
 
Рентгеновская преломляющая оптика  

 
 от классической оптики к новым рентгеновским 

 экспериментам и методам 
 

Анатолий Снигирев 
ESRF 

 



История оптики  

Зеркала, линзы  -      ??? 
 
 
Дифракционные  решетки,  
Френелевские зонные пластинки 
Relay, Fresnel, Wood    (18)-19 век 
 
 
Лазеры - Голография        20 век 
3D дифракция и оптика 
 
 
Когельник, Денисюк .... 



1895  W. C. Roentgen   discovery  
1898  W. C. Roentgen  no refraction – no  X-ray lens 
 
1912 Friedrich&Knipping          crystals ! 
 Braggs 
1917   Laue  - 3D diffraction  
 
Dynamical diffraction, Pendellosung fringes, Interferometers 
 Lang, Kato, Bonse, Hart, Indenbom, Afanasiev, Iveronova  
  X-ray crystal optics  
 
1948 -  Kirkpatrick&Baez :  mirrors 
     
 
1996 -  A. Snigirev, V. Kohn,  refractive optics – X-ray lens 
 I. Snigireva, B. Lengeler  
 Nature   
 
  

X-ray optics history 



10µm 

Crystal image (Laue) 
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465 µm 

465 µm 

Bragg –Fresnel Optics 
 
 
 
 
SEM images 



JOSA, Sept 1948  



1898 -  W. C. Roentgen:   no X-ray lens 
 
1948 -  Kirkpatrick&Baez :   first idea about compound refractive lens 
    but: “…x-ray refractive lens is impractical” 
 
1980 -  R. Gähler et al   Neutron refractive lens of quartz (ILL) 
 J. Phys. E: Sci. Instr.13, 546, 1980.   
     
1991 -  S. Suehiro et al.   high-Z refractive lens 
 Nature     
 
1991 -  A. Michette   no X-ray lens 
 Nature   
 
1996 -  A. Snigirev, V. Kohn,  first experiment with compound refractive lens 
 I. Snigireva, B. Lengeler  
 Nature   
 
 1996 - 2012  more than 1000 articles 

X-ray refractive optics history 



ESRF undulator X-ray beam 

high-β undulator 

Sv = 20 µm 
Sv = 900 µm 

∅ ∼1mm at 50 m 

1013-14 ph/s/mm2/Si-111 ~ 20 µrad 

200 mA 
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r 1 ~ d 2 / λ 

source size:            s ~ 100 µ m  
source-to-sample distance:  r 0  ~ 50m       ⇒   
  ⇓ 

angular source size:    ~ 2 µ rad 

φ 

spatial coherence  
  λ r 0 /s = 50 µ m ( λ=1 Å) 

φ∼ ∆ n ~ 10-5 -10-6  

  

  ⇒ 
edge contrast ~ 1-10 µm  
   at 1m from the sample 

  

Experimmental conditions at the ESRF BL 

Snigirev A., SAC 4-5 May1995 

source  20 µm 
coherence  250 µm 
ang. source size 0.4 µrad 

ESRF source 
from 1995 to 2005  

Si-111    ∆θ ~ 20 µrad  
(E = 12.4 keV) 

Si-555    ∆θ ~ 0.5 µrad    
(E = 30 keV) 



Coherent Imaging of Non-absorbing Samples 
Boron fiber  
(100µm diameter) 
E = 16 keV 

HR det. 

3cm 50cm 

L 

100 µm 

B 
W 

B 



Polished Be : 0.1µm 
2 000 kFF 

Polished filters (Si) 
FE- diamond 
(no graphite) 

Super Polished mirrors  
<1Å, <1µrad 
horiz. deflection 

Cleaning !? 
 

Micro-scratches 
Chemical etching 

Multilayers 
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   A. Strategy for refractive x-ray lenses 
  
    >  have been considered as not feasible for a long time 

   > visible light:  index of refraction n = 1 + δ   with δ ~ 0.5 for glass 

     * refraction strong 
     * absorption weak 
     * focal length short  
     * focusing lens convex 

  > x-rays: n = 1 – δ + iβ     with  δ, β ~ 10-6   and positive 

     * refraction weak 
     * absorption strong 
     * focal length long 
     * focusing lens concave 

    „There are no refractive lenses for x-rays!“   W.C.Roentgen 
     BUT:  refraction is not zero and absorption is not infinite! 

