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R = 300m

Refractive optics
 

after 10 years development
standard tool at SR beamlines worldwide. 
~ 50% of ESRF beamlines use refractive lenses

the most versatile and adaptable X-ray optics
• energy range

 

-from a few keV to hundreds of keV
• focal length -from a few millimeters to tens of meters 
• focal spot -from tens of nanometers

 

to tens of microns
• microradian

 

collimation
• high stability and low cost
applications: microdiffraction, microfluorescence

 

and imaging,
standing wave microscopy etc.

The first AL CRL

Si parabolic lens



Temporal coherence
 

–
 

monochromaticity
 


Si 111:   10-4-10-5

ML:         10-2 

•
 

Spatial coherence
source size                  S

 
~ 20 m             spatial coherence L

 
/s

source distance           L
 

~ 50-100 m               ~ 100-500 m

For 100m BL: F=10 cm   focus = S*F/L = 20 nm!

angular source size:         < 0.4 rad 

PETRA-III, NSLS-II, MAX-IV :  ~ 0.1 rad
Crystals:         d/d

 
~ 10-7

Mirrors:      slope error   ~ 10-7

Si-111    

 

~ 20 rad (=1Å, E = 12.4 keV)
Si-555    

 

~ 0.5 rad   (=1Å, E = 30 keV)

L F

S*F/LS



x 104

epoxy, 
R = 200m

Al, 
R = 300m

Be, R = 500m

extrusion

printing/molding

drilling anisotropic chemical etching

microfabrication (lithography, RIE)

APS APS

RWTH, Aachen Spring-8

Refractive lenses



Parabolic Compound Parabolic Compound RRefractiveefractive
 

LensesLenses

variable number of lensesvariable number of lenses: : 10 300N  

single lenssingle lens

stack of lenses:stack of lenses:
compound refractive lens (CRL)compound refractive lens (CRL)

0

0.2mm
2 0.9mm

5μm

R
R

d






F R
2N

Collab. B.Lengeler, 
RWTH, Aachen, Germany

Al, Be, Ni

R = 0.5 –
 

1.5mm
2R0

 

= 2-3 mm



Material for X-ray parabolic lenses

2/12/1
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 ffAeff

Effective aperture
 

Aeff

V. Kohn, I. Snigireva and A. Snigirev, 
Opt. Comm. 216 (2003), 247

Effective aperture for the focal length

 

F = 1 m1 m

 -

 

wavelength

f -

 

focal length

 -

 

real part of decrement of refraction 
index

 -

 

imaginary part of decrement of 
refraction index

 - linear attenuation coefficient

F = 1 m1 m



Be / AL parabolic lenses (Aachen)

50 m500 m1.5 mm 300 m 200 m1 mm

2D Be lenses

linear Al lens

A =1 x 3.5 mm2

R = 200 m

10 mm



CRL transfocator

CRLs
 

: 2; 4; 8; 16; 32; 64; 128

92 m1.5 ± 0.3 m

undulator
CRL transfocator Energy range 10 -100 keV



In-Vacuum Transfocator ID11
(white beam)

cartridges
with Be lenses

cartridge and lenses actuators

vacuum chamber

32 + 64 = 96 Al lenses
1 + 2 + 4 + 8 + 16 + 32 = 63 Be lenses

lens and cartridges assembly   5.12.08
chamber assembly 8.12.08

installation at ID11          January 2009
test / commissioning       Jan-Feb 2009

aboard view



10/12/2008



Transfocator –
 

longitudinal monochromator

92 m

1.5 ± 0.3 m

undulator
IAT transfocator

Energy range 25 -100 keV

32 m

IVT transfocator

1% BW



2 m web size

Si nanolenses

Scallop height < 20 nm



Lens chip design

22 mm

15
 m

m

~ 70 CRLs !

10 lenses per set
7 sets

F = 10cm @ E = 10 -
 

50 keV
6“

 

Si wafer with NFLs structures

10 keV
20 keV

30 keV
40 keV

50 keV



ID6, Sept. 2008
F = 40 mm
E = 31 keV
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Focusing Optics for Hard X-rays (E > 6 keV)

reflective

Capillaries Waveguides Fresnel Zone 
plates

refractive

Kreger
1948

Feng

 

et al
1993

Baez
1952

Snigirev 
et al, 1996

re
so

lu
tio

n 25 nm
@15keV
Mimura
2006

8 nm ??

41x45nm2

@24keV
Hignette

2006

50 nm
Bilderback

1994

40x25 nm2

Salditt
2004

30 nm
@20 keV

Kang, 2006
17

 

nm, 2007
??

50 nm@20keV
Schroer, 2004
150nm@50keV
Snigirev,2006

Ba
nd

w
id

th


E/
E w. b. 10-2 10-3w.b. 10-3

 

- 10-410-3

mirrors multilayers

E
ne

rg
y

Kirkpatrick
Baez, 1948

Underwood
Barbee, 1986

< 30 keV < 80keV < 30 keV (80)< 20keV< 20keV <1 MeV

diffractive
Kirkpatrick Baez

systems
Refractive 

lenses



Diffraction limited resolution versus energy for Si



X-ray microscopes

F

L2L1

-FX-rays

Object
Optics 2D detector

F

X-rays

Optics

EDX detector

Detector

Object

Full-field

Scanning



Fourier Transform Diffraction/Imaging

15m
FT

15 m

sample

CRL
14keV

Image plane

Diffraction 
plane

F = 2 m

~ 1 rad analyser
 

!



