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ABSTRACT

Nanofocusing with refractive X-ray optics requires the combination of many single lenses into a larger lens
stack to achieve high numerical apertures. So far, these optics have suffered from aberration due to accuracy
limitations in X-ray lens manufacturing. Refractive phase plates have been used to compensate these errors,
but require separate alignment and wavefront metrology. Here, we present the concept of X-ray lens cubes,
a new assembly strategy developed for laser-ablated diamond X-ray lenses. It allows to integrate a diamond
phase corrector directly into the quasi-monolithic assembly, creating lens cubes that contain several lenses with
a matching and pre-aligned phase corrector. We show the experimental validation of individual lens cubes, as
well as the stacking of two cubes to form a larger lens stack. The concept and advantages of integrating multiple
phase plates into a lens assembly are validated by numerical simulations. Aberration-compensated lens cubes
can offer near diffraction-limited imaging performance over a broad X-ray energy range in combination with easy
alignment, providing broad practical applicability for nano-imaging experiments in the hard X-ray regime.
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1. INTRODUCTION

Diamond X-ray lenses have emerged as a promising alternative to aluminum and beryllium compound refractive
lenses (CRLs) for focusing hard X-ray beams at synchrotron radiation and X-ray free-electron laser facilities.
Their fabrication is based on laser ablation of diamond in order to create a concave lens profile into a diamond
substrate. As either chemical vapor deposition (CVD) or high pressure high temperature (HPHT) single-crystal
substrates with high purity are used, the optical quality of fabricated lenses mainly depends on the accuracy of
the milling process via laser ablation. A steady development in laser ablation technology has led to tremendous
improvements in their shape accuracy in recent years.1–3 However, the lenses still exhibit significant shape
inaccuracies in the order of a few micrometer, effectively preventing diffraction-limited focusing for high numerical
apertures (NA), where several of these lenses are combined. In addition, past developments were relying on the
stacking of individual lens elements, either small diamond cylinders1 and plates,2 or diamonds pressed into a
round casing.3 So far, none of these approaches could offer the accuracy, repeatability, and ease of handling
in a combined package in order to reliably configure a larger stack of diamond lenses with a fixed aberration
signature. Especially due to the rotational symmetric nature of the widely used 12mm round lens coins3,4 an
easy and repeatable alignment was not trivial. Achieving this reliability is a key element in order to compensate
eventual fabrication errors in the lenses by means of a static refractive phase corrector,5,6 as changes in the lens
stacking can alter the induced aberrations. While aberration compensation by these phase correctors is nowadays
routinely used in imaging applications,7–12 their alignment often requires at-wavelength metrology and expert
knowledge.
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Here, we present diamond X-ray lens cubes (LC) for the assembly of a hard X-ray lens made out of single-
crystal diamond substrates. The mechanical stability of diamond in combination with a precise substrate shape
and micrometer-level positioning accuracy enable the assembly of a quasi-monolithic X-ray lens comprising of
multiple lens elements in combination with a pre-aligned and tailored aberration-compensating phase plate made
out of diamond.13 The LC not only pre-aligns the lenses and phase corrector into a single optical element, but also
reduces the inter-lens distance to a minimum, allowing for the direct stacking of diamond substrates back-to-back
with no air gap. Venting channels for in-vacuum use can be integrated directly into the diamond substrates.
In this study, we show the experimental validation of the LC concept and also demonstrate the advantages
of minimizing the inter-lens distance as well as the use of multiple phase plates within the lens assembly by
numerical simulations. These advancements can offer near diffraction-limited hard X-ray imaging capabilities
for the non-expert user with a broad applicability at both synchrotron radiation and X-ray free-electron laser
facilities.