1m 

~ 100m 
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     Design of refractive x-ray lenses 

         
  lensmaker formula:                                  or 
                      

                                                                             λ in Angstrom 
                                                                        ρ in g/cm³ 
                                                                        Z atomic number 
                                                                        A atomic mass in g 

     To obtain a small focal length:                  

i) small radius of curvature R:                 
  typical: R = 50 to 1500µm 

ii) high density of lens material  

iii) profile must be parabolic:    no spherical aberration 

2 62.70( Z / A)10−δ = λ ρ

1 2(1 n)
f R

= −
Rf
2

=
δ



Snell’s law: n1cos(θ1) = n2cos(θ2) 

X-rays versus Light 

n1=1 n1=1 

n2>1 n2<1 

visible light X-rays 

vacuum 

matter 



F = 15 m 

X-rays R 

Re(n )= 1-δ +iβ < 1 
1-n ~ 10-5-10-6 

Be 
E = 10 keV 
δ = 3.4*10-6 

R = 100 µm 

N = 30  

Al, R = 300µm 

A. Snigirev, V. Kohn,  
I. Snigireva, B. Lengeler 
Nature, Vol. 384, 49, 1996 

F = 0.5 m 

δ 
R F 2 

= 

x  N 

X-ray Compound Refractive Lenses 

δ 
R F 2 N 

= 





x 104 

epoxy,  
R = 200µm 

Al,  
R = 300µm 

Be, R = 500µm 

extrusion 

printing/molding 

drilling anisotropic chemical etching 

microfabrication (lithography, RIE) 

APS APS 

RWTH, Aachen Spring-8 

Refractive lenses 



P. Elleaume, J. Synchrotron Radiation, 5, 1998.  

Front-end Compound Refractive Lenses 

ID10, 18, 22… 
Front End CRLenses 
12, 24, 32, 50 keV Exp. hutch 

22-24 m 10-30 m 

1997 
FE refractive lenses at 5 ESRF beamlines 



L 
s 

φ ~ s/L = < 2 µrad s = 50 µm; L = 30-50 m 

ESRF:  Chumakov et al  
Spring 8:   Baron et al 
APS:   A. Alp et al 

from 10-20 µrad  to 1-2 µrad 

f 

s 

Refractive as a collimator 
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Horizontall position

239 µm

 PREFOCUSING with 

  rotationally parabolic 
  Be lenses  
 ( R = 1500µm) 

  Image of the ID18 
           source at ESRF 
  
  14.4125eV 
  39 Be lenses 
       R = 1500µm 
 
   f = 11.718m 
   geometric aperture: 
                   2.5mm 
 

(A. Chumakov ESRF) 



Spherical aberrations 

R 

F >> R ~ A 

X-rays 

light 

F ~ R >> A 

R A 

A < 2R/3 



Parabolic Compound Refractive  Lenses 

variable number of lenses:  10 300N = 

single lens 

stack of lenses: 
compound refractive lens (CRL) 

0

0.2mm
2 0.9mm

5μm

R
R

d

=
=

≈

F = R 
2Nδ 

Collab. B.Lengeler,  
RWTH, Aachen, Germany 

Al, Be, Ni 

R = 0.5 – 1.5mm 
2R0 = 2-3 mm 



Be / AL parabolic lenses (Aachen) 

50 µm 500 µm 1.5 mm 300 µm 200 µm 1 mm 

2D Be lenses 

linear Al lens 

A =1 x 3.5 mm2 

R = 300 µm 

10 mm 

R t A 

mm 

0.05 1 0.45 

0.2 1 0.9 

0.3 1 1.1 

0.5 1 1.4 

1 1 2 

1.5 1.5 3 



100 
200 
240 
300 
400 
500 

50 

30 (Be) 

Lens holders for CRLs 



A eff 

Parabolic lenses 

Effective aperture A eff 

Gaussian beam 

A 

A 
F = R 

2Nδ 



Choice of material for X-ray parabolic lenses 

2/12/1
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Effective aperture  Aeff 

