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I lead a group working on x-ray optics, and our mission is to….. 
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() Diffractive X-ray optics developments at PSI
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We use the clean room laboratiries at PSI to pursue this goal…. 
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(13 X-ray optics

X-ray refractive index:

n=1-35-ip

with & close to 0 and 6>1 refracted

Set of Beryllium lenses

ool - ) o
X-ray lenses: el Gaaahad
* Weak refracting power: f = R/26
» Lossy, especially for soft x-rays
* Resolution limited by shape errors
to typ. few 100 — 1000 nm
* Very chromatic: f ~E?2
X-ray mirrors: . ¥R
- 1 meter long mirror at the XFEL.EU
« Grazing incidence: o = V23 \ oot g

mirror

» Can reach spot sizes < 100 nm,
when shape errors are < few nm

* Long, bulky, complex, expensive _ _
Vertical focusing Y

mirror

* Achromatic Focal point

Kirkpatrick-Baez mirror
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In many respects, the properties of x-ray optics are quite different from those of their counterparts in the visible. 

And this is linked to the materials properties as described by the complex refractive index. In the x-ray range , the refractive index is usually written as shown in this equation – because delta (n decrement) is so small. 

FOR XRAY LENSES, this …… 
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Diffractive optics: periodic structures
on a transparent substrate

Chromatic: diffraction angle o ~ A
Several diffraction orders exist
=> efficiency is limited

1 _2p/5. _8/s.
n, =—2-(1+e 28159 _ o ﬁ/5¢)-cos¢
7T

first order efficiency n,

incoming light

(5 Diffractive X-Ray Optics
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And because the wavelength is so small, this is a huge advantage as we will see later. 
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Diffractive optics: periodic structures
on a transparent substrate

Chromatic: diffraction angle o ~ A
Several diffraction orders exist
=> efficiency is limited

1 28/s. _8/s.
7, =—2-(1+e 26/59 _ o ﬂ/5¢)-cos¢
T

Wave front control:

Pattern distortion of p/2

Wave front distortion of A/2

(= Diffractive X-Ray Optics
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Fresnel zone plate with two foci


Presenter-Notizen
Präsentationsnotizen
And because the wavelength is so small, this is a huge advantage as we will see later. 

On the other hand, this also means that we have a big freedom to shape the wavefront as we wish – and thereby give functionality of diffractive optics a higher degree of complexity. An example of such a device is shown here: 
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(5 Grating interferometry

beam spitter analyzer
phase grating amplitude grating

T
=
/

interference pattern

Distorted incident wave front

e

Distorted Moiré fringes

A 4

A 4

X-ray
camera

A 4

Accuracy of grating lines: p/100

-

Wave front sensitivity: A/100

\ 4

Moiré fringes

4 um

Silicon phase grating Gold amplitude grating
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The advantage of accurate wavefront control is most obvious in gases where the diffracting structures are rather large – such as in GIF. In this technique, we ....

Picometer sensitivity 
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B X-Ray phase contrast imaging

beam spitter analyzer
phase grating amplitude grating

X-ray
camera

Phase object

1.05

1.04

1.03

1.02

1.01

1

0.99

0.98

0.97

0.96

0.95
Absorption Phase gradient [mrad/pm] Phase [rad]

Rat heart imaged at 17.5 keV
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(= X-ray phase contrast imaging at x-ray tubes

absorption g

x-rays

—o
f G2

GA

Grating interferometry using three gratings

» Method works with incoherent, broadband radiation

Radiography of a small fish (E=17.5 keV) 2006 ) )
e ( ) e Standard x-ray tubes can be used for phase imaging

e Applications in medical imaging, non-destructive testing,
homeland security;,...

il e Several collaborations with industry ongoing

F. Pfeiffer, T. Weitkamp, O. Bunk, C. David, Nature Physics 2 (2006) 258; T. Donath et al. Investigative Radiology 45 (2010) 445
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Now the question is: can we do this in a hospital or only with synchrotron radiation? 

Forunately, the method requires very little spatial coherence, and can accept a broad band of photon energies! 

Patents
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(= X-ray phase contrast imaging at x-ray tubes

absorption g

Slice through tomographic data set of a hand (E=28 keV) 2010

» Method works with incoherent, broadband radiation

Radiography of a small fish (E=17.5 eV 206 ) .
e ( ) e Standard x-ray tubes can be used for phase imaging

e Applications in medical imaging, non-destructive testing,
homeland security,...

e Several collaborations with industry ongoing

adilliidl

F. Pfeiffer, T. Weitkamp, O. Bunk, C. David, Nature Physics 2 (2006) 258; T. Donath et al. Investigative Radiology 45 (2010) 445
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Now the question is: can we do this in a hospital or only with synchrotron radiation? 

