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KB mirrors 
focus: ~ 300 nm

Waveguide 
ø: ~ 20 nm

Pinholes 
or other filter
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in-line, 2 pieces
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IRP / SFB 755GINIX: Waveguide-based Imaging

Göttingen 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 (PETRA III, DESY)

Ultra-small pinholes as coherence filter
guiding channel (10…100 nm) in silicon wafer
length: sub- to several mm
coherence filtering; cleanup of 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, 2011 
S. Hoffmann, Acta Crystallographica A, 2016 
M. Bartels, Physical Review Letters, 2015
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in Figs. 2(e) and 2(f), showing intersections of the simulated

intensity and corresponding phase in a plane 1 mm upstream

from the exit plane of the waveguide. The exit waves of both

channels exhibit a flat phase and size of about 42 � 26 nm,

indicating an elongation in the y direction. These values

represent the FWHM quantified from Gaussian fits to the

intensity distributions in the y and z directions. The shape of

the beam still changes while propagating over the last microns

to the exit plane, owing to the complex mode structure inside

the channel. At 2 mm behind the waveguide exit (Fig. 2g), the

beam has a size of 35 � 28 nm, yielding an almost circular

cross section. Unconfined in free space, the shape of the beam

broadens as expected for propagation.

Next, we briefly cross-check by simple analytical calculation

the consistency of the values for beam divergence � (half

angle of the radiation cone) and beam confinement dbeam
(FWHM), in particular for the wavefield reconstructed from

the experimental far-field pattern. To this end, we compare our

values with the analytical solution of a Gaussian beam. Even if

a multi-modal waveguide beam is not particularly well

approximated by this simple model, it provides a useful

benchmark. Accordingly, the intensity in the exit plane can be

described as Iðx; rÞ ¼ I0ðxÞ exp½�2r2=wðxÞ2�, where I0 is the

peak field intensity, r ¼ ðy2 þ z2Þ1=2 is the radial distance from
the centre, w0 is the beam waist radius and wðxÞ is the half-

width parameter, where the intensity Iðx; 0Þ has decayed by a

factor of 1=e2 (Saleh & Teich, 1991). At a distance x0 the beam

intensity has decayed to half of its maximum; the beam radius

is r ¼ dbeam=2 and wðx0Þ ¼ 21=2w0. The half opening angle

� ¼ �=�w0 of the intensity cones can be calculated from the

wavelength � and the beam size in the exit plane of the

waveguide dbeam:

� ¼ �

�w0

¼ � 2ðln 2Þ1=2

� dbeam
:

In the simulated case, a beam size dbeam of about 45 nm in the y

direction results in an opening angle of�sim = 1.8 mrad. In the

two-beam setup this means that for S = 0.774 nm the beams

begin to intersect (and hence to interfere) at a distance of

190 mm, in good agreement with the observed 200 mm (see

Fig. 2c). For the field reconstructed from the measurements,

however, the beam sizes of the two channels are actually

different, namely 20 and 70 nm, as shown in the following

section, where the field reconstruction is presented.

4. Near-field reconstruction

In this section, the evolution of the near-field will be analysed

by retrieving the wavefield at the exit side of the channels from

the measured far-field pattern, using an error reduction

algorithm (Fienup, 1982). Fig. 3(a) presents the reconstructed

wavefield at the exit side of the waveguide that is overlaid with

the corresponding SEM image. For the reconstruction, a

support of two rectangular shaped boxes with the size and

distance according to the SEM measurements was chosen and

500 iterations were performed. The two reconstructed X-ray

beams exhibit a size of about 22 � 52 nm and 77 � 67 nm

(FWHM), respectively. Hence, while the left one shows an

elongation in the z direction, the right one is elongated along y

research papers

Acta Cryst. (2016). A72, 515–522 Hoffmann-Urlaub and Salditt � Miniaturized X-ray beamsplitters 519

Figure 3
Reconstructions. (a) The reconstructed wavefield overlaid with the SEM image at the exit plane of the sample and the corresponding phase (b); scale
bars denote 0.1 mm. (c) Measured far-field and (d) reconstructed far-field both in logarithmic scaling; scale bars denote 2 mm. (e)–(h) Slices through the
near-field at 50, 100, 200 and 400 mm behind the sample, respectively. Scale bars denote 0.2 mm; the phases are given in units of radian.

