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Gottingen Instrument for Nano-Imaging with X-rays

Flexible set-up: waveguide-based holo-tomography,
scanning S/WAXS, fluorescence, and microfluidics

operated by AG Salditt, at P10 beamline (PETRAIII, DESY)
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' Markus Osterhoff
GINIX: Overview e vyt i (@
Gottingen Instrument for Nano-Imaging with X-rays ' W ' VN ©

Flexible set-up: waveguide-based holo-tomography,
scanning S/WAXS, fluorescence, and microfluidics

operated by AG Salditt, at P10 beamline (PETRAIII, DESY)
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GINIX: Waveguide-based Imaging

Gottingen Instrument for Nano-Imaging with X-rays

Flexible set-up: waveguide-based holo-tomography,
scanning S/WAXS, fluorescence, and microfluidics

operated by AG Salditt, at P10 beamline (PETRAIII, DESY)

Ultra-small pfnholes as coherence filter
guiding channel (10...100 nm) in silicon wafer
length: sub- to several mm

coherence filtering; cleanup ot KB beam
quasi-point source for imaging

advanced: beam-splitter; x-ray bender

T. Salditt, Physical Review Letters, 2015
M. Osterhoff, New Journal of Physics, 201"
S. Hoffmann, Acta Crystallographica A, 2016
M. Bartels, Physical Review Letters, 2015
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GINIX: Holographic Tomography

Gottingen Instrument for Nano-Imaging with X-rays

Flexible set-up: waveguide-based holo-tomography,
scanning S/WAXS, fluorescence, and microfluidics

operated by AG Salditt, at P10 beamline (PETRAIII, DESY)

Silver-stainec;I neurons:
determine the connectivity

Markus Osterhoff
IRP / SFB 755







GINIX: Scanning SAXS / WAXS

Gottingen Instrument for Nano-Imaging with X-rays

Flexible set-up: waveguide-based holo-tomography,
scanning S/WAXS, fluorescence, and microfluidics

operated by AG Salditt, at P10 beamline (PETRAIII, DESY)

Reciprocal information I

with spatial resolution

human Mesenchymal
Stem Cells

comparing:
visible 40 x,
X-ray darkfield,
orientations,
composite

~0.05nm™"
~ 200 nm

reciprocal
real-space
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MZP focusing e Ve G @R

{

Multilayer Zone Plates fabricated by Pulsed Laser Depositionl:: ]

Basically:  thick Fresnel Zone Plates. t .‘;

So: Thank you for all your pioneering groundwork =
- and thanks for new technology.
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Multilayer Zone Plates fabricated by Pulsed Laser Deposition}f :

Basically:  thick Fresnel Zone Plates.

L=l 0

So: Thank you for all your pioneering groundwork - | 'u'
- and thanks for new technology.
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Multilayer Zone Plates fabricated by Pulsed Laser Deposition]i r;
Basically:  thick Fresnel Zone Plates. [ )

So: Thank you for all your pioneering groundwork
- and thanks for new technology.
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Combined Optics - Motivation

Kirkpatrick-Baez mirrors: Multilayer Zone Plates:
large absolute aperture, small absolute aperture for
long focal distance very short focal distances possible

D~ 100...1000 pm

D~1..10 pm
f~50...200 mN ‘
f~50..200 um
N.A. ~ D/t ~ 0.005 ~ 0.05
high acceptance low acceptance
large spot small spot

7 high acceptance 9
small spot .
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MZP focusing - Design e Ve G @R

Multilayer Zone Plates fabricated by Pulsed Laser Depositionl:f :

Basically:  thick Fresnel Zone Plates. { |
&
So: Thank you for all your pioneering groundwork =~ ™/
- and thanks for new technology. 4\
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Combined Optics - Motivation * KB: collect incoming flux
MZP: high-NA focus
Kirkpatrick-Baez mirrors: Multilayer Zone Plates: E
large absolute aperture, small absolute aperture for ‘ feW IayerS: hlgh bandwidth

long focal distance very short focal distances possible

D~ 100...1000 pm

D~1..10pum,
f~50..200 um
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Multilayer Zone Plates fabricated by Pulsed Laser Depositionl:: |

Basically:  thick Fresnel Zone Plates. t ,‘;

So: Thank you for all your pioneering groundwork
- and thanks for new technology.