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

Effective aperture for the focal length F = 1 m 

λ  - wavelength 

 f  - focal length 

δ  - real part of decrement of refraction 
index  

 β - imaginary part of decrement of 
refraction index  

 µ  - linear attenuation coefficient 

F = 1 m 



Трансфокатор 



CRL transfocator        Energy range 10 -100 keV 

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

undulator 

Energy range 25 -100 keV 

Cost Action MP0601, Paris 16-18 
November 2011 



Cinel X-ray Refractive Lens Transfocator 
(in-vacuum/white beam) ID11 

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 

Cost Action MP0601, Paris 16-18 
November 2011 



2 4 8 16 32 64 128 

Al lenses 

X-rays 

110 65 49 49 49 49 

134 70 40 40 40 40 40 

IAT transfocator 

455 

1 

Aperture 
0.9 mm 

2 4 8 16 32 64 32 

Be lenses Al lenses 

X-rays 

130 130 130 130 130 130 130 

170 

IVT transfocator 

170 
87 43 

41.5 

lens assembly 
layout 

Cost Action MP0601, Paris 16-18 
November 2011 



10/12/2008 
Cost Action MP0601, Paris 16-18 

November 2011 



Test of first Al linear parabolic lenses from Aachen (B. Lengeler) 
    
  E = 12 keV, N = 10 lenses, R = 300 µm 

V. Kohn, I. Snigireva, A. Snigirev. Phys. Rev. Let. 85, 13, 2745 (2000) ID6 U18U 
undulator 

Cinel  
Si-111 

OH EH1 
12 keV 

PIN diode HR X-ray  
CCD 

4-5 m 

57 m from source 

S3 



47.2 m 
52.5 m 

55.4 m 

HP  
slits 

source 

45 m 
28 m 

sample 
1 

sample 2 

sample 3 

E = 14 keV 
source size (high-β):  40 x 900 µm2 

 
spot at sample 1:  100 x 100 µm2  
spot at sample 2:  100 x 100 µm2 
spot at sample 3:  20  x  20 µm2 
 
source-to-sample 1: 47.2+6.5 = 53.7 m 
source-to-sample 2: 52.5+8 = 60.5 m 
source-to-sample 3: 55.4+5.5 = 60.9 m 
 
CRLv:  
2v) L1=45m L2=15.5m δ=50µm (def 15.5m-sample vs 15.9m-focus) 
3v) L1=45m L2=15.9  N =12 R = 500µm Ag=1.4mm Aef=1.5mm 
 δ=14µm 
 
 
Total number of lenses N = 125 = 102(300) + 23(500)  

CRL1v 

CRL1h 

CRL2h 

CRL3h 

CRLv 

MASSIF layout based on linear CRLs (astigmatic focusing)  

2.5 mm 
1 - 2 mm 

Linear parabolic lens 



ID32 

New transfocators 

ID6 



Focusing monochromators  
Low energy resolution monochromator (longitudinal)  

ID11 undulator 

Energy range 25 -100 keV 

High energy resolution monochromator (transversal)  

V. Kohn, A. Chumakov, R. Ruffer, J. Synchrotron Rad., 16, 635-641, 2009.  

G. Vaughan et al., J. Synchrotron Rad., to be published.  

∆E ~ 0.1 meV !!! 

∆E ~ 1 % 



Microbeam 

20µm

Using CRL: Microbeam is reduced image of source  

detector: Sensicam 0.645 µm 

L1 

CRL 

source 

microbeam  
on sample 

reduced image  
of source: ESRF undulator 

1
2

1

L fL
L f

⋅
=

−

2

1

Lm
L

=magnification: 

resolution > 200 nm 



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 

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 
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∆
E

/E
 

w. b. 10-2 10-3 w.b. 10-3 - 10-4 10-3 

mirrors multilayers 

E
ne

rg
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Kirkpatrick 
Baez, 1948 

Underwood 
Barbee, 1986 

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

diffractive 
Kirkpatrick Baez 

systems 
Refractive  

lenses 



 
• Beam diagnostics 
• Beam conditioning optics 

•condensers,  
•collimators 
•monochromators  

• Micro (nano)-beam 
•diffraction, scattering & spectroscopy 

• Microscopy  
full-field imaging and diffraction 

• Interferometry 

Applications 





X-ray standing wave microscopy 

Si planar lens 

X-ray topograms 

12.4 keV 

rocking curves mapping  
with focused x-ray beam 

GaAs/AlGaAs 

M. Drakopoulos, J. Zegenhagen, A. Snigirev, I. Snigireva, K. Eberl, V. V. Aristov, L. Shabelnikov, V .Yunkin  
(APL, 81(12), 2279-2281, 2002) 

Reflectivity and fluorescence yields 
 from the epitaxial Al0.1Ga0.9As-layer  
as a function of the glancing angle Θ 



X-ray microscopes 

F 

L2 L1 

-F 
X-rays 

Object 
Optics 

2D detector 

F 

X-rays 

Optics 

EDX detector 

Detector 

Object 

Full-field 

Scanning 



Fourier Transform Diffraction/Imaging 

15µm 
FT 

15 µm 

sample 

CRL 
14keV 

Image plane 

Diffraction  
plane 

F = 2 m 

~ 1 µrad analyser ! 