a mHIO reconstruction after Nit ¼ 741 iterations. The disk-
shaped domains with large relative phase shifts of up to
−0.3 radian can be clearly identified and attributed to the
bacterial nucleoid. With an effective pixel size of 20.3 nm,
the crossover to the noise plateau of the power spectral
density (PSD) at about 0.19 cycles per pixel corresponds to
a resolution of about 53 nm; see Ref. [34]. The flux density
at the sample plane was 5 × 105 ph=μm2=s, corresponding
to a total dose of D ¼ 5.2 × 103 Gy applied during 8
seconds, as calculated for model protein [15]. This is
almost 3 orders of magnitude less than a recent ptycho-
graphic reconstruction of the same bacteria (of the same
preparation batch) at similar photon energy (6.2 keV),
contrast, and resolution (50 nm), recorded at a dose of 4.9 ×
106 Gy [14]. And, in contrast to ptychographic scanning
[14,37], a large field of view, e.g., of ð20 μmÞ2, is observed
simultaneously, which is important for samples in semi-
stable environments or dynamic states, e.g., hydrated or
living samples.
Since the freeze-dried cells were imaged below the lethal

dose of Deinococcus radiodurans, the next step was to
image living bacteria in solution. For the measurement, the
bacteria were kept in microscopy chambers compatible
with cell culture (ibidi, Germany); see Ref. [34] for details.

At a photon energy of 13.8 keV, 56 images with 10 second
exposure time were recorded with the sample placed at
z1 ¼ 19.7 mm, corresponding to an effective pixel size of
25.4 nm. Eight consecutive exposures were averaged,
yielding 7 frames with 80 second accumulation time for
each. Figure 4(c) shows the reconstruction for every other
frame of the live cell recordings. To increase the signal-to-
noise ratio, the holograms were binned by a factor of 2.
Phase reconstruction of each frame was performed using
the mHIO algorithm with 3500 iterations, on average.
Resolution is degraded due to slight sample movement in
the solution during the exposure and is estimated to about 2
to 3 pixels, corresponding to 100–150 nm. The results
confirm that the dense round structures attributed to the
nucleoids observed in the freeze-dried state [see Fig. 4(c)
and Refs. [13,14,21]] are also present in the hydrated living
state of the bacterium. With a total flux of 2 × 107 ph=μm2

in each frame, the dose is D ¼ 8.9 × 103, as calculated
for a model protein [15], and D ¼ 8.6 × 103 for water.
These values are below the lethal dose LD50 > 104 of
Deinococcus radiodurans. The retrieved electron density
map of at least the first frame should, therefore, represent
the native structure in the living state of the bacteria, while
in successive frames, radiation induced changes in the
density distribution can be monitored. Notably, the density
of the nucleoids decreases, but quite differently for indi-
vidual organelles, as quantified in Figs. 4(c) and 4(d).
While most nucleoids are subject to gradual density fading,
for some organelles the process occurs in pronounced steps;
see the colored columns in Fig. 4(d).
Importantly, the applied dose could be precisely adjusted

and reduced without a breakdown of the phase retrieval
process. Despite the dose reduction by orders of magnitude
with respect to most far-field diffractive imaging studies
reported previously, including studies of the same organism
[11,13,14], we could already observe radiation induced
structural changes in the course of consecutive exposures.
In contrast to previous claims of wet CDI [17], we conclude
that imaging of living or hydrated biological samples at
50 nm resolution is not possible, in general, without severe
damage. At the same time, the onset of radiation induced
processes and subsequent radiation damage could be
precisely studied with the demonstrated dose-efficient
holographic approach. This may enable future studies of
repair processes in response to radiation damage, from a
structural point of view. The role of possible cofactors
could be investigated, e.g., by varying the buffer solution or
the metabolic state of the bacteria. For single low dose
exposures, the method enables the visualization of the
subcellular density distribution within living cells, even in
complex environments. This structural probe could then be
enhanced by well-chosen nanodiffraction spots, yielding
high resolution in reciprocal space [14,38]. Last but not
least, and beyond the single cell level, this dose-efficient
holographic approach should also enable 3D reconstruction