MZP-Parameters

Energies: 7.9keV, 13.8keV, 18keV, 60 ... 100 keV

1 LR\ 8

= — 8] “TH— T2

Focal length: 50 pm, 0.5 mm, 5mm
Apertures: 1.5...15pum

Layers: 50 - 250
Instruments: GINIX @ P10, PETRAIII; ID-31 @ ESRF
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MZP focusing - Characterisation " IRP 1 SFB 755

Multilayer Zone Plates fabricated by Pulsed Laser Deposition:: :

Basically:  thick Fresnel Zone Plates.

So: Thank you for all your pioneering groundwork
- and thanks for new technology.
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Focus characterisation - indirect, based on far-fleld |nten5|ty
Focusing experiments @ GINIX set-up, P10 beamline, PETRA I

s (F4 [ VTa@a,ya) - arg Fu|
Uy — Df = -1 [F’U/f .}_eXp (;\Zkfpf)] uff — outside beamstop,
iAf | F~1Fus inside beamstop.
object focal detector
plane plane plane
no
ﬁne' constraint iIFFT
support modulus
constraint constraint
no
Fresnel constraint FFT

Quiney et al., Nature Physics, 2006
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Multilayer Zone Plates fabricated by Pulsed Laser Deposmon __ :
Basically:  thick Fresnel Zone Plates. '
So: Thank you for all your pioneering groundwork ' ’
- and thanks for new technology. m\-q )
e Nnm
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Focus characterisation - indirect, based on far-field intensity Iogar|thm|c: far-field |nten5|ty
Focusing experiments @ GINIX set-up, P10 beamline, PETRA I

- ——y T—_

—

" -1 [\/fd(xd,yd>° afg]'"uf}
Uy = D g = 71 [}_uf .}_eXP (—)\Zf fpf) ] u{f — outside beamstop, I
! | F~1Fus inside beamstop. I
object focal detector r
plane plane plane !, K
r
no ;
Fresnel constraint iIFFT I: )
| T
support modulus ! \
constraint constraint : \
N
no
Fresnel constraint FFT

Quiney et al., Nature Physics, 2006



MZP tocusing - Characterisation
Multilayer Zone Plates fabricated by Pulsed Laser Deposition:

Basically:

So:
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Focus characterisation - indirect, based on far-field intensity !

intensity in focal plane
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thick Fresnel Zone Plates.

Thank you for all your pioneering groundwork

- and thanks for new technology.
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Multilayer Zone Plates fabricated by Pulsed Laser Depositionlz .f
Basically:  thick Fresnel Zone Plates. t:
So: Thank you for all your pioneering groundwork = ' ’
- and thanks for new technology. A\ ,
. NMm

-

-

-

—

. TN TR T . b W G RN, — . f.] ST om0 - (h.? = IS "y I &
Focus characterisation - indirect, based on far-fleld intensity iYear Energy Experlment Design
1.0 - 2012 7.9 keV <4./nm 5nm

I ; 12013 13.8keV <5.9nm 5nm

£ 12014 18.0keV 10.0nm 10 hm

£ ;20’5 8.0 keV <5.3nm 5nm

@ 0.5 ﬁZO 6 100 keV ? 10nm

© 10 horizontal vertical |4

© 4.3 nm 4.7 nm

~08- 0.8

9 10 nm

< 0.6 - 0.0 0.6

z

2 0.4 - -0.4

® .

= —@— reconstruction 0.2

= 0.2+ —— ideal focus e
0.0 - | ~0.0

20 10 0 10 20 -20 -10 0 10 20

X 1IN NmM y innm



D13 - largest diameter so far e s G @32

Focal length: 0.5 mm, = Far-field intensity pattern,
Energy: 8.0 keV, | > Pilatus 1 M @ 5 m diStance,
Thickness:  5.6um - logarithmic colour palette

L W=D CLIFF titt P— | ]IT] ‘
Simm [S000x | 16nA [55° [ErsElFagerl Focus reconstruction (log scale)
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MZP focusing - Simulations e Ve G @R

Multilayer Zone Plates fabricated by Pulsed Laser Depositionl:: ]

Basically:  thick Fresnel Zone Plates. t f

So: Thank you for all your pioneering groundwork
- and thanks for new technology.
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Multilayer Zone Plates fabricated by Pulsed Laser Deposition| | o \

Basically:  thick Fresnel Zone Plates.

