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Abstract

The first set of Sirius beamlines is expected to start op-
erating in early 2019. Regarding X-ray mirror systems, a
single design concept has been possible thanks to the stand-
ardization of side-bounce fixed-shape mirrors. To preserve
the extreme quality of both the mirror figures and the
source, the main design targets were minimizing mechani-
cal and thermal distortions in the mirrors while maximizing
mechanical and thermal stabilities. A deterministic high-
resolution exactly-constrained flexure-based mirror sup-
port provides pitch tuning within 100 nrad and resonances
above 150 Hz, while dealing with clamping and thermal
expansion effects. The adopted cooling strategy was indi-
rect cryocooling via cryostats, drastically minimizing ther-
mal gradients and distortions in the mirrors, decoupling vi-
bration sources and simplifying cooling circuits. Finally, a
5-degree-of-freedom granite bench, based on high-resolu-
tion levellers and air-bearing solutions, support the vacuum
chamber, on which the internal mechanics is stiffly
mounted. The specifications, design and partial results are
presented.

INTRODUCTION

The design of mirror systems is one of the most revisited
topics in beamline designs, since ever-increasing power
management and figure error requirements continuously
drive either innovative or optimized concepts, particularly
for cooling and figure shaping [1-6]. For many solutions,
however, it is often unclear how complex mechanics and
cooling schemes may limit performance either in terms of
slope errors or mechanical stability.

To comply with height and slope budget errors as low as
a few nanometers and tens of nanoradians, respectively,
Sirius X-ray mirrors were standardized in fixed-figure con-
figuration, thus preventing the use of benders. Next, look-
ing forward to superior passive mechanical stability, the
decision for side-bounce deflection standardization was
made. These two conditions, together with generally low
absorbed power levels, i.e. below 50 W, have created the
opportunity for the development of an alternative standard
design for mirror systems, as illustrated in Fig. 1.

From the experience gained with the High-Dynamic
Double Crystal Monochromator (HD-DCM) [7], determin-
istic design concepts have been applied to seek simple yet
accurate and highly-stable thermo-mechanical solutions.
Details about the vacuum vessel, cryocooling scheme
based on cryostats and cooling braids, fixation of the mir-
rors and internal mechanics are given in the following sec-
tions. More information about the granite bench and the
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designing process for the mirrors are found in [8] and [9],
respectively.

(b)

Figure 1: Example of the new standard mirror systems for Sirius
X-ray beamlines. (a) Vacuum vessel on granite bench; (b) mirror
mounted to fine-tuning mechanism.

CONCEPTUAL DESIGN

The concept of the mirror systems was, from the very
beginning, based on a few deterministic design guidelines.
From the bottom to the top, the mirrors should be built on
highly stable granite benchs, having only as many of de-
grees of freedom (DoF) as those necessary for positioning
and alignment at the beamline [8]. Then, as approached in
the HD-DCM, the vessel should be treated as an interface
between the mirror and the bench, and by no means as a
reliable and stable mounting structure in itself. Next, the
mirrors should be deterministically fixed to an UHV-com-
patible high-resonance-frequency fine-tuning mechanism,
which should be directly mounted to the vessel to benefit
from the high stiffness of the bench. Finally, mechanically
complex colling schemes should be avoided. Then, gather-
ing the specifications, error budgets and alignment require-
ments for the mirrors of the first set of Sirius X-ray beam-
lines, common ground could be defined for the develop-
ment of standard systems. The summarized specs are gath-
ered in Table 1.

Table 1: X-ray Mirror Systems Summarized Specs

Description Spec
Ry range: > 1 mrad
Ry resolution: <100 nrad
Ry stability: <30 nrad RMS2 skmz
Resonances: > 150 Hz
Thermo-mechanically in-
dused ;)lopzcer?or(s:f1 Y <30 nrad
Power load: <50 W

indirect cryocooling via

Cooling scheme: copper braid and cryostat
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Vacuum Vessel

her, and D

The vacuum vessel module is depicted in Fig. 2. The
73 stainless-steel vessel consists of a main square-shaped box
2.and a top flange, sealed by means of aluminium wire. In
Té the main vessel, all the required electrical feedthroughs for
i the motors, encoders, temperature sensors and heaters used
f in the internal mechanism are available, so that the mirror
© can be functionally tested before the lid is put on. It also
£ has ports for: the entrance and exit of the beam (both with
= gate valves); viewports, which are also used for accessibil-
\é ity during assembly and maintenance; the standardized 600
E: L ion pump; vacuum sensors; and venting valves. The top
o flange hosts the cryostat port and auxiliary viewports.

