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1907 Welcome and Introduction session Olaf Behnke
Introduction to Photon Sdence 1 Lucas Schwob
Introduction to Photon Scence 2 Lucas Schwob
Introduction to HEP 1 Achim Geiser

20/07 Introduction to Photon Science 3 Lucas Schwob
Introduction to Photon Sdence 4 Lucas Schwaob
Introduction to HEP 2 Achim Geiser

21/07 Introduction to HEP 3 Achim Geiser
Introduction to HEP 4 Achim Geiser

24/07 Accelerator Physics 1 Pedro Castro-Garda
Accelerator Physics 2 Pedro Castro-Garda
DESY tour

25/07 Accelerator Physics 3 Pedro Castro-Garda
Accelerator Physics 4 Pedro Castro-Garda

26/07 Redprocal Space and Prindiples of Diffraction 1 Oleksandr Yefanov

28/07 Astroparticle Physics 1 Gemot Maier
Astroparticle Physics 2 Gemot Maier
Welcome dinner

31/07 Modem Crystallography: Processing Petaboytes of Data Oleksandr Yefanov

01/08 X+ay Spectroscopy of Quantum Materials Markus Scholz

03/08 Scattering methods for Investigation of Sustainable Materials Stephan Roth

08/08 Fundamentals of X-Ray Matter Interaction 1 SangKil Son

09/08 Fundamentals of X-Ray Matter Interaction 2 SangKil Son

10/08 Phenomena at High Xay Intensity 1 Robin Santra

11/08 Phenomena at High X-ray Intensity 2 Robin Santra

14/08 XFEL tour
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15/08 Diagnostics of Light Ulrke Fruehling
16/08 Plasma Wakefield Accerelation 1 Jens Osterhoff
Plasma Wakefield Accerelation 2 Jens Osterhoff
17/08 X-Ray Nano-Analytics and Micoscopy 1 Christian Schroer
Introduction to ultrafast laser and nonlinear optics Giulio Maria Rossi
18/08 X-Ray Nano-Analytics and Microscopy 2 Christian Schroer
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X-ray optics through additive manufacturing
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Abstract
3D printing via two-photon lithography is a novel manufacturing technology in microscale
and nanoscale fabrication. In this report, a printing process for newly developed fused-silica
photoresist has been developed and optimized in terms of printing resolution and optimal
printing parameters. We demonstrate successful printing of parabolic features and final
parabolic defocusing compound refractive lens. Using parabolic equation, the radius of
curvature was quantified for the fabricated refractive lenslets. This enabled quantitative
characterization of printing capabilities for fabricating refractive X-ray optics via additive
manufacturing.
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1. Introduction

Owing to its short wavelength and high penetration depth, high-energy X-rays became a
superlative tool for the investigation of substances at the micrometer and nanometer scale. X-ray optics
have revolutionized the ability to probe matter for material characterization and x-ray microscopy.
Achieving high-resolution with x-rays requires high numerical aperture optics, exact lens shape, and
short focal length aiming for the high-quality x-rays focusing optics.

Three primary types of optics are refractive, diffractive, and reflecting. Refractive optics in x-
ray regime is predominantly represented by compound refractive lenses (CRLs) [1], diffractive optics
include Fresnel zone plates [2] and multilayer Laue lenses [3]. Reflective optics is mainly concerned
with different types of mirrors, the most popular ones being Kirkpatrick-Baez and Bragg mirrors. For
x-ray refractive optics, compound refractive lenses (CRLs) were brought into the field due to their
versatile usage, high refractive power, and wide range of applications based on their shape and a number
of individual lenslets. The small focal length can be achieved via a stack of parabolic refractive lens to
perform compound refraction [4].

Combinations of refractive and reflective optical elements are also possible. Recently, an
achromatic X-ray lens system consisting of a defocusing (diverging) compound refractive lens and a
focusing diffractive optical element was introduced. [4]. The compound refractive lens must have a
comparably short focal length to construct an achromatic system containing highly efficient and high-
resolution optics, such as multilayer Laue lenses. For example, for thin lens approximation, the focal
length of the refractive lens needs to be double of the diffractive lens fr = —2fp , which means that the
focal length of the CRL should be in mm range.