So: Thank you for all your pioneering groundwork
- and thanks for new technology.
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Propagation inside 5 nm-layers of wedged MZP

1.8
71.79
1.78
1.717
1.76
1.75
1.74
1.73
1.72
71.71

1.7

MZP-Radius [pm] (y-Achse)
Intensitat [a.u.]

4
X-Achse [um]
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MZP tocusing - Simulations IRP/SIEB755§€/ )

!

Multilayer Zone Plates fabricated by Pulsed Laser DepositionF ;;

Basically:  thick Fresnel Zone Plates.

So: Thank you for all your pioneering groundwork
- and thanks for new technology.

Focus simulation for flat MZP

- — .1 S 1
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Multilayer Zone Plates fabricated by Pulsed Laser Deposition|

Basically:  thick Fresnel Zone Plates.

So: Thank you for all your pioneering groundwork
- and thanks for new technology.
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Focus simulation for flat and tilted MZP

100000 1x106 B %i
S
80000 800000 =,
E E o
S, 60000 S, 600000 %
i S c
C 40000 C 400000
g g
c c
20000 200000
0 0
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Mobile set-up:

MZP alignment motorisation (in revision),
Sample alignment + fast Piezo scanner,

Interferometric position control (in progress)




MZP instrumentation
Mobile set-up:

MZP alignment motorisation (in revision),

Sample alignment + fast Piezo scanner,

Interferometric position control (in progress)

purpose motor axes range |accuracy
ens, SLC-1730|x,y,z 21 mm [few nm
ateral

ens, STT-12.7 |yrot,zrot | 5° |<mrad
rotation

sample, IM-686 = |xy 25 mm |sub-pm
align

sample, [N-765 Z 6.5 mmifew nm
align

sample, |P-733 V,Z 30um |sub-nm
scan

@

Markus Osterhoﬁ( iy (D
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MZP instrumentation : |RP?StFB755§_£/ @@\@

Mobile set-up:

MZP alignment motorisation (in revision),
Sample alignment + fast Piezo scanner,

Interferometric position control (in progress)

new FZP + MZP motorisation
under construction

fast change of different optics: MZP

CRLbeam @ 1um (P10),
FZP beam @ 30nm (C. David),
MZP beam @ 5nm

focus



Continuous 2D scan

. . arkus Osterhoft
MZP instrumentation : |RP?SFB755§_§/ )

Eiger detector @ 750 Hz,
255 x 255 images, 1 ym? field of view
in less than 97 seconds

overivew step scans
during alignment

| b- I..
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Continuous 2D scan

Eiger detector @ 750 Hz,
255 x 255 images, 1 pm? field of view
in less than 97 seconds

Piezo encoder during fast scan overivew step scans
T during alignment
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MZP imaging - our first baby steps Markus oot Cas

IRP/SFB 755 N

77 31

Proof-of-Principle Experiments, 2014 - ongoing:
Holography
Microscopy

Scanning WAXS
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MZP imaging - our first baby steps e e res G (R
Proof-of-Principle Experiments, 2014 - ongoing: € g oo
Holography
Microscopy

Scanning WAXS

MZP for focusing, no objectlve lens (@) Experimental Setup

i e - e
:

(D) Detector Ima (C) Empty Correctlon ¢ I:_I-E

: -y
S . B :_ "'.-"'::
Holographic imaging in divergent -1t order ; Fops
_1st 2D scan r &
18 keV photon energy | NVV ”” s Kl
3 o ||
GINIX @ P10 ” moving RO -
2f 0.94 mm to Detector 5.1 m
ol
1 2 Norm. Inten.si:ty
Samp|e° (d) Averaged over scan (e) Empty Correction (f) Phase Retrieval
GaAs nanowire, thickness ~ 300 nm, length ~ 2pm
o
& l/% 500 nm
I 8.70 x10°Photons (Y7L 1.000 norm.int. 0.0 -0.27/MEGNSA retr. Phase