F = 1.3 m
L = 55 m

CRL
sample

2D detector

source

M. Drakopoulos, A. Snigirev, I. Snigireva, J. Schilling, Applied

 

Physics Letters, 86, 014102, 2005.

E = 28 keV
Al CRL, N

 
=

 
112,

 
F = 1.3 m

CCD resolution
 

2 m
pixel / 

 
= d

Resolution is limited
by angular source size: 
s/L ~ 1 rad

Momentum transfer
Resolution: 10-4

 

nm-1

Si photonic crystal
a=b=4.2 m  d01

 

=3.6 m d11

 

=2.1 m

Lattice vectors g01

 

=1.75·10-3

 

nm-1 g11

 

=3·10-3

 

nm-1

X-ray High Resolution Diffraction Using Refractive Lenses



Why X-rays?

Electrons 
-electron microscopy:

 
limited sample volumes 
in-situ investigation hardly possible 

Light
-confocal optical microscopy: limited sample volumes. 

index matching is not option for infiltrated PCs
-

 
micro-optical spectroscopy :

 
thin crystals consisting of a few layers. 

Light diffraction suffers from too strong scattering!

Neutrons
-

 
small-angle neutron diffraction:

 
insufficient resolution 
unable to reveal important details in the 

diffraction patterns
X-rays
-

 
allow in-situ investigation

-
 

give structural information on the scales ranging from tens of nanometers to    
tens of micrometers 

-
 

can be used to study materials that strongly scatter visible light.



Diffraction patterns of colloids made from polystyrene spheres 
(425 nm)

Panel A displays a full diffraction pattern while a zoom into one quarter 
is given in B along with the crystallographic assignment of the peaks. 
Again, the relative weakness of the 002, 222 and 224 reflections

 

can be 
understood on the basis of Fig. 1C. A closer look on the central

 

part of 
the pattern reveals presence of the Bragg rods, which are  caused by 
the presence of the stacking disorder. 

Clear face-centred
 

cubic structure
•

 

Presence of sliding defects
•

 

These defects are crucial in generating 
…ABCABC…

 

stacking order

E = 13 keV



objectivecondenser 2
HR
X-ray CCD

54 m 6 m
0.2 –

 

0.3 m

condenser 1 sample
Large area
X-ray CCD

2 m
X-rays

Conceptual layout of  HRXRM

Diffraction mode

Imaging mode

N=45-62
R=50m

N=19
R=200m

N=19
R=300m

M = 12-22



exposure 5 seconds
 = 19.4 o

exposure 1 second
 = 37.7 o

Forbidden reflections (HKL+1/2)

110

10

Diffraction patterns

(110) zone (112) zone 



Double slit
W. Leitenberger, S. Kuznetsov, A. Snigirev,
Interferometric measurements with 
hard X-rays using a double slit 
Optics Communications 191, 91-96 (2001)

Double mirror
K. Fezzaa, F. Comin, S. Marchesini, R. Coisson, M. Belakhovsky,
X-ray interferometry at ESRF using two coherent beams from Fresnel

 

mirrors 
Journal of X-Ray Science and Technology 7, 12-23 (1997) 

Grating interferometers
P. Cloetens, J. P. Guigay, C. De Martino, J. Baruchel, and M. Schlenker,
Fractional Talbot imaging of phase gratings with hard x rays ,
Opt. Lett. 22, 1059-1061 (1997)

T. Weitkamp, B. Nohammer, A. Diaz, C. David, E. Ziegler,
X-ray wavefront

 

analysis and optics characterization with a grating interferometer 
Appl. Phys. Lett., 86, 054101 (2005)


 

~ 1 -
 

10 m





Billet split lens

Professeur
 

Felix Billet (1808 -1882)
la Faculté

 
des sciences de Dijon depuis

 
1843

to pay a tribute to



L0
F

L

bi-lens

 = ( /d)L

lcoh

 

= ( / s)L0   > d

ds

Billet split lens

lcoh

 

= 100 –
 

200 m

E = 12 keV
s = 25 -50 m
L = 50m

100m



50
 

m

X-ray bi-lens interferometer: far-field interference

S = 28 m (FWHM)
2/1

1

0

56.3
log












C
L
LSsource size:



z0

Si bilens

zf z1

slits

x rays





detector

Near-field interference



10 m 

 

 

 

= 5 nm !

Near-field imaging mode 

20 m

200 nm bar / 200 nm slit



Phase contrast imaging

Fourier holography

sample

sample



Applications 

• Coherence / Optics characterization
• Interferometry – phase contrast
• Moiré radiography
• Fourier holography 
• Standing wave technique

Crystal interferometer 0.1 – 10 nm
Bilens interferometer 10 – 1000 nm
Grating interferometer >1000 nm

• E  1keV –
 

100 keV !!!
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