Forunately, the method requires very little spatial coherence, and can accept a broad band of photon energies! 

Patents
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BS Grating interferometry with neutrons

C. Grunzweig, F. Pfeiffer, O. Bunk, T. Donath, G. Kiihne, G. Frei, and C. David, Design, fabrication, and characterization of
diffraction gratings for neutron phase contrast imaging, Review of Scientific Instruments 79 (2008) p. 0537036
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(= Grating interferometry with neutrons
collaboration with F. Pfeiffer, C. Grunzweig, E. Lehmann (PSI) & R. Schafer (TU Dresden)

Si single crystal with 3 % Fe

0.2

Neutron dark field contrast

\/

C. Griinzweig, C. David, F. Pfeiffer et al. Physical Review Letters 101 (2008) p. 025504
M. Strobl, C. David, F. Pfeiffer, et al. Physical Review Letters 101, (2008) p. 123902
C. Griinzweig, C. David, F. Pfeiffer et al., Applied Physics Letters 93 (2008) p. 112504
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m(Jm» Diffractive X-ray lenses - Fresnel zone plates

dr,

4

e ﬂ IIIIIIIIIIIIIH

5 gb(g+b)na+](g+b)2+gb|(nA)+5(g+b)(nA)3+_(nA)*

=nAf, f: focal length

(g+b+n§)2

Fresnel zone plate chip Fresnel zone plate on Si;N, support membrane
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Small. Easy 
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(5 Zone plate fabrication

e Resolution is determined by smallest zone width

e Optimum efficiency requires © phase-shift

=> Nanostructuring with high aspect ratios

e High voltage e-beam writers are the ideal tools

50 nm Au zone plate structures, 500 nm high

S. Gorelick, et al., Nanotechnology 21 (2010) 295303
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(5 Zone plate fabrication

Si;N, membrane

Si frame

e Resolution is determined by smallest zone width

e Optimum efficiency requires © phase-shift

=> Nanostructuring with high aspect ratios

e High voltage e-beam writers are the ideal tools

S. Gorelick, et al., Nanotechnology 21 (2010) 295303

PMMA resist
metal layer §

.

100 keV e-beam lithography

Resist development

Electroplating

Resist removal




Line doubled Fresnel zone plates

500 nm

1) 100 keV electron-beam  5q resist
lithography exposure

200 nm
Si,N, membrane

* Resolution of e-beam lithography
for dense line patterns is limited
by secondary electron range

S R

2) Development
and supercritical drying

» Solution: exposure of sparse pattern
in low density material

 Coating with high density material
results in doubling of zones
Ir 3) Iridium coating

-

layer by atomic layer deposition F

=> 2x higher resolution

K. Jefimovs et al. Phys. Rev. Lett. 99 (2007) 264801; J. Vila-Comamala et al., Ultramicroscopy 109 (2009) p. 1360
J. Vila-Comamala et al., Nanotechnology 21 (2010) 285305; J. Vila-Comamala et al., Optics Express 19 (2011) 175
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RS Line doubled Fresnel zone plates
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FIB cross-section of 25 nm wide, 550 nm high Ir zone plate
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Line doubled Fresnel zone plates
with A. Menzel, A. Diaz (SLS-cSAXS), J. Raabe, B. Watts (SLS-PolLux)

- 15nm (a) 9.0 keV
lines/spaces by
0.3 o \
e % A —
: ——
E Ek.
E —
= 04 ==
- / by
> PR f! "
& 70
1 um
0.2 0.4 0k 0.5 1
[micrans]
Test structures imaged in scanningmode  Full-field microscope images taken at APS 32-ID.

at SLS-cSAXS. Photon energy: 6.2 keV Spatial resolution: <20 nm. Photon energy: 9 keV

K. Jefimovs et al. Phys. Rev. Lett. 99 (2007) 264801; J. Vila-Comamala et al., Ultramicroscopy 109 (2009) p. 1360
J. Vila-Comamala et al., Optics Express 19 (2011) 175; J. Vila-Comamala et al. J. Synchrotron Rad. 19 (2012) 705



PAUL SCHERRER INSTITUT

(= Double-sided, line-doubled Fresnel zone plates

— with A. Menzel, A. Diaz (SLS-cSAXS), A. Somogyi, C.M. Kewish (Synchrotron Soleil)

Definition of alignment markers

® 30 nm wide zones, 1200 nm
height, aspect ratio =40

* 10% efficiency at 9 keV
(~2.5x improvement)