This project aims to perform preliminary tests and optimize the printing parameter and process
for creating a compound refractive lens made of fused silica and conventional polymer.

2. Theory
Achieving short focal length for CRL requires multiple concave (for focusing) or convex (for
defocusing) lenslets stacked together to perform sequential refraction. This approach has been
demonstrated to achieve high-resolution imaging with focal spot sizes of 50-100 nm [5].

Refractive index

A compound refractive lens is composed of many identical lenses stacked behind each other,
as shown in Fig. 1. X-ray oscillation through nanomaterials can be interpreted as the complex index of
refraction as following equation

n=1-8+ip, M

where B is the absorption index and § is the refractive index decrement. The value of the refractive
index for x-rays is slightly below unity, because the refractive index decrement is very small ( § is
typically between 10 and 107) unlike for visible light. It means that x-rays are refracted only weakly.
Focusing X-rays requires a different shape of the lens, not convex as for visible light, but concave.
Moreover, multiple lenslets need to be used, as a single lens provides weak focusing with very long
focal length, as demonstrated in Fig. 1.
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Fig. 1 X-ray focusing of a) a single b) a linear array of biconcave lens

As mentioned, materials composition is essential for determination of the refractive power of
the lens. Typically, low-Z materials are preferred for compound refractive lens (carbon, polymers, or
silicon) due to lower absorption cross-section, which makes it possible to stack more lenslets together
and achieve shorter focal lengths. However, silica or silicon dioxide emerges as a promising material
for x-ray optics due to its high refractive index, excellent thermal and chemical stability, and rapid
manufacturing. Fused silica has refractive index decrement value close to materials like beryllium and
aluminum, which are common materials for refractive lenses as shown in Fig. 2a. In Figure 2b, the
ratio 6/P ratio for different materials is shown, which is used for benchmarking their refractive and
absorptive properties. One can see that compared to diamond and polymers, silica has higher
absorption, but it performs better than aluminum and grows for higher energies.
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Figure 2 Refraction and absorption comparison of different conventional materials used in x-ray
optics

Focal length

For a thin biconcave lens approximation, the formula for focal length goes as follows:

R

f= o @)
The focal length of each lens can be calculated by Equation. 1, where N is the number of individual
lenses in the stack, R is the radius of curvature at the apex of the parabola.

For a thick refractive lens the following equation can be used to estimate the focal length:

R L
f=3ute 2



Notice that parameter R and refractive index decrement delta contribute to the focal length.
However, the parabolic shape of the lens is dependent on the energy and y from the parabolic equation.
Therefore, each point of the ray hit the surface of the lens is matter from the optical axis to the edge of
the lens.

Convex lens is a defocusing lens, which is further used in achromatic lens. The lens discussed
here is the 1D refractive lens, while, for 2D, defocusing paraboloid lens are rotationally symmetric, thus
the two-dimensional defocusing compound refractive lens consists of stacked convex paraboloids. To
reduce the focal length, it is necessary to use materials of higher refractive index decrement and stack
many lenslets together or reduce the apex radius of the lenslets.

3. Experimental

3.1 Materials and method
Compound refractive lenses can be created using several methods. For beryllium and

diamond CRLs, mechanical machining has been used [6], but it limits the number of lenses that can
be stacked together to form the CRL, and thus, the achievable focal length is quite long despite the
high refractive power of these materials. X-ray lithography is commonly used to create polymer
CRLs. Combined with electroplating, it can also be used to create Ni and Al lenses [7]. However,
deep X-ray lithography is a very demanding and labor-intensive technology, both in terms of the
availability of synchrotron radiation and the complexity of the manufacturing process.

A promising alternative is additive manufacturing technology (AM) based on 2-photon
lithography. This technology was implemented to create a 3D printer that can reliably produce even
intricate and precise three-dimensional structures with a sub-micrometer accuracy [8]. 3D printing
based on 2-photon lithography provides the freedom to create any form of optics, including complex
3D structures, which is impossible for UV or deep X-ray lithography. Until recently, this technology
was limited in terms of the variety of printing materials: only polymer photoresists were compatible
with the 2-photon lithography process, in particular acrylates and epoxy resins. Recently emerging
photoresists like GP-Silica and POSS resins [9,10] enable the printing of 3D structures with fused
silica, which has superior thermal and mechanical resilience and higher refractive power.

