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Topics and Themes

• Dave’s connection to hard x-ray optics

• Why x-ray micro/nano beams

• The path to nm resolution

• Innovation and technological development

• Lensless imaging

• Extreme heat-resistant optics 



Why x-ray micro/nano beams

• Short wavelength, 12.4 keV  1 Å

• Weakly interacting probe

• Sensitive to

– Structure

– Elemental composition

– Chemistry

• Minimal sample preparation

• In-situ measurements
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Sources

From Holt et al., Annu. Rev. Mater. Res.. 2013, 43

Lower beam emittance



Types of hard x-rays optics 

Reflective Kirkpatrick-Baez mirrors (1948)

 2crit

 in 1

o5 2.010  

crit

Diffractive

From Sakdinawat, Attwood, Nat. Phot. 4, 2010

Fresnel zone 

plates
(Baez, 1961)

Outer zone 

aspect ratio

< 30:1

Multilayer Laue lens
(recently at Argonne)

1D focusing

Refractive

From Snigirev et al, Nature 384, 1996

Compound refractive lens 
(Tomie/Snigirev 1996)

Parabolic (Lengeler, 1999)



Achievable spot size vs. time

From Ice et al., Science 334, 2011

adapted



The Multi-Prism Lens

Vinyl LP lens

Cederström et al., Nature 404, 2000



Tolerances

Insensitive to systematic figure errors

Path length at y is the 

integration of the area to y

y

Phase error from m surfaces:

”Random walk”

Traversing m

surfaces

Insensitive to random surface errors

Phase error:



Anisotropic etching of Si lenses

Silicon wafers (100) as substrate
Slow-etching (111) 

planes

55o

SEM images

Proposed by Carolina Ribbing, Uppsala University, Sweden

Rq=28 nm



Achievable spot size vs. time

From Ice et al., Science 334, 2011

MPL



Alternative historic scenario

Adapted from Holt et al., Annu. Rev. Mater. Res.. 2013, 43



Lenless coherent x-ray imaging

Complex way-field at object exit can be 

retrieved

5-keV x-rays

Phase-contrast

Dose = 21010 Gy for 3D acquisition

Nishino et al. at Spring-8

Idea from Sayre, 1952



Recent progress in KB mirrors

Mimura et al., Nature Phys. 6, 2009

In situ wavefromt correction

Mirror substrate shaped by elastic emission maching (EEM)
(Mori, Yamauchi, Endo (1987) 

Interferometry



Recent progress in MLL lenses

Huang et al., Scientific Reports 3, 2013

43 m aperture

4 nm outermost zone width

6 m thick

12 keV

Magneton sputtering

FIB milling

6510 layers of Si/WSi2



Application of MLL lenses

APS + NSLS
Yan et al., Scientiic reports 3, 2013

Cermet anode in fuel cell <50 nm resolution



XFELs compared to 3rd gen. synchrotrons

Peak brilliance:

x108 higher than 

synchrotrons



XFEL extreme power beams

Based on SASE principle (self-

amplified spontaneous emission)

≈ 200 m long undulator

 Coherent x-ray pulses, <100 fs

min = 1 Å  Emax = 12.4 keV

Peak Average

X-ray beam power 24 GW 72 W

X-ray beam intensity 1014 W/cm2 100 kW/cm2

Ablation of gold target, VUV radiation

L. Juha et al, NIM A (2003)



Thermal properties of materials 



First diamond lens, CVDD on structured surface

C. Ribbing,

B. Cederström 

(2000)



Laser-cut diamond MPL

100 m CVD diamond wafer

Nd:YAG laser, 10 m cutting width

B. Cederström, C. Ribbing (2001)

in collaboration with Christoph Wild, 

Fraunhofer Inst.  

0.7 m expected from theory



Heat absorption

Most absorbing

Very small inclination 

angle  6 cm length



Extrame heal-load optics - conclusions

First laser-ablated diamond lenses 

showed promising focusing 

performance 

For refractive optics in XFELs, Be 

and Diamond only feasible 

materials

For diamond ≈ 100x margin

Diamond-based FZPs
(C. David, PSI; group of H. Hertz, 

Stockholm)

From www.desy.de
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Summar and Conclusions

• X-ray microscopy/imaging offers unique possibilities

• Hard x-ray resolution approaching the 1-nm limit

• Enabled by

– development in sources and progress in micro-/nano-fabrication

– new methods for wave-field retrieval

• Extreme flux and heat load on optics and specimens with new 

XFEO sources is a new challenge

• The future for hard x-ray microscopic imaging is bright   


