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Topographic lenses













ZPs and DOE: spatial and temporal coherence
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Available for Super B:   drn=>below 10 nm,  s=> 30 um, f/L=1/500-1/1000 , E/E=10-4



E-beam and X-Rays lithography 9

Example: High efficient ZP
(E. Di Fabrizio et al Nature 2009)



David Attwood et al.



Biological applications

of nanoscale

X-ray imaging
David Attwood et al.





Full-field imaging microscope
operating in DIC mode – Optical setup

Undulator U42

Double mirror

Beam steering

multilayer

Channel cut Si <111>

monochromator

Condenser

zone plate

Specimen

Zone plate

doublet

CCD detectorFull-field imaging microscope

at ID21 beamline, ESRF



DIC with the scanning X-ray microscope: 
Optical setup

Undulator

Double crystal

monochromator

ZP doublet

OSA

Raster

scanner

Off-axis

photodiode with

aperture

Scanning X-ray microscope

at ID21 beamline, ESRF



General scheme in wavefront engineering

DOEs are optical elements that convert 

the input wave into an output wave, 

reflected or transmitted, with a desired 

distribution of its amplitude, phase or 

polarization, by DIFFRACTION.

Using computer design techniques, the 

wave fields are represented as computer 

data to design diffractive coded optics 

that carry out complex optical functions 

that cannot be obtained otherwise. 

E. Di Fabrizio et al. MRT 2005
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Complete X-ray- beam shaping

b

b - SEM image of the fabricated OK! DOE 

c - The intermediate image formed by the DOE at the focal plane located at 

50 mm is magnified 150 times on a CCD detector by a ZP that acts as an 

objective lens

5 µm

10 µm

c

E. Di Fabrizio, D. Cojoc, S. Cabrini, B. Kaulich, J. Susini,

P. Facci, T. Wilhein, Opt. Express 11 (2003) 2278.



a b c

DOE beamshaping for X-ray

Optical scheme and calculated layout

of 3 DOE’s that generate 2 and 4 spots 

(a-b) on the same focal plane, and 2 

spots along the same optical axis(c) 

(d)Full beamshaping

The calculations are referred to a photon energy of 4 KeV and 5 cm focal length

a

b

c

monochromatic plane

wave illumination

OK !
d



Development of multi-spot X-ray DOE

DIC visible light micrograph

of 4-spot ZP
Calculated pattern of a 

4 spot ZP

DOE size 0.1 x 0.1 mm2, pixel size: 100 nm, energy 4 keV 

designed and generated by the Lilit beamline group (2001)



SEM pictures showing an overview of the DOE ( DOE area is 100x 100 m2) 

and details of the outermost area whose resolution is below 100 nm

Development of multi-spot X-Ray DOE



Refractive index in X-ray region: n = 1 - + i

phase shift absorption

Contrast in X-ray microscopy

photon energy [eV] / 

100    2.3 10 -2 4.9 10 -3 4.7

500    1.1 10 -3 3.2 10 -4 3.4

5000    1.2 10 -5 7.1 10 -8 170

example: polyimide

phase sensitive techniques superior to absorption contrast !



Motivation for  microscopy techniques
using phase information

Amplitude and phase contrast 

for a model protein C94H139N24O31

Absorption contrast:

Phase contrast:

~E -3

~E -1

Use of phase shifting, real part

of refractive index

• orders of magnitude higher contrast

• tremendous reduction of dose applied

to object

• additional transmission information on

low side of absorption edges (XANES,

XRF !)



Field Intensity in the DIC image

If the shear 
very small (differential) compared to the size of the details

of the specimen (or the resolution of  the ZP) ==> the phase 

difference can be  written as a phase gradient:

With DOE is possible to control the contrast 

through the bias 

ZP doublet

(1,0)

Monochromatic beam
from source

OSA
Object
plane

Photodiode

CS



Optical setup of DIC full field microscope



Undulator

Double crystal

monochromator

2 spot DOE

OSA

Raster

scanner

Off-axis

photodiode with

aperture

(1,0)
CS

Scanning X-ray microscope at ID21 beamline, 

ESRF

A Si photo diode with a 50 µm aperture in front was

placed on one flank of an interference fringe in order to

be highly sensitive to shifts of the fringes related to

optical path differences introduced by the raster

scanned specimen.