MZP imaging - our first baby steps Yere s srarss G (OR2)

Proof-of-Principle Experiments, 2014 - ongoing:
Holography
Microscopy

Scanning WAXS

MZP as objective lens behlnd the sample

direct image on detector

magnification 10200 x
pixel size 16.9 nm

Pilatus 1M detector @ 5 m distance
pixel size 172 ym

Sample:
cracked nano-porous silicon




MZP imaging - our first baby steps e et G @)

Proof-of-Principle Experiments, 2014 - ongoing:

Holography
Microscopy

Scanning WAXS ;

MZP as scanning probe @ ID-31
ESRF’s high energy beamline

60 keV

-
& 5 3 . 1

Ao R R

MZP: diameter 8 uym, optical thickness: 30 pm
outermost zones: 10 nm

Sample:
Silicon droplets (crystalls) buried in ZrO,

IIIIIII

Ve =



MZP imaging - our first baby steps o Ve nes i @R

Proof-of-Principle Experiments, 2014 - ongoing:

Holography
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Microscopy

Scanning WAXS |

MZP as scanning probe @ ID-31
ESRF’s high energy beamline

60 keV

MZP: diameter 8 uym, optical thickness: 30 pm
outermost zones: 10 nm

Sample:
Silicon droplets (crystalls) buried in ZrO,

shown: Bragg peak at scan positions,
scan step size: 50 nm




MZP imaging - our first baby steps

Proof-of-Principle Experiments, 2014 - ongoing:
Holography
Microscopy

Scanning WAXS |

MZP as scanning probe @ ID-31
ESRF’s high energy beamline

| 1.0e+05

Markus Osterhoff
IRP / SFB 755

w i (Fmtnml%

T B R RN —

ROI 2, corrected by 32/srcur

| | | |
._ | | scan 46
60 kev ':n‘ : : : : : : : scan 47/
9.0e+04 - Sl "\ scan4s8 -
MZP: diameter 8 um, optical thickness: 30 pm : : : : : : : :
outermost zones: 10 nm 8.0e+04 e BN T -
7.0e404 F N -
Sample: 600404 - [N )
Silicon droplets (crystalls) buried in ZrO, B
: : : ]  5.0e+04 - Ll N N -
shown: Bragg peak intensity, horizontal line scans, [ ;
scan step size: 10 nm B ocioal NN ]
' 3. 0e+04 L | | | | | | | |
= 01 00 01 02 03 04 05 06 07 0.8 09 1.
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MZP imaging - our first baby steps e Cees G @2

Proof-of-Principle Experiments, 2014 - ongoing:

- = . e H i i, e st

Holography
Microscopy R e e
Scanning WAXS

o e S e i
MZP as scanning probe @ ID-31

pit]
..-w.;
LoEN

ESRF's high energy beamline
100 keV

F- "l-_ ;‘ T

¥ LLF

MZP: diameter 8 ym, optical thickness: 30 pm
outermost zones: 10 nm

Sample:
Silicon droplets (crystalls) buried in ZrO,

shown: Bragg peak at scan positions,
scan step size: 80 nm



Hard X-Ray MZP-Imaging at GINIX - Summary e s G @22

2012 2013 2014 2015 2016

W/ Si — W/ ZrQ, — Ta,0./ ZrO, T1a,0,./ ZrO, 1a,0./ ZrO,

slow deposition — fast deposition — reproducible, — 30um long
droplets — no droplets — 15 ym aperture — aspect ratio > 104
f=50um — 250um — 470 um — 500 um t=4.0...6.6mm
E=7.9keV — 13.8keV — 18.0keV E=8.0keV — 60 ... 100 keV
bad W wire — glass fibre — first imaging — tapered glass fibre




Hard X-Ray MZP-Imaging at GINIX - Summary e Ve G @R

PLD + FIB = Jelly Roll