Presenter
Presentation Notes
the novelty is not in the concepts
involved, but in their application to a new wavelength region, using the
recently-developed compound refractive lens. the relative merits of
diffraction and direct imaging, that the two are somewhat complementary.
Indeed, one of the chief advantages of a lens-based
system, as against a lens-free scattering experiment, is that one can
obtain both. 
electron microscopy is the only other case where this is commonly done. (In principle it could be done in optical microscopy but for various reasons it never, or very rarely,is). 

So it would have been very interesting to have actually obtained an
image using the same lens, by changing the object and detector positions
appropriately. 



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 µm 
pixel / Θ = d 
 
Resolution is limited 
by angular source size:  
s/L ~ 1 µrad 
 
Momentum transfer 
Resolution: 10-4 nm-1 

Si photonic crystal 
a=b=4.2 µm  d01=3.6 µm d11=2.1 µm 

Lattice vectors g01 =1.75∙10-3 nm-1 g11 =3∙10-3 nm-1 

X-ray High Resolution Diffraction Using Refractive Lenses  

Presenter
Presentation Notes
In reciprocal space, the corresponding lattice vectors g01 and g11 we are able to resolve have the lengths 1.75∙10-3 nm-1 and 2.99∙10-3 nm-1, respectively 



Where do we need HRXRM? 

• Photonic crystals: 
 - microfabrication-lithography and etching 
 - self-assembled colloidal crystals 
• Self-organized anodic alumina 
• Microporous silicon etc. 

• Mineral (Zeolites, Opals, Quartz, Clays) 
• Single Cell (Lipid, Protein, Cellulose, Silica) 
• Exoskeleton (Sea shells, crabs, butterflies) 
• Connective Tissues (Collagens, Fibers) 
• Endoskeleton (Cartilage, Bone, Teeth) 
• Epithelial (Skin, Hair, Feathers) 

Mesoscopic materials Natural Man-made 

Zeolites 

Nacre sea shell 

Butterflies wing 

Si 3D PCs 

microporous silicon 
artificial opals 

Anodic alumina 

structure period from 100 nm  to 1000  nm. 
diffraction angles 10-4 …. 10-3 radian  require high resolution in reciprocal space ! 

http://upload.wikimedia.org/wikipedia/commons/e/e8/ZeolitesUSGOV.jpg
http://upload.wikimedia.org/wikipedia/commons/0/08/NautilusCutawayLogarithmicSpiral.jpg


Electron microscopy:  tiny sample 
    surface structure  
    in-situ investigation hardly possible  
 
Light microscopy: 
- confocal optical microscopy:  limited sample volumes 
    too strong scattering!  
    not applicable for inverted photonic crystals 
 
 
Laser diffraction:   too high refractive index contrast  
    can be applied for periodic structures with  
    sufficiently large periodicity 
 
Neutrons: 
- small-angle neutron diffraction: poor resolution     
     unable to reveal important details in the  
    diffraction patterns 

Why X-rays?  

Presenter
Presentation Notes
Up to date the structure of convectively assembled crystals was mostly addressed using electron or confocal optical microscopy, which can be applied to rather limited sample volumes. 
The micro-optical spectroscopy technique is able to unravel the stacking order over a macroscopically large sample but was only applied to thin crystals consisting of a few layers. 
Light diffraction suffers from too strong scattering. 

Small-angle neutron diffraction often has insufficient resolution and is unable to reveal important details in the diffraction patterns. 



Transmission Electron Microscope 



objective condenser 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=50µm 

N=19 
R=200µm 

N=19 
R=300µm 

M = 12-22 



70 µm 

70 µm 

Images of opal sample 

Optical microscope 

X-ray image 

Scanning electron microscope 



exposure 5 seconds 
θ = 19.4 o 

exposure 1 second 
θ = 37.7 o 

Forbidden reflections (HKL+1/2) 

110 

10ξ 

Diffraction patterns 

(110) zone  (112) zone  



E = 12 keV 

X-ray microscopy on opal sample 

001 

10ξ 



E = 12 keV 
Resolution ~ 160 nm 





2 µm 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 



ID11:  
90 nm beam at 35 keV !!! 