2. LENS CUBE FABRICATION

Diamond lens plates used in this study were single-crystal CVD diamond plates in mechanical grade with lateral
dimensions of 3mm × 3mm and a thickness of 0.5mm. Both sides of the substrates were polished to a surface
roughness of 30 nm. They were processed via ultra-short pulsed laser ablation14 using an Amplitude Satsuma
HP2 ytterbium-doped fiber laser with a fundamental laser wavelength of 1032 nm and a pulse duration of 285 fs.
The laser was operated with a third-harmonic frequency-conversion unit at a wavelength of 343 nm and a pulse
energy of up to 3µJ at a repetition rate of 1MHz. The pulse energy was adjusted to achieve a uniform material
removal and minimal surface roughness. Individual pulses were triggered position based from the encoder position
of the stages. For lateral displacement of the sample a planar XY scanner with air bearing was used. Height
translation of the laser focus was achieved by moving the focusing objective with a linear air bearing stage.
Laser pulses were focused on the surface of the substrate by an objective with NA 0.36, resulting in a spot size
below 1µm. The lens shape was created by subsequently removing material layer by layer. First, a parabolic
lens volume was removed from one side of the diamond substrate. Subsequently, an identical paraboloid was
removed on the opposite side to form a bi-concave lens of two aligned and opposed paraboloid structures. The
targeted radius of curvature R of the lens was 50 µm, while the geometrical aperture D can reach up to 312µm.
We aimed for a distance d between the two lens vertices of 10µm to minimize absorption.

For in-lab metrology a Keyence VK-X1100 confocal laser scanning microscope (LSM) with a 50× objective
and NA = 0.95 was used. The LSM provides a means of quality control and was used to refine ablation
parameters as well as the paraboloid shape. An example of such a shape measurement is shown in Fig. 1a).
The map shows 2D measurement data after the removal of a fitted paraboloid of rotation with a curvature of
R = 50.0 µm. The fit reveals concentric rings on the lens surface with an amplitude of 0.5 µm as well as some
non-rotational symmetric surface errors. A radially-averaged error profile is shown in Fig. 1b), highlighting the
fabrication reproducibility, especially for the mentioned ring features for radii below 100µm.

After fabricating 20 lens plates, 10 each were combined into a LC. The LC consists of a mechanical assembly
unit, comprising an alignment prism (blue prism shown in Fig. 1c), two springs (red part in Fig. 1c), and a holding
clamp (orange part in Fig. 1c). After compressing the springs, the holding clamp is slid over the assembly and
is held in place by friction.

3. EXPERIMENTAL CHARACTERIZATION AND PHASE PLATE INTEGRATION

In this study, a total of 20 lenses were manufactured, and each set of 10 lenses was initially assembled into a LC. To
design and fabricate the phase plates15 capable of correcting the aberrations introduced by each set of lenses, the
focused wavefield of each LC was characterized by at-wavelength metrology based on X-ray ptychography,16,17

offering the possibility of reconstructing the complex wavefield of the X-ray beam. The ptychographic imaging
experiments were conducted at the microprobe endstation of beamline P06 of PETRA III at DESY. A photon
energy of E0 = 15 keV was selected by a Si(111) monochromator. The schematic configuration of the experiment
can be seen in Fig. 2. An entrance aperture pinhole with A = 300 µm diameter (Pt/Ir (95/5%) for electron-
microscopy use, PLANO GmbH) was placed roughly 5mm upstream of LC to confine the illuminating X-ray
beam. The pinhole diameter A is intentionally designed to be slightly smaller than the lens aperture in order









0

1

re
la

tiv
e 

in
te

ns
ity

5 mm5 mm 50
0 

nm

500 nm500 nm50
0 

nm
a) b) c) d)

Figure 5. Beam and focus quality of the combined LCs, containing N = 10 + 10 = 20 diamond lenses, without and with
phase plate at 15 keV. a) Horizontal beam caustic without phase plates. b) Focal spot intensity without phase plates. c)
Horizontal beam caustic with phase plates. d) Focal spot intensity with phase plates.