PMMA test structures

test structures(a=squares, b=toroids) 1 m thick with a transmission of 99.99 % @ 4 

keV

Objective 

lens : ZP
2 confocal 

spots DOE
4 confocal 

spots DOE
2 coaxial 

spots DOE

10 µm

10 µm

a

b



2 spot DIC&XRF measurements 

7 Kev

3.6 Kev Ca k

Fluorescent 

sample



Air Pollution SiO2 fiber Filter(Trieste)

2 spot DIC&XRF measurements  

Absorption contrast Diff. Interf. contrast

7.2 KeV X-ray 4 KeV X-ray

Cr XRF map Fe XRF map

Ca XRF map K XRF map



Field Intensity in the DIC image

If the shear 
very small (differential) compared to the size of the details

of the specimen (or the resolution of  the ZP) ==> the phase 

difference can be  written as a phase gradient:

With DOE is possible to control the contrast 

through the bias 

ZP doublet

(1,0)

Monochromatic beam
from source

OSA
Object
plane

Photodiode

CS



Bias retardation in DIC

pixels
pixels

Intensity

(a.u.)

Phase 

(radians)

x

yx
xayxi

),(
sin),( 2

(a) The phase function of a one dimensional object described in 250 pixels;

(b) Intensity distributions obtained with the same shear x= 2 but different bias values:

= 0 - first line, = π/4 - second line, and = 3π/4 - third line;

the signals are offset by 2 a.u. for a clear representation



DOEs producing the same beam shearing (1 mm) but different bias: a) no bias, b) 

bias = π at 1 m from the DOE (DOE size= 2 cm, described in 480 pixels)



To calculate the phase function PDE, we assume that the light 
source which illuminates the PDE and the intensity distribution 
produced by the PDE can be described by point sources generating 
spherical waves  

PDE= {arg[Wout] - arg[Win]}2    

Ns point sources

array of Ng spots

P1

PNs

P1

P2

Pg

PNg

PDE (Phase Diffractive Element)

Win

Wout

Win(out)= s(g) as(g) exp[j(krs(g)+φ s(g))]/ rs(g) 

Spherical wave propagation approach





50 nm smaller pixel size with 30 nm details

30 nm

50 nm



Experimental results DOE for XRM

From the report

DOE Experiment 

O. Dhez and M.Salom´e

Experiment performed on ID21 SXM 

branch, in 16 bunch mode, under 

vacuum at 6.5keV. The

sample used is the PMMA test 

object.
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Chlorine Phosphorus

K&PPotassium Scandium Sulfur

TopographyDIC microscopy 

On Liver tumoral

cells at 7 KeV



SAXS experiments

Using the precise scattering patterns recorded at synchrotrons, SAXS can 

reveal the shapes of protein molecules and nanoparticles. The X-ray 

scattering curve on the left (intensity versus scattering angle) was used to 

create a low-resolution model of a protein, shown in grey. Superimposed 

on this (in colour) are atomic models of  separate domains obtained from 

crystallography and positioned to fit the SAXS data. 

The protein molecule is about 10 nm across. This example illustrates how 

SAXS can help to assemble together high resolution models of individual 

domains provided by protein crystallography into the model of the entire 

macromolecular complex. 

SAXS beamline-Elettra



A. Accardo et al Soft Matter June 2011



H.N. Chapman et al. nature photonics | VOL 4 | DECEMBER 

2010 | www.nature.com/naturephotonics



Biological and material science Imaging



Scheme of a typical synchrotron X-ray lithography system



Lilit-group



The beamline in real life



3D PH. Crys. By X-ray litho



The LIGA process @ Elettra-Trieste
(Lithography, Electroforming, Moulding)

Synchrotron 

radiation

Storage 

ring

Resist layer

Mask Resist substrate

Exposure

Resist structure

Development

Metal structure

Electroforming

Metallic mould for

further hot-embossing

process

Resist 

removal



Deep X-Ray Lithography Scanner

Scanning stage 

Instrumentation @ Elettra



Special features of the 

LIGA process

Freedom in lateral shaping

Structure heights up to 2-3 mm

High aspect ratio (height/lateral dimension)

Roughness of side walls < 30 nm

Choice of material

20 µm

50 µm

50 µm50 µm

50 µm

Example of Copper electroplated test structures
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New “immaterial” manipulator (Fiber Optical Tweezers) compatible with synchrotrons

Experimental results: trapping beads
(C. Liberale et al Nature Photonics 2007)

The trapping effectiveness has been tested by depositing on a cover-slip a water 
suspension of polystyrene spheres having a diameter of 10 μm. The probe-end was 
immersed in the suspension and was viewed through a standard microscope (10 -
or 20 - objective):



1. High resolution Microscopy: Phase contrast and Differential 

Interference Contrast DIC technique.

2. Coherent lensless imaging

3. SAXS-WAXS for the structure of macromolecule  “in 

solution”

4.    Combination of X-ray microscopy with novel manipulation 

techniques., ex Optical Tweezers, super hydrophobic 

microfluidics etc.

5. Lithography beamlines from bending magnet 

6. Thz microscopy combined with nanoantennas

Conclusions

IIT beamlines of interest
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