FIG. 4 (color online). (a) Normalized hologram of freeze-dried
Deinococcus radiodurans cells, obtained in a single recording
with 8 s dwell time along with (b) the iterative mHIO phase
reconstruction. (c) mHIO reconstruction of (initially) living cells
in solution. Each frame was accumulated for 8 × 10 seconds
(every other frame is shown). Pronounced changes in the
densities are observed after successive irradiation, as quantified
in (d), showing the normalized electron density in the high
density nucleoid regions indicated by the corresponding colors as
a function of dose. The images in (c) are reconstructions
corresponding to averages over the colored columns in (d). Scale
bars, 4 μm.
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Resolution: 53 nmreconstructed wavefield 
overlaying SEM image

the first 10% of the propagation in the XWGchip. Intensity
is shown in logarithmic scaling to highlight the evanescent
waves. Spikes are observed departing into the cladding. For
Ta and the given channel width w, 13 bound modes
copropagate in the channel. The fundamental mode as
calculated in the effective tilted potential by Numerov’s
method [18] is shown in (c).
Experiments were first carried out at the GINIX nano-

imaging end station [19] of the coherence beam line P10 at
the storage ring PETRAIII (DESY, Hamburg), at photon
energy of E ¼ 7.9 keV. The monochromatic [Si(111)
double crystal] undulator beam was focused with two
elliptical total reflection mirrors in Kirkpatrick-Baez
(KB) geometry, to a focus of 380 nm × 350 nm (h × v,
FWHM values) with a primary beam intensity of about
I0 ¼ 4.1 × 1011 ph=s. The focused beam was coupled to
selected channels of the XWGchip, aligned in the focal
plane, and the far-field intensity of the exit radiation at the
horizon of the chip was recorded by a PILATUS 100K,
positioned at a distance of 348.8 mm. For full details on the
experiment and the layout of the XWGchip, see Ref. [20].
With an index of refraction n ¼ 1 − δþ iβ for Ta of δ ¼
4.14 × 10−5 and β ¼ 3.45 × 10−6, a critical angle of total
reflection αc ≃

ffiffiffiffiffi
2δ

p ¼ 9.1 mrad and attenuation length

l ¼ λ=ð4πÞ=β ¼ 3.62 μm is obtained, such that the
XWGchip of 5 mm length is completely intransparent
for radiative modes. According to simple geometric optics,
the condition that the incoming beam impinges at an angle
of incidence αi ≤ αc with respect to the outer channel
wall gives a simple constraint for the radius of curvature
R≥w=2sin2ðαc=2Þ≃2πw=ðλ2r0ρÞ, with r0 the Thompson
scattering length and ρ the electron density.

To describe the mode propagation in a “potential well”
given by the one-dimensional electron density profile
function ρðxÞ, we consider the reduced scalar wave
equation ψ 00 − 4πr0ρðxÞψ ¼ ðβ2 − k20Þψ describing propa-
gation of guided modes in a planar waveguide, with the
mode numberM≔β2 − k20, depending on the solution of the
corresponding eigenvalue problem. For the simple case
relevant here, ρðxÞ is a rectangular profile with height ρ0
and width w. The dimension of M is that of scattering
length density. For the example of an air-vacuum channel in
Ta, we get 4πr0ρ0 ¼ 0.144 nm−2.
How does the situation change for a curved channel?

Following Ref. [21], translated to the case of x-ray notation,
we get

ψ 00−
�
4πr0ρðxÞþ

2k20−4πr0ρðxÞ
R

x

�
ψ ¼ðβ2−k20Þψ ; ð1Þ

whereR is the radius of the curvature. The curvature-induced
term leads to a distortion of the potential, notably a tilt. We
can further neglect the ρ dependence in the curvature term
2k20 − 4πr0ρðxÞ≃ 2k20, so that only a linear potential is
added to the intrinsic waveguide potential,

ψ 00 −
�
4πr0ρðxÞ þ

2k20
R

x

�
ψ ¼ ðβ2 − k20Þψ : ð2Þ

ForRðwÞ ¼ 2πw=ðλ2r0ρÞ, the tilt becomes so strong that the
right side of the potential well (inner side wall of the curved
channel) has the same height as the cladding potential on the
left side. Hence, the confining potential has changed from
a square to a triangular well, and the width of the barrier
at the base of the well decreases to w. Interestingly, this
transition corresponds exactly to the above geometric optical
constraint. However, in wave optics we cannot reduce w
arbitrarily in order to accommodate higher curvature.
The minimum reasonable channel width is given by the
critical waveguide thickness for single-mode propagation
W≔λ=2αc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π=4ρr0

p
. Upon further reductionw < W, the

evanescent tails of the wave extend further into the cladding.
and the beam cannot be further confined [22,23]. For Ta we
have W ¼ 8.62 nm, and hence, we obtain a critical radius
Rc ¼ 8W3=λ2 ¼ 0.21 mm. For R ≤ Rc the beam is lost by
tunneling as the barrier of the potential well becomes too thin
to guide radiation. Note that for R≃ Rc we estimate that the
mode power is lost over a length given by w2=λ, so that in