A few key design choices regarding the chamber were
made to improve the overall mechanical stability of the as-
sembly. Firstly, benefiting from some torsional compliance
of an open box, four contact pads are machined at the outer
limits of the bottom surface of the vessel to deterministi-
cally define the mounting points on the granite. Thus, fix-
ation lever-arms and, consequently, the rotational vibration
modes of the chamber can be maximized. The preload is
made through four bolts in extended ears in the bottom
flange. Then, to optimize the stiffness chain between the
internal mechanism and the granite by preventing exces-
sive bending of the vessel’s bottom flange due to the vac-
uum forces (and a possible loss of contact with the granite),
a central pad is also machined in the center of the bottom
surface and is preloaded against the granite by means of a
SMW workpiece positioning system. Finally, the suspen-
sion frequency of the ion pump is also optimized by a stiff
pre-loaded connection to the granite.

ublis
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B Figure 2: (a) Isometric view of vessel module: (1) main vessel,
£ (2) top flange, (3) cryostat, (4) ion pump, (5) electrical feed-
8 throughs, (6) viewports and (7) gate valves. (b) Isometric view
2 through transparent granite, highlighting the outer (1) (x4) and
central (2) contact pads, and the workpiece positioning system
embedded in the granite (3).
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These choices make in-situ baking a potential problem,
= due to temperature limits and thermal expansion effects be-
' tween the vessel and the granite. In addition to that, design-
g ing the internal mechanism to allow for both low and high
?‘5 temperature ranges would offer additional limitations in
& terms of stresses. Finally, decoupling the vessel from the
granite for baking might lead to alignment issues. All con-
sidered, in-situ baking was considered a disadvantageous
option. Therefore, to complement pre-assembly baking of
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the parts, a hot-nitrogen purging system is currently under
development for in-situ pumping improvement.

Mirror Fixation

To achieve high-stability performances without active
dynamic stabilization, two basic approaches are mitigating
disturbance sources and designing for high-frequency res-
onances. For the mirrors: the first is obtained by decou-
pling the cooling source via braids; whereas the latter de-
pends on materials and design. Practical limitations are
given by the compromise between high clamping forces for
high contact stiffness and the introduced stresses and de-
formations, which might spoil mirror figures.

For the HD-DCM, a three-point flexure-based solution
for fixing the crystals with deterministic mechanical and
thermal performance was implemented [10]. There, dy-
namic coupling above 1kHz was achieved, while dealing
with thermal expansion effects between the crystals and
their supports for temperature differences as high as 100 K.
Hence, a similar solution was considered for the mirrors,
as shown in Fig. 3.

‘ //%\/\G
b)
Figure 3: Mirror fixation concept with flexures and flexural-
hinges: a) isometric view of the assembly: (1) mirror (transparent
for visualization), (2) threaded rods, (3) support frame and (4)

hinges; b) top view of one of the flexures, indicating its local co-
ordinate system (#wy), and inset with hinge.

Regarding thermal effects, the three flexures machined
in a support frame create a thermal center with respect to
which the optics may deterministically shrink or expand.
Although this concept alone was enough for the crystals in
the HD-DCM, the extreme error budget requirements of
the mirrors led to the development of an additional elastic
layer. Indeed, since each flexure has one weak translation
(u) and one weak rotation (R,,), but high stiffness in all
other directions, machining height and flatness limitations
in the contact surfaces of the support and the mirror would
lead to bending moments and, consequently, unacceptable
deformations in the mirrors. This problem was reduced by
adding flexural hinges between the mirror and the flexures,
having the compliant rotation of the hinge (R,) perpendic-
ularly aligned to the compliant rotation of the flexure.
Thus, a spherical joint is emulated in each contact region
and a quasi-kinematic mount is achieved.

Naturally, if compared to the crystals in the HD-DCM,
lower modes can be expected, due to the much larger
masses of the mirrors and limitation in clamping forces.
Nonetheless, modes above 200 Hz are typically feasible,
provided that the fixation points in the mirror are properly
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chosen. As for preload and the connection to the cooling
braids, controlled nearly-constant forces can be applied via
threaded rods and proper arrangements of spring-washers.

Internal Mechanics

Considering that all the necessary DoF of the mirrors
should be covered by the granite bench, the internal me-
chanics may simply provide a few high-resolution DoF
with enough range to complement that of the bench when
necessary. Thus, after the development of the HD-DCM,
the possibility of designing short-range mechanisms for
mirrors based on folded leafsprings (FLS) was very appeal-
ing due to several reasons.

