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Abstract

Next-generation nanoprobes, empowered by diffraction-
limited storage rings, as Sirius at the Brazilian Synchrotron
Light Source (LNLS), present high-performance require-
ments aiming at high spatial resolution and throughput. For
the focusing optics, this means assuring a small and non-
astigmatic probe, high flux density, and remarkably high
position stability, while simultaneously preserving beam
wavefront. At stations further dedicated to spectromicros-
copy and in-situ experiments, these requirements add up to
having achromatic design and suitable working distance,
respectively. In this way, Kirkpatrick-Baez (KB) mirrors
have been chosen as an appropriate solution for many of
Sirius focusing optics. Yet, the consequent requirements on
mirror angular stability in less than 10 nrad RMS, surface
quality in single-digit nanometers, and alignment toler-
ances in the range of hundreds of nanoradians, are particu-
larly challenging regarding clamping, vibration, and ther-
mal expansion budgets, even exceeding optical metrology
limits. This work discusses the specifications, design con-
cept, and assembly aspects of the new KB systems for Sir-
ius, taking the TARUMA station from CARNAUBA beam-
line as a case study with its early commissioning results.

INTRODUCTION

The design of efficient X-ray nanofocusing systems,
with high mechanical stability and optimized compatibility
with progressively ambitious experimental setups, is an in-
vestment of significant potential in spatial and temporal
resolution, especially when fully utilizing the brightness
and coherence of 4th-generation light sources [1]. Achro-
maticity, large working distances, and higher acceptance
guided the choice for Kirkpatrick-Baez (KB) mirrors as the
nanofocusing optics for many stations at Sirius [2].

TARUMA [3] is a sub-microprobe dedicated to multi-
technique microscopy and spectroscopy experiments in the
energy range of 2.05 to 15 keV in in-situ and in-operando
conditions at CARNAUBA (Coherent X-Ray Nanoprobe
Beamline) [4, 5]. Starting commissioning in December
2020, it is the first nanoprobe at Sirius, where a KB focuses
x-rays to 120 nm spot sizes (>8 keV) with 450 mm working
distance and up to lell ph/s/100mA on the sample.

Although very promising for scientific opportunities,
this optical design brings remarkably strict requirements in
manufacturing, installation, and positioning. This is clear
from the short summary in Table 1, which includes the
forthcoming station at MOGNO and the SAPOT!] station at
CARNAUBA, with even tighter specifications. Hence, a
high-stability KB system, built on precision engineering
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concepts and following a predictive design approach, has
been developed in-house. The first system, built for TA-
RUMA, is also as a proof of concept for the next KB sets.

Table 1: Short Specifications for the First Sirius KB Sets

KB set TARUMA MOGNO SAPOTI
Focus size 120 nm 100 nm 35nm
Dep. of Focus 80 pm 20 pm 5 um
Max. Mir. Len. 210 mm 450 mm 390 mm
Work. Distance 450 mm 175 mm 55 mm
Grazing Angle 3.9 mrad 4.0mrad 3.9 mrad
Pitch stability <l0nrad <10nrad <4nrad
Surface Error <1nm <1nm <1nm
CONCEPT AND DESIGN

As compared with other X-ray focalizing elements, such
as zone plates and refractive lenses, KB systems can be
used in achromatic optical designs, reach larger working
distances, and eventually allow for higher acceptance [6].
On the other hand, when also bounded to high numerical
apertures and small grazing angles, mirrors are longer and
heavier components, which are more difficult to handle and
position, often resulting in limited dynamics. Moreover,
apart from small focalizing elements, relative metrology
over the extense mirror substrates and/or between the op-
tics and the sample gets complicated. At TARUMA, for in-
stance, where the KB set is in Ultra-High-Vacuum and the
sample is in open-atmosphere, metrology with sufficient
accuracy would be hardly even possible (see [7]).

Figure 1: Reduced drawings of experimental bench and KB
set with VFM and HFM assemblies in the vacuum vessel.

Building up from previous KB system and mirror base
designs [8-12], and recent developments in primary optics
for Sirius mirror systems [13], a deterministic design for
passive high-stability performance was implemented for
KB systems. The concept relies in maximizing the suspen-
sion frequency of both mirrors with respect to a single
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reference frame, which can be directly shared with the sam-
ple stage or used as a metrology reference for it. With high
suspension modes, the sensitivity to common mechanical
disturbances is reduced, which, together with proper man-
agement of vibrational disturbances, allows for reducing
displacement errors to a few nanometers. As illustrated in
Fig. 1, for TARUMA this reference frame is the top granite
of the experimental bench itself.