FIG. 1 (color online). (a) Schematic of the channels defined in
the XWGchip and the experimental geometry. The individual
channels are selected by focusing the beam into the entrance.
Guiding of a beam in a curved channel is evidenced by
measurement of the far-field pattern. (b) Finite difference
simulation of beam propagation in the curved WG channels.
At z ¼ 0 a plane wave of unit amplitude and 7.9 keV photon
energy impinges on a channel of w ¼ 100 nm and R ¼ 40 mm in
Ta (initial data). The intensity distribution is shown in logarithmic
scale within a rectangular region of length Δz ¼ 0.5 mm and
width Δx ¼ 5 μm, along with a zoom of the central region with
Δz ¼ 100 μm and Δx ¼ 1.5 μm. The transmission is T ¼ 0.842,
after a propagation length of 0.5 mm. The spikes show that
evanescent waves depart into the cladding at certain locations
corresponding to reflections in the geometric optical description.
(c) Fundamental mode of a channel in tantalum (Ta) with w ¼
100 nm and R ¼ 10 mm as simulated by solving the wave
equation with a tilted potential well.
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Reciprocal information 
with spatial resolution

human Mesenchymal 
Stem Cells

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

reciprocal	 ~ 0.05 nm-1, 
real-space	 ~ 200 nm
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IRP / SFB 755MZP focusing

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.

10 nm

(a)

(b)

Abbildung 4.25: Ausbreitung der Strahlung in den inneren (∆r1,95 m = 20,0 nm) 4.25a
und den äußeren (∆r7,75 m = 5,1 nm) 4.25b Zonen einer Wedged-MZP.
Die MZP besitzt eine optische Tiefe von T = 6,38 m. Simulation mit
der fourierbasierten Multislice Propagation, wobei zur besseren Darstel-
lung hier der Abstand zwischen den Punkten der x-Achse im Material
und freiem Raum auf 2,5 nm reduziert wurde und entlang der y-Achse
auf 0,125 nm. Die weißen Linien stellen die Materialgrenzen da.

72
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IRP / SFB 755MZP focusing – Design

Multilayer Zone Plates fabricated by Pulsed Laser Deposition
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Combined Optics – Motivation

Kirkpatrick-Baez mirrors:

large absolute aperture,
long focal distance

Multilayer Zone Plates:

small absolute aperture for
very short focal distances possible

f ~ 50 ... 200 mm 

D ~ 100 ... 1000 µm

f ~ 50 ... 200 µm 

D ~ 1 ... 10 µm

N.A. ~ D/f ~ 0.005 ~ 0.05

high acceptance
large spot

low acceptance
small spot

?? high acceptance
small spot

10 nm
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Combined Optics – Motivation KB:	 collect incoming flux 
MZP:	 high-NA focus

few layers:	 high bandwidth

but:	 short focal length

Kirkpatrick-Baez mirrors:

large absolute aperture,
long focal distance

Multilayer Zone Plates:

small absolute aperture for
very short focal distances possible

f ~ 50 ... 200 mm 

D ~ 100 ... 1000 µm

D ~ 1 ... 10 µm,
f ~ 50 ... 200 µm 

high acceptance
small spot

N.A. ~ D/f ~ 0.05~ 0.05

focal size @ 12.4 keV ~ 2.5 nm (Airy disk)

10 nm
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MZP-Parameters

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

Focal length:	50 µm, 0.5 mm, 5 mm

Apertures:	 1.5 … 15 µm

Layers:	 50 – 250

Instruments: GINIX @ P10, PETRA III; ID–31 @ ESRF
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Focus characterisation – indirect, based on far-field intensity
Focusing experiments @ GINIX set-up, P10 beamline, PETRA IIIFocusing experiments @ GINIX set-up, P10 beamline, PETRA III
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Die MZP besitzt eine optische Tiefe von T = 6,38 m. Simulation mit
der fourierbasierten Multislice Propagation, wobei zur besseren Darstel-
lung hier der Abstand zwischen den Punkten der x-Achse im Material
und freiem Raum auf 2,5 nm reduziert wurde und entlang der y-Achse
auf 0,125 nm. Die weißen Linien stellen die Materialgrenzen da.