The fabrication process for both photoresists goes as follows.

IP-Q ‘ ‘ GP-Silica

Model and compile with
DeScribe

Preparing silicon substrate
and photoresist

Printing with 10X objective
lens

Development with PGMEA
and IPA

‘ Development with methanol

\ UV curing | \ Debinding and Sintering ‘

‘ Final structure ‘

The dose deposited in the material during printing can be estimated using the empirical formula

Laser power .
—_—— 1)

JScan speed
5

Dose =



Printing with fused silica is a more complex process than conventional printing with polymer
photoresist. Substantial preliminary design and dose considerations need to be optimized for printing a
particular structure. One of the most important considerations for the model design is the shrinkage of
the printed part during the fabrication process. The final part undergoes two shrinkages: the first
shrinkage has a magnitude of about 10% and is slightly anisotropic. It happens after the development,
which is also accompanied by the deformations occurring due to polymerization and development. The
second shrinkage occurs during the thermal post-treatment and is about 25-30%. This process is
isotropic if the part is detached from the substrate after development. This means that the designs for
printing with fused silica need to be stress-accommodating: it is better to print more hollow structure
with not very bulky features.

3.2 Fabrication of 1D refractive lens of IP-Q photoresist

We performed a comprehensive set of experiments with the dose variation of IP-Q photoresists
as shown in Fig. 3. The dose variation was performed using the parameter sweep function in DeScribe
software. As can be seen from the Figure 3 and 4, we observed the problem caused by an insufficient
dose of the printing structure with the dose parameter less than 0.3 um calculated according to the
formula i. The 60%-laser power shows the problematic structure with printing errors including
detachment and stacking errors causing the layers floating upward in the liquid resin during printing.
Despite implementing a lower scan speed and assembled solid-based structure, the printed blocks
experienced an inability to maintain adhesion to the substrates, leading to their detachment.

a) LP 100, SS 50 b) LP 100, SS 70 c) LP 100, SS90

d) LP 80, SS 50 e) LP80,SS 70 f) LP 80, SS90




g) LP 60, SS 50 h) LP 60, SS 70 i) LP 60, SS 50

Figure 3 1D refractive lens fabrication results with different dose parameters of . a-c) 60-100 of
laser power with a scan speed of 100 mm/s; d-f) 60-100 of laser power with a scan speed of 80
mm/s; g-1) 60-100 of laser power with a scan speed of 60 mm/s

While increasing amounts of dose exposed to photo-reactive resin, most structures lead to an
improvement with more stable and solid printed objects. One consideration in the improved adhesion
properties is surface cleaning with plasma etching or washing with strong chemicals. A printed object
with a dose parameter of 0.44 shows the best surface smoothness and complete structural angle,
therefore, the printing parameters with a dose parameter of 0.44 (laser power of 100% and scan speed
of 50 mm/s) has potentially promising toward optimization of printing 3D microstructure refractive
lens.

Figure 4 Color matrix of dose variation test of IP-Q photoresist, which corresponds to formula 1

To further quantitatively analyze the quality of 1D refractive lens, various apex radii of the
dose-variant of the refractive lens are analysed using the formula for parabola:

y= 2R’ (3)

The parabolic equation (eq.3) is used to fit the parabolic profile extracted from the optical
images with apex radii ranging from 1.9 to 7.6, as illustrated in Figure 5. A desirable 1D refractive lens
can be archived and the printed structure using laser power of 100% and a scan speed of 50 mm/s
demonstrate that most structures obtained their intended and refined shape with an apex radius larger
than 3 pm. In the example of printing a refractive lens with an apex radius of 1.9 um, the problem with
printing sharp features becomes evident. The printing resolution can be caused by the constraints of
beam size of focusing laser beam. While printing with an overhanging component or sharp edge of