I. Mohacsi, et al., Optics Express 23 (2015) 776
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BE PSI’s zone plates are popular...
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|==1J= XRnanotech: a PSI startup to commercialize X-ray optics

Nanoscale X-ray optics
with Swiss precision

High aspect
ratio Fresnel
zone plates

XRnanotech

Efficient beam-shaping
condensers for
X-ray microscopy

WWW.XRnanotech.com

2D and 3D
resolufion
test targets

Gratings and
beam splitters

AR

Custom design opfics
for advanced
experiments

-
\.—’

Autumn 2019: Florian Déring wins the PSI Founder Fellowship
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(= Blazing
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= Blazed, double-sided Fresnel zone plates

I. Mohacsi, with A. Menzel, A. Diaz (SLS-cSAXS), A. Somogyi, C.M. Kewish (Synchrotron Soleil)

‘ Ldddd d ‘lllllnn

Stacking of two zone plates can be used to
achieve a staircase (blazed) profile

Negative diffraction orders are suppressed,
positive orders enhanced

l. Mohacsi, et al., Optics Letters 41 (2016) p. 281-284, DOI: 10.1364/01L.41.000281
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= Blazed, double-sided Fresnel zone plates

I. Mohacsi, with A. Menzel, A. Diaz (SLS-cSAXS), A. Somogyi, C.M. Kewish (Synchrotron Soleil)

2.2 um
7t phase shift

Stacking of two zone plates can be used to
achieve a staircase (blazed) profile

Negative diffraction orders are suppressed,
positive orders enhanced

Measured up to 55% efficiency for
Nickel zone plates at E = 6.2 keV (AL =2 A)
with 200 nm zone width

FIB cross-section of a blazed Ni zone plate for 6.2 keV X-rays

|. Mohacsi, et al., Optics Letters 41 (2016) p. 281-284, DOI: 10.1364/0L.41.000281
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= Can we use diffractive lenses for
high-resolution neutron microscopy?

* Refractive indices and wavelengths of multi-keV X-rays and cold neutrons
are quite similar

* Fresnel zone plate made of binary, 8 um high nickel structures
could have ~40% efficiency

* Blazing schemes could be applied for even higher efficiencies

Problem: chromatic aberrations of FZPs (f ~ E)
require bandwidth 3A/A of typ. <1%.
Low brilliance of neutron sources is a problem!

e Suggestion to combine refractive and diffractive optics was discussed intensely
with H.F. Poulsen, DTU Denmark, but never materialized into joint experiments...

S.0. Poulsen, H.F. Poulsen, P.M. Bentley, Refractive and diffractive neutron optics with reduced chromatic aberration, NIMA 767 (2014) 415
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Refractive Lens, f~ E?

—_————
e

N
S~
~ \\
~ T~
N
~
-
-’
-
-
- X-rays el
s -
P
‘———— ——__/
KL FLP

Achromat condition: fy, = -2f+p

A. Kubec, M.-C. Zdora, U. Sanli, A. Diaz, J. Vila-Comamala, C. David, Nature Communications 13 (2022) p.

Focal Length [mm]

An achromatic X-ray lens
with A. Kubec, J. Vila-Comamala, M.-C. Zdora, U. T. Sanli, P. Qi, and A. Diaz

220 ——————7—————T1 .
r —-— Fresnel Zone Plate !
215 [~ - Refractive Lens ! R
r —— Achromat ! :
- /
210 vt .
I S
1 . i
[ st 1
205 | I .
l../ ]
200 [ \,‘i—/ DoF 1
I 7.
195 [ 1 .
- ‘/ I.
./ :
190 [ i ]
[ /o
185 L+ 1 L, Pl S S S S
5.0 55 6.0 6.5 7.0 7.5
Energy (keV)
1305
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Remove the achromat focal length?

Remove FZP when showing the achromat 

FZP f~E
RL f~E^2

Include RL diagram


Add collaborators
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= An achromatic X-ray lens
with A. Kubec, J. Vila-Comamala, M.-C. Zdora, U. T. Sanli, P. Qi, and A. Diaz

Femtosecond
IR-Laser Beam -

Photoresist ~ | o

Silicon nitride -
membrane /‘(

N
Immersion oil -~

Silicon frame ~—

Glass substrate i j

Femtosecond -
IR-Laser Beam

objective lens

Two-photon 3D lithography tool
“Nanoscribe” produces polymer
structures sub-micron resolution