72

Focus characterisation – indirect, based on far-field intensity

1.0

0.5

0.0

lin
. i

nt
en

s.
1.0

0.8

0.6

0.4

0.2

0.0
-20 -10   0  10  20

in
te

ns
ity

 in
 fo

ca
l p

la
ne

x in nm

reconstruction
ideal focus

1.0

0.8

0.6

0.4

0.2

0.0
-20 -10   0  10  20

y in nm

horizontal

4.3 nm

vertical

4.7 nm

10 nm

100

10-1

10-2

lo
g

10
 in

t.

q=0.77 nm-1

100

10-1

10-2

lo
g

10
 in

t.

logarithmic far-field intensity logarithmic reconstruction



Markus Osterhoff 
IRP / SFB 755MZP focusing – Characterisation

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.

10 nm

(a)

(b)

Abbildung 4.25: Ausbreitung der Strahlung in den inneren (∆r1,95 m = 20,0 nm) 4.25a
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Far-field intensity pattern, 
Pilatus 1M @ 5 m distance, 
logarithmic colour palette

Focal length:	 0.5 mm, 
Energy:	 8.0 keV, 
Thickness:	 5.6 µm

Focus reconstruction (log scale)
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Focus intensity as function of taper angle / optical thickness

Abbildung 4.20: Analyse der idealen MZP Parameter in Bezug auf Tiefe und Neigung.
Dargestellt ist die maximale Intensität im Brennpunkt in Abhängigkeit
der optischen Tiefe und dem Neigungswinkel: T T ilt

opt = 4,0 m und δopt =
5,5mrad

reits die deutlich gesteigerte Effizienz dieses Konzeptes, gegenüber den zuvor bespro-
chenen. Sehr gut ist der Intensitätsbeitrag aller Zonen zum Brennpunkt zu sehen. Die
Intensitätsprofile in den Abbildungen 4.22b und 4.22c zeigen eine Intensität im Brenn-
punkt von I = 857,9 [au] bei einer Halbwertsbreite von 4,1 nm und einer Effizienz von
χWedged = 20,0% bzw. χ̃Wedged = 40,8%. Diese Messdaten zeigen die zu erwartende
Überlegenheit dieses Konzept gegenüber den anderen bisher beschriebenen.
Abbildung 4.23 zeigt den Kurvenverlauf der Intensität im Brennpunkt sowie die zu-

gehörige Halbwertsbreite für verschieden Tiefen der Wedged-MZP mit Parametern aus
Tabelle 3.2. Während die Halbwertsbreite konstant bei einem niedrigemWert von±4,1 nm
verläuft, zeigen die Intensitätswerte, ein deutliches Maximum bei 6,38 m. Auffällig ist,
dass dies für eine MZP Tiefe leicht größer als der Tiefe des idealen Phasenschubes zu
finden ist. Des weiteren taucht eine Art Sattelpunkt im Kurvenverlauf der Intensität
bei einer Tiefe von ≈ 11 m auf. Diesen konnte auch H. Yan [35] in Simulationen be-
obachten und begründet dessen auftreten über das Neigen der Zonen entsprechend der
Bragg-Bedingung. Dieses führt zu einer kollektiven Pendellösung aller Zonen. Und lässt
sich nach [27] für Zonenplatten berechnen über wPendel = λ/∆δ. Für die hier Simulierte
Wedged-MZP entspricht dies dem Wert von wPendel = 12,3 m was relativ genau mit
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Abbildung 4.30: Brennpunkt der Flat-MZP. Die Intensität im Brennpunkt ist I =
7, 0 · 104 [a.u.] bei einer Halbwertsbreite von δFWHM = 6,1 nm. Inten-
sitätsachse linear, Farbskala logarithmisch.

Dimensionen und dargestellt in Abbildung 4.155. Die höchste Intensität im Brennpunkt
für eine 3D-Flat-MZP ist somit sicher nicht für Tiefen von T ≈ 5 m zu finden, wo nur
die inneren Zonen zur Fokussierung beitragen, sondern im Bereich von T ≈ 1 m, wo
alle Zonen gleichermaßen ihren Intensitätsbeitrag leisten. Dies unterstreicht die Bedeu-
tung der Berücksichtigung der Volumeneffekte der gebeugten Strahlung in den einzelnen
Zonen.
In Abbildung 4.30 ist nun zum ersten mal der Brennpunkt mit in der y−z Ebene dar-

gestellt. Im Vergleich der Halbwertsbreiten der Simulationen in 2D (δFWHM = 7, 5) und
3D (δFWHM = 6, 1) zeigt sich, dass durch den gleichmäßigeren Beitrag aller Zonen eine
größere effektive NA vorhanden ist, was den kleineren Brennpunkt bedingt. Die Betrach-
tung der Gesamteffizienz fällt dabei mit χFlat = 0,8% in Relation zur Eingangswelle
und χ̃F lat = 0,9% für das Welllenfeld, welche die MZP bereits passiert hat, gering aus,
wobei zu berücksichtigen ist, dass die Verstärkung gewachsen ist (Tmax = 7 · 104).