7



small apex radius results in mismatching values that contribute to an obtained result of the optimal
printing resolution of 3 um for apex radius.
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Figure 5. Printed object with different apex radii (R) of a) R=1.9 b) R=1.9 ¢) R=1.9 d) R=1.9 and
their corresponding fitting curve

3.3 Fabrication of 1D refractive lens of GP-Silica photoresist

Furthermore, the approach for printing polymer structure has been employed in fused-silica
printing with GP-Silica photoresist. We performed a set of different dose tests in a single dose-variant
printing job. The overall experimental set is demonstrated by Fig.6, and dose color matrix of their
conditions, where the desired structures were printed toward higher laser power between 70 to 90%. As
a result, the optimal parameter is a dose greater than 0.4 with laser power of 40% and scan speed of 40
to 80 mm/s. However, the significance of solid printing time (>8 hrs) needed to be considered and the
cracks on base (pedestal) structure were observed in all conditions.

LP70 LPSO

Figure 6 Green structure after development: a) 1D refractive lens fabrication results with different

dose parameters of . a-c) 50-90 of laser power with a scan speed of 100 mm/s; d-f) 60-100 of laser

power with a scan speed of 80 mm/s; g-1) 60-100 of laser power with a scan speed of 60 mm/s; j-1)

60-100 of laser power with a scan speed of 40 mm/s; m-o0) 60-100 of laser power with a scan speed
of 20 mm/s, b) color matrix of dose variation test of GP-Silica photoresist.

We propose a new design of base structure to resolve the issues related to cracks. In contrast to
a solid printing that implements stress inside a 3D printed structure, in our new design, we combined a
truss-based structure into a print prototype to reduce the surface contact to the substrate which
contributes mostly to structural cracking and distortion shown in Fig 7a. In Figure 7b, we can see that
the fabricated structure matches well with the 3D model with no structural disruption.
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Figure 7 Truss-base structure a) model b) green part of fused-silica lens

One concern for the final printed structure go through an importance of shrinkage due to the
reduction of material density. According to Fig. 8, the lens shows the transformation of the green part
to a sintered structure with a reduction of object size from 180 um to 121 pm. The shrinking factor of
printing performance can be addressed as 1.5, and the shrinking factor is should be taken into account
for fabricating focusing lens with high shape accuracy.

Figure 8 Structural change from green part to final structure after sintering process

To achieve high-precision shape and structure apex radius fitting evaluation has been performed
to determine the quality of 1D refractive lens. The contribution of apex radii are given in Eq. 2, which
reduces the focal length, resulting in strong focusing performance. The final printed structure and their
fitting curve distributions can be clearly seen in Fig. 9 showing the comparison of apex radii ranging
from 5 to 25 wm with an aperture size of 100 pum. Here, when reaching small apex radii approximation,
the values obtained from the fit differ more than for IP-Q photoresist. It indicated the limited printing
resolution of this technique for fused silica.
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Figure 9 Fused silica printed object with different apex radii (R) of a) R=5 b) R=10 ¢) R=15 d) R=20 ¢)
R=25 and their corresponding fitting curves.
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The fabrication of compound refractive lens (CRLs) is successfully achieved with the optimal
printing parameter from the previous experiment. Figure 10 shows the CRL before and after the
sintering process with a total number of a concave lens of 60 and a radius of curvature of 15 um. We
observe some bending structures toward each other caused by the capillary force of two printed
structures during the development process. Preliminary results can be continuously optimized to
obtain the desired structure.

T TR SR T (R o) S S e [ R S S (- - - " -

250.00um

200.00pm

Figure 10 Fused-silica compound refractive lens

4. Conclusions and Outlook

In our project, we designed a new kind of fused silica 1D compound refractive lens based on
IP-Q and GP-silica photoresist optimization. 3D printed structures can be successfully fabricated with
the optimal printing parameter and quantitative analysis has been determined to find an appropriate
radius of curvature of refractive lens. Fabricated x-ray CRLs via two-photon lithography have the
potential to be further developed to test their optical performance at the micro-focus x-ray laboratory
source at DESY.
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