging with chemical and magnetic sensitivity, allowing researchers to
visualize how magnetic behavior changes from one region of a sample to another.

* Tune the synchrotron energy to the elemnt absorption edge, where it is absorption is particularly sensitive
to its magnetic state.

* [lluminate the sample with circularly polarized X-rays. The absorption depends on the relative orientation
of the photon helicity and the local magnetization, through X-ray magnetic circular dichroism (XMCD).

* Acquire PEEM images using opposite photon helicities, or reverse the magnetization, and calculate a
difference or asymmetry image.

* Map the magnetic domains. Different XMCD signals reveal regions with opposite magnetization.



q Tieste i  STXM and XPEEM comparison

STXM XPEEM
Principle transmission photoemission
Detected signal transmitted X-rays emitted electrons

sample between optics and

Geometry S electrons emitted from sample
Main sensitivity bulk/through sample surface/interface

Typical sample thin samples surfaces, thin films, devices
Spatial resolution nm nm

Chemical sensitivity X-ray absorption XPS/XAS

Magnetic imaging XMCD XMCD/XMLD

Vacuum usually not necessarily UHV UHV essential

Sample thickness must transmit X-rays rgw;);:qee(ﬁ;sarily transmission
Surface sensitivity relatively low very high

STXM scans a focused X-ray spot across the sample.
XPEEM illuminates an area and images the emitted electrons directly.
So XPEEM is essentially a full-field electron-imaging technique, rather than a scanning X-ray microscopy technique.
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Spatial selection
Image acquisition

Typical spatial resolution
Spectroscopy
Field of view

Surface topography
Magnetic contrast

Sample requirements

* XPSmicroscopy and XPEEM comparison

XPS microscopy

Focused X-ray spot
Point-by-point scanning

XPEEM

Electron-optical field of view
Parallel imaging

Tens to hundreds of nm, depending Tens of nm, depending on

on instrument
Often full XPS spectra at each point

Set by scan area

Generally less affected by electron-
optical projection

Possible with suitable polarization
and geometry, but not inherent to
ordinary XPS mapping

Often more flexible

instrument

Energy-filtered imaging or image
stacks

Set by objective lens and field of
view

Can be strongly affected by surface
topography and local electric fields

Particularly powerful with
XMCD/XMLD

Usually requires clean, conductive
or suitably prepared surfaces and
careful control of charging



q  X-ray Diffraction Imaging

e X-ray diffraction is among the most useful phenomena to probe matter at the atomic scale.

e Crystalline materials, which produce sharp diffraction peaks, are especially well suited for in-depth
investigation with high-energy x-rays. To date, the large majority of protein structures have been determined
using x-ray crystallography.

* Even though x-ray scattering is very well understood and simply described using reciprocal space concepts, the
problem of structure determination from x-ray diffraction data remains fundamentally difficult.

 The essence of these problems lies in the very measurement of diffracted radiation, in which only the
amplitude is measured while the phase part of the diffracted wave is lost.

* The crystallographic ‘phase problem’ can be tackled nowadays with a multitude of efficient, though highly
specialized, methods.



q  X-ray Diffraction Imaging

* In the classical form of diffractive imaging, often called diffraction microscopy, a sample is bathed in a planar,
monochromatic and coherent wavefield, and the diffracted intensity is measured by a pixel-array detector in the far-field

* The intensity measured in the detector plane is equal to the absolute value squared of the Fourier transform of the exit
wave in the image plane.

 The coherence of the incident wave gives rise to a characteristic ‘speckle pattern’ in the diffraction plane. It is from this
speckle pattern that real-space information on the specimen is extracted.

* Asin crystallography, the phase problem is the main obstacle to the simple inversion of the diffraction pattern since given
only the magnitudes of a Fourier transform, there exists an infinity of possible solutions to the problem, corresponding to
all possible assignments of phases to the Fourier components.

* For both technical and fundamental reasons, the diffraction pattern has to be sampled on a grid fine enough to satisfy
Nyquist’s criterion (Shannon 1949). Satisfying this so-called ‘oversampling’ condition ensures that the smooth diffraction
pattern is known at all points within the detector area, provided that it is band- limited. ‘Band-limited’ means that the
sample has to occupy a sufficiently compact region of space (called the support), thus imposing the critical experimental
constraint that the sample be isolated. The fact that most of the field of view is empty, as a result of the sample isolation,
provides the required additional constraint to make the phase problem approachable.




q Shorgirone * Ptychography (CDI)

» Ptychography is rapidly developing into an important imaging tool in X-ray
MICroscopy.

It doesn’t require X-ray Optics

* The technique involves successively illuminating overlapping regions of a
specimen with a coherent probe and recording the resulting diffraction
patterns.

* Itis important that the illuminated areas overlap significantly since those
common regions provide duplicate information that allows computer
algorithms to reconstruct reliably both the sample transmission function and
the illuminating probe from the measured diffraction patterns.



q Shigvone AR Ptychography (CDI)

K. Giewekemeyer, M. Beckers, T. Gorniak, M. Grunze, T. Salditt, and A. Rosenhahn Optics Express Vol. 19, Issue 2, pp. 1037-1050 (2011)
* D. A. Shapiro, Y.-S. Yu, T. Tyliszczak, ]. Cabana, R. Celestre, W. Chao, K. Kaznatcheev, A. L. D. Kilcoyne, F. Maia, S. Marchesini, Y. Shirley Meng,
T. Warwick, L. Lisheng Yang, H. A. Padmore Nature Photonics 8, 765-769 (2014)
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