5Zum besseren Verständnis sei folgende Beispielrechnung durchgeführt: im Fall einer 2D-MZP ist der
Flächenanteil der MZP mit einem Radius kleiner 3 m ungefähr 30%. Dieser Anteil liegt im Falle
einer 3D-MZP hingegen nur bei ungefähr 13%.
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Focus simulation for flat and tilted MZP
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Abbildung 4.30: Brennpunkt der Flat-MZP. Die Intensität im Brennpunkt ist I =
7, 0 · 104 [a.u.] bei einer Halbwertsbreite von δFWHM = 6,1 nm. Inten-
sitätsachse linear, Farbskala logarithmisch.

Dimensionen und dargestellt in Abbildung 4.155. Die höchste Intensität im Brennpunkt
für eine 3D-Flat-MZP ist somit sicher nicht für Tiefen von T ≈ 5 m zu finden, wo nur
die inneren Zonen zur Fokussierung beitragen, sondern im Bereich von T ≈ 1 m, wo
alle Zonen gleichermaßen ihren Intensitätsbeitrag leisten. Dies unterstreicht die Bedeu-
tung der Berücksichtigung der Volumeneffekte der gebeugten Strahlung in den einzelnen
Zonen.
In Abbildung 4.30 ist nun zum ersten mal der Brennpunkt mit in der y−z Ebene dar-

gestellt. Im Vergleich der Halbwertsbreiten der Simulationen in 2D (δFWHM = 7, 5) und
3D (δFWHM = 6, 1) zeigt sich, dass durch den gleichmäßigeren Beitrag aller Zonen eine
größere effektive NA vorhanden ist, was den kleineren Brennpunkt bedingt. Die Betrach-
tung der Gesamteffizienz fällt dabei mit χFlat = 0,8% in Relation zur Eingangswelle
und χ̃F lat = 0,9% für das Welllenfeld, welche die MZP bereits passiert hat, gering aus,
wobei zu berücksichtigen ist, dass die Verstärkung gewachsen ist (Tmax = 7 · 104).

5Zum besseren Verständnis sei folgende Beispielrechnung durchgeführt: im Fall einer 2D-MZP ist der
Flächenanteil der MZP mit einem Radius kleiner 3 m ungefähr 30%. Dieser Anteil liegt im Falle
einer 3D-MZP hingegen nur bei ungefähr 13%.
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Abbildung 4.32: Brennpunkt der Tilted-MZP. Die Intensität im Brennpunkt ist I =
7, 4 · 105 [a.u.] bei einer Halbwertsbreite von δFWHM = 5,2 nm. Inten-
sitätsachse linear, Farbskala logarithmisch.

im besonderen die äußeren (schmalen) Zonen sensitiver auf Abweichungen von der Bragg-
Bedingung reagieren. Im Fall der 3D-MZP ist der Flächenanteil der äußeren Zonen wie
schon erwähnt größer, damit aber auch die Sensitivität gegenüber dem genauem Nei-
gungsgrad der einzelnen Zonenbereiche großer und somit die Effizienz der Tilted-MZP
geringer.

4.3.3 Wedged-MZP

Die Herstellung von Zonenplatten in 2 Dimension mit Zonenbreiten von nur wenigen
Nanometern, welche der Wedged Geometrie folgen, konnte bereits realisiert werden [8],
für Zonenplatten in 3 Dimensionen, die für hohe Aspekt-Verhältnisse bisher nur über
das PLD-Verfahren 3.1 hergestellt werden können, ist dies noch eine Herausforderung.
Dennoch sollen hier die Simulationsergebnisse für Wedged-MZP in 3 Dimensionen be-
sprochen werden, was auch dazu dient, einen Wert für das maximale Potential von MZPs
zu geben.
Der in Abbildung 4.33 gezeigte Graph der Intensität im Brennpunkt gegenüber der op-

tischen Tiefe zeigt einen einfachen kontinuierlichen Verlauf. Dies unterscheidet ihn nicht
von der äquivalenten Simulation in 2 Dimensionen (siehe Abbildung 4.23). Auffallend
ist erneut vor allem, dass die optische Tiefe der MZP, nicht der des idealen Phasenschu-
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IRP / SFB 755MZP instrumentation