A. Kubec, M.-C. Zdora, U. Sanli, A. Diaz, J. Vila-Comamala, C. David, Nature Communications 13 (2022) p. 1305
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= An achromatic X-ray lens
with A. Kubec, J. Vila-Comamala, M.-C. Zdora, U. T. Sanli, P. Qi, and A. Diaz

Measured at cSAXS beamline, SLS

0¥ T
e . .
X-rays 0 .».o 6«\3\\ Q\)a\\‘\‘
—= e B detector e\"\e(
s Iy , H OsA sample %
RL
pinhole

* 500 nm focal spot

SRV S R

e Achromatic range: ~ 5.8 to 7.2 keV

% l
¥

3D printed refractive lens Blazed nickel Fresnel zone plate

1pm

X-ray energy [keV] =

- 1 " ‘ P
‘" r‘

Scanning X-ray microscopy as function of X-ray energy without refocusing

A. Kubec, M.-C. Zdora, U. Sanli, A. Diaz, J. Vila-Comamala, C. David, Nature Communications 13 (2022) p. 1305
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Monolithic X-ray achromat
with J. Vila-Comamala, M.-C. Zdora, U. T. Sanli, P. Qi, and A. Diaz

Smaller focal spot = taller refractive lens

Reduce alignment complexity = FZP and RL on the same membrane chip

| o ’

Fabrication steps:

1um
200 nm focal spot @
7.1 keV photon energy

Two separate Monolithic
elements achromat

Scanning X-ray microscopy images
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B5 Apochromatic X-ray focusing

with J. Vila-Comamala, M.-C. Zdora, U. T. Sanli, P. Qi, A. Diaz & UniBasel collaborators

Increase the achromatic range by separating the two components

Apochromat STXM images Beamtime@ P06, PETRA I
= Photon Energy
______..-!\ 6SkeV 7.0 keV 7.5 keV 8.5 keV 9.5 keV 10.5 keV 11.5 keV 12.5keV 13.0 keV
___+___== ———— -.h""""‘."-.
= Lol e e Sl ke b Nk NP2 N2
_________________________________________________________ R H A LA B .k F o k.
————b-—--.-.:-_—:__J»"'::f fapo = 3fa §
B 3 E
[4'S
f__9fd 4—>I- %.‘.’*** ,!*‘
r 8 3fa
d —2/d 10 10 pm
8
o0 650
d[mm]
i . =
560 E 600 | \ — zg ]
540 o5
* 750 nm focal spot 2
_ 520 . JE r d ]
E o * Apochromatic range: | 2 \'\. . R
= ~8.0t0 11.0 keV g soof et O e e = -
8 . . ID -“___—__._.—-
= 460 -
440 . 1 450 L . . : L : * :
iy 7 5 6 7 8 9 10 11 12 13 14
0 sooomat || i Photon Energy [keV]
400

5 6 7 8 9 10 " 12
Photon energy [keV]

U. T. Sanli et al., submitted (2022)
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Extent the achromatic range  apochromat 


Joan Vila-Comamala

X-ray microscopy on a lab source

* X-ray microscope on an X-ray tube

* First result: achromatic 1:1 imaging of
X-ray microfocus source

condenser
optic
. achromat

'; sample|RL  FZP
b ) T

X-ray microscope setup

1:1 X-ray image of a 10 um
tube source with an achromat

Applications of achromats

with J. Vila-Comamala, M.R. Dhanalakshmi Veeraraj & UniBasel collaborators

Achromatic lenses allow for efficient use of broadband,
low billiance sources that will not deliver sufficient signal
when used with a monochromator!

M.R. Dhanalakshmi
Veeraraj

High-resolution neutron microscopy

* Neutron microscope based
on a neutron achromat

* Colaboration with Markus Strobl, SINQ

Detector

Neutron
Bea

Planned set-up of a neutron microscope at SINQ-BOA
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(5 Conclusions

* Diffractive x-ray optics have characteristic properties:

* Advanced nanolithography techniques can provide
diffractive lenses with very high spatial resolution

* Blazed optics can provide good diffraction efficiency

* The devices are compact and easy to use

* Complex optical functionalities can be implemented

*  Opportunities for neutron imaging:

* Low brilliance of neutron beams requires
achromatic concepts

* (Qrating interferometry was successfully transferred
from X-rays to neutrons

* Recent developments in achromatic lenses
should enable high resolution neutron microscopy
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With the new developments in ultra-bright x-ray sources, including the Free Electron Lasers, and a new generation of Synchrotrons with substantially improved emission properties, these are very exciting times in Photon Science! 

The PSI is a key player in this field – and I am happy to be part of these developments.  



Thank you for your attention!
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