the lens casing for each single lens, the inter-lens distance is large, in this case 2mm. When the X-ray energy is
changed, the refractive power of each lens element is altered, leading to a different beam convergence trajectory
within the optically thick lens stack and consequently to a change in focal length. The solid yellow beam
represents the beam at the set design X-ray energy E0, where the downstream-mounted phase plate matches
very well to the beam and its aberration pattern. The higher energy scenario is indicated by the dashed line,
the lower energy case by the dotted line. It can be seen that the phase plate size will not fit for these non-
default energies, as the beam size at the fixed phase plate position changes with X-ray energy. In the following
simulations the phase plate position was kept constant. However, one could also move the phase plate along the
optical axis to compensate for a change in beam size.19 While this will definitely improve the phase plate fit,
changes in the aberration pattern due to the different beam trajectory in the lens stack can not be accounted
for. In addition, the phase plate can typically not be moved by arbitrary distances upstream, which is required
at lower X-ray energies, as it will inevitably collide with the lens stack itself at some point. The issue can be
partially avoided if the initial phase plate design position is further downstream from the lens exit. Furthermore,
re-alignment of the phase plate is typically required after moving it along the optical axis.

An alternative approach is shown in Fig. 6b), where the phase plate is positioned upstream at the lens
entrance. This placement avoids the problem of varying beam sizes encountered downstream from the lens and
potential repositioning along the optical axis. However, the phase plate shape will only be optimal for the design
energy E0, as the aberration pattern will change with a different beam trajectory through the lens stack for
E 6= E0, as mentioned before. While the measurement of beam aberrations downstream of the lens stack is
straight forward and the results can directly be used to design the phase plate, as described earlier in Section 3,
the design of an upstream-mounted phase plate is more complicated. It requires knowledge of every single lens
element, their positioning with respect to each other, and an iterative refinement process to find the optimal
phase plate shape. In the presented simulations the knowledge about every single lens element is trivial and a
Gerchberg-Saxton (GS) algorithm20 was used to find the phase plate shape.

By directly stacking the lens substrates back-to-back, as realized within the presented LC, the inter-lens
distance is minimized, here to 0.5mm. This scenario is illustrated in Fig. 6c). Especially for nano-focusing
applications, where the focal length is typically short and many lenses are required to achieve a sufficient NA,
this approach will reduce the required lens stack thickness by more than a factor of 4, compared to CRLs with
2mm inter-lens distance. This significant reduction in optical thickness leads to a reduction in beam trajectory
differences within the lens stack for a given X-ray energy range. With the LC concept the optical thickness can be
further reduced by the introduction of multiple phase plates within the lens stack, illustrated in Fig. 6d). Here,
each phase plate effectively only corrects induced aberration from a sub stack of the lens system. By choosing
the number of lenses per phase plate, taking measurements and manufacturing limitations for the phase plate
shape into account, an optimized number of phase plates can be found. This optimization also depends on the
particular aberration pattern of the lenses themselves. If the lenses themselves have almost no aberration, it is
plausible that less phase plates are required and a phase plate can be employed for a larger lens stack without
tremendous negative impact of the aberration correction over a given X-ray energy range.









that the phase plates will never fit that well in the first place. A slow increase in wavefront error seems therefore
more beneficial, as has been demonstrated experimentally for a larger LC assembly with up to 60 lenses.13

5. CONCLUSIONS

Aberration correction using phase plates has become routine in recent years for nano-focusing applications.7–12

However, until recently13 the phase plate was always added externally, requiring careful alignment and wavefront
metrology.15 Here, we presented the concept of compact lens cubes (LCs) for diamond refractive X-ray lenses
that integrate the corrective phase plate, also made out of diamond, directly into the lens stack. This approach
enables the fabrication of a quasi-monolithic X-ray lens with high numerical aperture and integrated aberration
compensation. The individual LCs can be freely combined, and each LC can host one or even multiple phase
plates.

This new lens assembly concept provides a broad practical applicability for nano-imaging experiments that
rely on refractive optics for their compactness, ease of use, and inline geometry. The LC is used in practice
like coin-shaped CRLs, following the same alignment routines and offering a compatibility to existing CRL
mounts. No further wavefront metrology is required to achieve a close to diffraction-limited performance, which
is especially useful in time-critical experiments or complicated multi-lens setups, e.g. for simultaneous bright-
and dark-field imaging at X-ray free-electron laser sources.
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