Sensitivity Analysis and Actuation Ranges

The design premise was to keep the internal mechanism
as simple and stiff as possible. Thus, an error sensitivity
analysis of each elliptical mirror permitted taking profit
from the orthogonal nature of the KB set, and the fact that
each mirror is shaped only in one direction. Error toler-
ances could be shared among both mirrors, and a better use
of mounting tolerances, motion range, and actuator place-
ment could be applied, avoiding unnecessary loss of sup-
port stiffness. Table 2 shows the alignment specs for each
mirror regarding position tolerance for the focus: the max-
imum misalignment allowed in the transversal (Tx,Ty) and
longitudinal (Z) axes was 10% of the focus size (¢) and
depth (DF), respectively. Additionally, the last lines refer
to the alignment and stability of the full set around each
mirror reference point, considering that the sample and
mirror move together on top of the same bench:

Table 2: Taruma KB Alignment Specifications

Alignment specification VFM HFM
Pitch error tol. (mirror to sample) 4 prad 15 prad
Roll error tol. (mirror to mirror) 50 urad 50 prad
Yaw error tol. (mirror to mirror) >] mrad >1 mrad
Pitch @ T=10% o (stability) 7 nrad 10 nrad
Pitch @ Z=10% DF (astigmat.) 0.4 prad 0.7 prad
Pitch @ 0=110% o, (coma) 4 urad 15 prad
Focus Z @ max pitch allowed ~lmm  ~2mm
KB set Pitch stability (to source) 14 nrad 20 nrad
KB set Tx/Ty stability (to source) 2 um 2 um
KB set Roll angle (to source) >2 mrad -

This way, only two actuation axes are implemented in-
side vacuum: the VFM pitch, for compensating possible
mounting errors making the focus astigmatic, and the HFM
roll, for correcting perpendicularity between the mirrors.
All other actuation axes are covered by the 6-DoF granite
bench that moves the entire KB set and the sample together.

Exactly-Constrained Design

To optimize vibration modes by reducing mass in the
mirror frame, reinforced struts were used to exactly con-
strain each mirror frame instead of the folded leaf-springs
used in [13]. This granted a significant size reduction since
the mounting volumes for struts are far more compact. The
center of gravity of the mirror-frame assembly was opti-
mized to be as close as possible to the stiffness center of
the struts, improving suspension frequencies to >450 Hz
and the most sensitive mode to >1 kHz. Although this
choice led to larger parasitic motion, from strut shortening
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effects, and reduced range/stiffness ratio, both aspects were
authorized by the sensitivity analysis mentioned in the pre-
vious section. For the in-vacuum actuation, an N-470 Pi-
ezo-Mike and a PiRest P-888.31 by PI were chosen for the
HFM-roll and VFM-pitch actuation, respectively. For feed-
back, Lion Precision capacitive probes were used. The de-
tailed design of the mirror mechanics is shown in Fig. 2.
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Figure 2: KB mechanisms for VFM (a) and HFM (b), high-

lighting embedded flexures in the frames reinforced flex-
ural struts, piezo actuators and capacitive sensors.

20mm

As with the primary optics, deformations from thermal
expansion mismatch are mitigated by having the mirrors
fixed to three embedded flexures in the mirror frames, cre-
ating a thermal center. As an additional measure, the KB
frames were made from a custom Invar alloy with a ther-
mal expansion coefficient (CTE) closer to that of silicon at
room temperature. The special Invar is a modified ASTM
B743 Invar 37 re-forged with a Ni concentration of 37.5%,
resulting in a tested CTE of 3.12 (um/m)/K at 35°C.

Next, ensuring high-stiffness links between the KB mir-
rors and their fixtures was mandatory to preserve the high
suspension coupling to the granite bench and minimizing
the errors in the passive stability or metrology. However,
the common approach of bolting or clamping mirrors to
their mounts would be impracticable for KB mirrors, as the
required preload forces would introduce unacceptable de-
formations at the optical surfaces, affecting focus [14]. The
solution consisted of epoxy-gluing the mirrors to the em-
bedded flexures in the frames, such that, not only clamping
forces are prevented, but also the hinges in [13] are expend-
able, with the interface stiffness becoming limited only by
the adhesive elastic modulus, the bond layer thickness and
interface area. A mixture of MasterBond 42HT-2LO epoxy
adhesive with embedded 53 pm glass microspheres (1%
w.t.) is deposited over the three 8 mm diameter pads with
a custom dispenser. The resulting bond layer has a repro-
ducible 60pm interface thickness that is dominated by the
spheres when preloaded by the mirrors weight.