Mobile set-up:

MZP alignment motorisation (in revision),

Sample alignment + fast Piezo scanner,

Interferometric position control (in progress)
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IRP / SFB 755MZP instrumentation

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:

CRL beam	 @   1 µm (P10), 
FZP beam	 @ 30 nm (C. David), 
MZP beam	 @   5 nm

CRLFZP

MZP

focus
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Continuous 2D scan

Eiger detector @ 750 Hz, 
255 × 255 images, 1 µm2 field of view 
in less than 97 seconds

overivew step scans 
during alignment
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IRP / SFB 755MZP imaging – our first baby steps

Proof-of-Principle Experiments, 2014 – ongoing:
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Experimental Setup Detector Image Empty Correction

 Averaged over scan Empty Correction Phase Retrieval
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GaAs nanowire, thickness ~ 300 nm, length ~ 2 µm
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Sample: 
cracked nano-porous silicon
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shown: Bragg peak at scan positions, 
scan step size: 50 nm
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MZP as scanning probe @ ID–31 
ESRF‘s high energy beamline

60 keV

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

Sample: 
Silicon droplets (crystalls) buried in ZrO2

shown: Bragg peak intensity, horizontal line scans, 
scan step size: 10 nm
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MZP as scanning probe @ ID–31 
ESRF‘s high energy beamline

100 keV

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

Sample: 
Silicon droplets (crystalls) buried in ZrO2

shown: Bragg peak at scan positions, 
scan step size: 80 nm
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2012

W / Si

slow deposition

droplets

f = 50 µm 
E = 7.9 keV

bad W wire

2013

→ W / ZrO2

→ no droplets

→ 250 µm 
→ 13.8 keV

→ glass fibre

2014

→ Ta2O5 / ZrO2

→ fast deposition

→ 470 µm 
→ 18.0 keV

→ first imaging

2015

Ta2O5 / ZrO2

→ reproducible,

→ 15 µm aperture

→ 500 µm 
E = 8.0 keV

→ tapered glass fibre

2016

Ta2O5 / ZrO2

→ 30 µm long

→ aspect ratio > 104

f = 4.0 … 6.6 mm 
→ 60 … 100 keV

10 nm

Author's personal copy

C. Eberl et al. / Applied Surface Science 307 (2014) 638–644 643

3.3. Ta2O5/ZrO2 system

In order to obtain a higher deposition rate while keeping a large
phase shift between the two layer materials even for X-rays with
energies above 15 keV, W was replaced by Ta2O5. Using laser flu-
ences of about 1.6 J/cm2, indeed a very high deposition rate of about
40 nm/kP was obtained after about 8 kP (measured by in situ rate
monitoring). But, the deposition rate strongly decreases for higher
pulse numbers towards 10 nm/kP (see Fig. 5) caused by the forma-
tion of cones and ‘plates’ on the target surface (see SEM picture of
the target morphology after 100 kP). However, by increasing the
laser fluence to 2.6 J/cm2 an extraordinary constant deposition rate
was obtained, even for large numbers of laser pulses (Fig. 5). Now,
the target surface remains quite smooth. Since under these condi-
tions also no droplets are found to be on the Ta2O5 film surface, the
laser fluence of 2.6 J/cm2 gives ideal conditions for the deposition
of both thin and thick Ta2O5 films.

Similar to the W/ZrO2 system, in Ta2O5/ZrO2 multilayers no
enhanced resputtering was observed by in situ rate measurements.
This can be followed in Fig. 6a by a smooth transition of the deposi-
tion rates at both interfaces. Additionally, the deposition rates are
quite similar for both materials facilitating the multilayer growth
even more. Still, the precise deposition rates of both Ta2O5 and
ZrO2 were again determined by fitting the XRR-measurements of
multilayers with different layer thicknesses (Fig. 6b). Here, the large
number of Bragg reflections is a clear indication for sharp multilayer
interfaces. The TFs of this material combination were found to be
3.8 and 3.3 for Ta2O5 and ZrO2, respectively, by using the same TEM
image method as for W/ZrO2. Again, these values are much closer to
� compared to the W/Si system, where strong resputtering effects
occur, simplifying the control and correction of the desired layer
thicknesses by additional laser pulses.