 

Nano-fluorescence using Si nano-lenses gives a vertical spot 90nm at 35 keV 
• A scan of a 130 nm thick In film gives ~160 nm wide peak. Deconvolution indicates an 90 nm 
bean height. 
• In this configuration:  

•Diffraction limit ~ 45 nm 
•Geometrical limit < 20 nm (considering 20 micron source size as measured) 
•Vertical vibrations in prototype assembly  ~50 nm (measured) 
•Band-pass broadening ~ 80 nm probably dominates at this point.  
      J. White, G. Vaughan, A. Snigirev 
 

ID11 Toward the < 100 nm Frontier 

Cost Action MP0601, Paris 16-18 November 
2011 



2 nm 



Billet split lens 

Professeur Felix Billet (1808 -1882) 
la Faculté des sciences de Dijon depuis 1843 

to pay a tribute to 
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Si bi-lens chip 

L0 F L 

bi-lens 

foci 
image  

far-field 
interference 

X-ray bilens  

Λ = λL/ d  

d 



50
 µ

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

S = 28 µm (FWHM) 
2/1

1

0

56.3
log



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
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−
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LSsource size: 



10 µm Λ5 − Λ4 = 5 nm ! 

Near-field imaging mode  

20 µm 

200 nm bar / 200 nm slit 





Emil WOLF 

San Jose,  
USA 2009 



Phase contrast imaging 

Fourier holography 

sample 

sample 



HEXALENS:  Six-lens system 



E = 12 keV 
Si  

planar lens 
Si 

hexa-lens 
CCD 

4 m 60 cm 

C = 90 % 
(theory 93 %) 
δ  ~  100 nm 

140 160 180 200 220 240 260
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Distance, microns

∆ = 12 µm 

3 µm 



“Nano-comb” 
 

• in-line 
• high energy 
• remote distance 
• tunability: 10 nm – 10 µm 
• large depth of field 
• large energy bandwidth (~ 1%) 

Cost Action MP0601, Paris 16-18 
November 2011 



1999 
BM5  85 x 260 µm2  

Cost Action MP0601, Paris 16-18 
November 2011 



CRL based emittance diagnostics  

4.4 m 12.4 m 

BM25 

Mono 
Si 111 

X-ray 
CCD 

CRL 
17 Al / 50 µm 

first test  25 Jan, 2011 
 
7 pm – 35 µm (FWHM)   
 
 (25 pm  -  65 µm) 

25 pm – 20 µm (FWHM)   
5 pm  -  9 µm 
1 pm – 4 µm -diffraction limited source! 

Cost Action MP0601, Paris 16-18 
November 2011 



Pascal ELLEAUME 



Optics hutch EH1 EH2 
FE 

50-100 m 

40 m 
30 m 

22 m 

Refractive optics: 
  
  Condensers/collimators  F ~ 10 m 10 µm 
  
  Micro-optics   F ~ 1 m  1 µm 
  
  Nano-optics   F ~ 10-100 mm 10 – 100 nm 
   
Energy range:  
 CRL  1 – 100 – (1000) keV 
 



Who is using refractive X-ray lenses? 

• Few thousand linear and two-dimensional lenses have been delivered to 
7 SR sources in 5 countries: 

 
• ESRF Grenoble France  
• HASYLAB Hamburg Germany 
• Diamond Oxford UK 
• ALBA Barcelona Spain 
• APS Argonne Chicago USA 
• NSLS Brookhaven USA 
• SSRL Stanford USA / XFEL 
 

• Others who took over the development 
 

• SPRing8 
• ANKA Karlsruhe Germany 
• Kurchatov SR center  Moscow Russia 
•  ….. 



Jerry HASTINGS, Nature 1996 

Vision of the future 



 
~ 600 citations 

15 years development:      > 100 publications  
          standard tool at SR beamlines worldwide 
 50% of ESRF beamlines use refractive lenses  
  transfocators  
 
the most versatile and adaptable X-ray optics -   
 variable energy range and tunable focal length and spot 
 
 high stability and low cost ! 

Victor KOHN 
Kurchatov Institute, Moscow 

Innovation Award on Synchrotron Radiation 2010 

Development of Refractive Optics for Synchrotron Radiation Applications 

Bruno LENGELER 
RWTH, Aachen 

Irina SNIGIREVA and Anatoly SNIGIREV 
ESRF, Grenoble 

applications:  
• high resolution diffraction and imaging  
• SR beam diagnostics  
 
new coherent techniques: 
 microscopy and interferometry  
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