To quantitatively evaluate the residual bond layer shear
stresses from epoxy cure-induced contraction that could
deform the mirror surface, deformations in Imm thick
glass slides glued to a metal substrate were measured dur-
ing the curing process and fed to a custom material model
in Ansys Mechanical. This model allowed some optimiza-
tion of the interface area diameter by finding a suitable
compromise between stiffness and adhesion strength in the
point of maximum shear stresses. Figure 3 shows the sim-
ulated comparison between the deformation profiles of a
120N bolted solution and the glued interfaces (both with
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estimated stiffness > 1¢9 N/m), with the maximum values
of 0.47 nm for the HFM and 2.3 nm for the VFM in the
latter case, and the effects on the HFM focus profile.
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Figure 3: VFM and HFM surface deformations (left) and
given HFM focus profiles (right) for different fixture types.

METROLOGY AND ASSEMBLY

Resulting from the design decisions stated previously,
much engineering effort was transferred to the assembly
phase, when the preliminary alignment of the KB set had
to be done offline and with paramount precision. If the
alignment between mirrors was to fall off the limits stated
in Table 2, the specified in-vacuum motion ranges would
become insufficient for an acceptable focus alignment in
2D. Therefore, in addition to confirming mirror figure, a
proper fiducialization of such figure within space was man-
datory for an adequate alignment of the KB set with regard
to the sample at the experimental station.

A sequence of measurements with a Fizeau interferome-
ter (FZI) setup was conducted to confirm figure error con-
tributions from the gluing process. However, due to repeat-
ability limits and height errors of the interferometric lens,
the measurement error was limited to about 3 nm peak-to-
valley, still above the expected surface deformations. Thus,
ultimate validation remained for commissioning with the
X-ray beam at the beamline.

Concerning alignment, the orientation of each mirror el-
lipse in their own substrate was estimated from fitting
points at the side of the polished areas, measured with
about 1 pm resolution in a Zeiss coordinate measurement
machine (CMM). The fitting algorithm used Python’s Imfit
library to perform a least-squares fit of the center and rota-
tion angle of a fixed ellipse that generated from the p, ¢ and
0 design parameters obtained from the manufacturer’s doc-
umentation. This assessment provided enough information
to manufacture parts compensating deviations in the mirror
substrate, allowing a more assertive assembly of the me-
chanics. The vacuum chamber was specially designed to fit
within the CMM working volume, so the assembly could
be metrology-assisted. A simultaneous setup with 6 length
gauges provided a 6-DoF position-feedback of each mirror,
mounted and adjusted with complementary structures. The
VFM height and angle was aligned to the vessel base
flange, whereas the HFM height and angle was aligned to
the VFM axis. Lastly, the longitudinal position of the HFM
was aligned to the VFM fitted focus.

To conclude, still in the CMM, the KB fitted focus was
fiducialized to targets outside the vacuum chamber, used
later for the experimental station laser tracker alignment.
The final mounting errors for the KB are listed in Table 3.
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Table 3: KB Set Assembly Uncertainties with the CMM

Mirror  Ellipse CMM HFM to VFM
Axis Fit Uncertainty Mount Error*
Tx 50 um 1 pm 15 £ 50 pum
Ty 70 pm 1 pm 15+ 70 pym
Tz 164 pym 1 pm 8+ 164 um
Rx 3 prad 15 prad 40 + 15 prad
Ry 1 prad 15 prad 105 £ 15 prad
Rz - 67 prad 215+ 67 prad
COMMISSIONING

After the preliminary alignment campaign during instal-
lation, the alignment of the KB set with respect to the beam
is done by jointly moving the experimental bench and
searching for the focus with a reference sample, done at
TARUMA via knife-edge fluorescence mapping or ptycho-
graphic reconstructions. The alignment strategy consists in
firstly aligning the HFM and VFM to the source, correcting
coma aberrations with the Ry and Rx DoFs in the KB gran-
ite and top granite, respectively. Next, the fine VFM coma,
and astigmatism and trefoil aberrations between mirrors
are corrected with the internal actuators. Figure 4 shows
the preliminary results obtained with x-rays at TARUMA:

Figure 4: Applied Nanotools 100 nm calibration patterns
(left) imaged by pink beam fluorescence mapping (right).

CONCLUSION

Although commissioning is still ongoing, the prelimi-
nary results of the first KB system following the innovative
in-house design at TARUMA suggest that the ambitious
design targets have been achieved. Although close to the
limits of the instruments, the new dimensional metrology
procedure proved successful. The optical metrology, how-
ever, needs even further improving, where a calibration of
the lens and a more robust setup are underway, considering
the validation of next KB systems. The sensitivity analysis
paves the way to more optimized designs, considering not
only better use of mounting and alignment tolerances, but
also allowing high-dynamic realizations. The lessons
learned at TARUMA already benefit the new designs with
more challenging specs underway, including multiple coat-
ing stripes and even stricter stability tolerances.
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