Being aware of all these deposition parameters, recently a
Ta2O5/ZrO2 MZP was designed and fabricated for imaging experi-
ments at an X-ray energy of 18 keV. For such hard X-ray radiation,
an optical thickness of 8.9 �m is required in order to achieve a
phase shift of � and hence maximum efficiency (according to the
thin grating approximation [27]). However, to avoid undesired vol-
ume effects, the optical thickness of 8 �m was used (based on
wave-propagation simulations, not shown here). This time, an out-
ermost zone width of 10 nm was chosen in order to achieve a larger
focal width (f = 520 �m) simplifying the imaging experiments at
the synchrotron. The MZP’s core was a glass wire with a diameter
of 1.2 �m. This glass rod (originally 1 mm in diameter) was drawn
by a micropipette puller which allows the fabrication of wires of
basically any diameter and opening angle. Note that particularly
for efficiency reasons this is of high interest as it allows prepar-
ing tilted or in future even wedged MZPs [28]. Since the deposition
rates of both materials were sufficiently high and did not change
significantly over time, multilayers with precise layer thicknesses
and larger overall thickness of 1.2 �m could be deposited onto the
glass wire, while almost no droplet formation occurred at the same
time. Hence, the cross sectional area of the prepared MZP covered
by the multilayer was strongly enlarged (to about 80%) compared
to the MZPs of the first two material combinations. As shown in
the SEM and TEM images of Fig. 7, the central glass wire is abso-
lutely round and smooth, and the multilayer shows high quality
concerning layer smoothness and interface roughness.

Furthermore, the obtained layer thicknesses agree very well
with the values desired from the zone plate law. Note that the deter-
mination of bilayer thicknesses, as depicted in Fig. 7f, is much more
accurate than that of single layers due to the TEM contrast and the
resulting uncertainty in the actual interface positions. Finally, the
fabrication of the MZP with optical thickness of 8 �m could easily
be realized using FIB, as neither Ta2O5 nor ZrO2 showed any notable
droplet formation. To facilitate the planned imaging experiments

Fig. 8. A mesh scanned image of a Siemens star test structure (2 �m thick W,
smallest feature size of 50 nm). The structure was scanned two dimensionally with
161 × 161 scan points and step sizes of 50 nm, yielding a field of view of 2 �m. The
contrast shown is center-of-mass in horizontal direction. For usual scanning trans-
mission X-ray microscopy (STXM) measurements this corresponds to differential
phase contrast. (Note that due to the motor step size of 50 nm it is not possible to esti-
mate appropriately the MZP’s resolution based on this overview image. A detailed
analysis of the STXM measurements with multi-order MZPs is under investigation.).

at the synchrotron beamline, a new geometry for attaching the MZP
onto a tilted W tip was applied, too (see Fig. 7a).

Combining the high resolution MZP with CRLs for pre-focussing,
imaging experiments were performed at PETRA III, beamline P10.
Among other objects, a Siemens star test structure with minimum
lines and spaces of 50 nm was used. A corresponding phase contrast
image obtained is depicted in Fig. 8. Note that for this overview pic-
ture the motor step size was 50 nm, so 50 nm structures could not
be resolved clearly and an estimation concerning the MZPs resolu-
tion is not possible in an appropriate way from this. Further (more
detailed) results of the synchrotron experiments and especially the
determination of the exact resolution of the lens are still under
investigation. First calculations already indicate that the efficiency
of the MZP could be enlarged in this multilayer system to a value
of 6.9% (in the first focus order). A detailed description and analysis
of the X-ray results as well as the exact resolution of the lens will
be published elsewhere.

4. Conclusion

In summary, we have shown that all the three systems (W/Si,
W/ZrO2 and Ta2O5/ZrO2) allow the fabrication of highly precise
MZPs for nano-focusing of hard X-rays. To obtain high quality
multilayers according to the zone plate law, different steps are
necessary to reach this goal using PLD:

1) The laser fluence has to be adjusted for a sufficiently high depo-
sition rate, droplet minimization and minimized changes of the
deposition rate with target aging.

2) Detailed experiments of the long-term development of the
deposition rate during target aging are necessary, and a decrease
of the deposition rate needs to be corrected during multilayer
growth (e.g. by additional laser pulses).

3) The amount of interface mixing and resputtering has to be
determined in order to obtain precisely the desired single layer
thicknesses in multilayers.
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PLD + FIB = Jelly Roll