Firstly, clean, high-resolution, high-repeatability and
nearly frictionless mechanisms are possible. Secondly, as
FLS constrain a single DoF [11], not only is it relatively
simple to add or remove DoF, but also the support frame of
the mirror may be exactly-constrained, preventing bending
moments and deformations from connections with other
parts, which would be, otherwise, propagated to the mirror
to some extent. In addition to that, a thermal center can be
designed for the support, so that its working temperature
may have much more design flexibility while thermal ex-
pansions are conveniently handled. In that sense, another
advantage is that FLS may also work as an efficient thermal
isolation layer between parts at different temperatures.
Moreover, they do not present shortening effects, as many
flexural options do, so that parasitic effects can be reduced.

Another key advantage in this concept is that through
careful design the mechanism stiffness in different axes can
be optimized so that the driving forces can be significantly
reduced. This not only expands the range of actuation op-
tions, allowing for simple and cost-effective piezowalkers,
for instance, to be selected, but also paves the way for dy-
namic mirror systems, if active mirrors are to be developed
for improved stability or scanning performance. In fact, a
scanning Kirkpatrick Baez (KB) system is already envi-
sioned for Sirius CARNAUBA beamline. So, within this
conception the resolution is simply defined by the actuator
resolution and/or the actuation lever-arm; the range, by the
driving force capacity, or ultimately by the stresses in the
FLS; whereas linearity, repeatability and parasitic motion
are direct outputs of the concept and its realization.

Figure 4 shows the proposed internal mechanism for the
first mirror of CATERETE beamline: CAT-1-VFM. The
fine pitch (Ry) DoF is implemented by means of: three ver-
tically-oriented FLS, constraining the vertical translation
Ty, and the two rotations Ry and Rz; and two horizontally-
oriented FLS, constraining the two horizontal translations
Tx and 7%z, and defining the rotation axis and the thermal
centre of the mechanism. The actuation is made with a lin-
ear piezo-walker actuator preloaded by a spring. The selec-
tion of this low-cost actuator was driven by resolution,
force, range, control options, volume, UHV compatibility
and cost. Comparing piezo-walker and piezo-stack actua-
tors, for example, the first have significant range and vol-
ume advantages, at the same time that they may also result
in improved passive stability. Indeed, piezo-stacks are ac-
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tive systems which may suffer from control noise and ther-
mal drift. With a lever-arm of about 80 mm, step sizes of
100 nrad should be feasible. Moreover, the optimized FLS
design allows for 3 mrad stroke with less than 5 N, leaving
at least 15 N for preloading forces without exceeding the
capacity of the actuator, so that good contact stiffness be-
tween the actuator tip and the support can be achieved.

For metrology and feedback, resolution in the order of
10 nrad RMS up to 2.5 kHz was desired to allow for online
local in-position stability measurements. Absolute linear
encoders with 1 nm resolution were selected over other
non-contact probes options, such as capacitive sensors and
interferometers (IFM). The reasons were: resolution and
range are not conflicting factors, as they are in capacitive
sensors; alignment tolerances are broader than in most IFM
options; as in capacitive probes, but differently from [FM,
absolute encoders save time in homing and alignment pro-
cedures; electronics are simpler and free of multiple-chan-
nel constraints; costs can be a factor 3 or 4 smaller.

Figure 4: CAT-1-VFM mechanism isometric view: (1) support
frame; (2) vertical (a) (x3) and horizontal (b) (x2) FLS; (3) verti-
cal (a) (x3) and horizontal (b) (x2) FLS supports; (4) piezo actu-
ator; (5) preload spring; and (6) optical encoder (x2).

Cooling and Thermal Management

Silicon, which is the substrate material of all X-ray mir-
rors of the first set of Sirius beamlines, is known for re-
markable thermal properties at low temperatures. Indeed,
not only does the thermal expansion cross zero around 125
K, but also the thermal conductivity even exceeds that of
copper for temperatures between 80 and 150 K. Thus,
when compared to room-temperature operation, and partic-
ularly if the absorbed power levels and power densities are
low enough, having the operational temperature of a mirror
around 125 K may considerably reduce its thermal gradi-
ents (due to the high thermal conductivity) and nearly elim-
inate thermal bumps in the footprint (due to the very low
thermal expansion). Considering the very small numbers in
height and slope error budgets, this becomes an interesting
option if the remaining challenges of working in cryogenic
temperatures can be properly handled.

Regarding design, different alternatives can be envi-
sioned once the heat conduction in the silicon body itself
may not be the bottleneck in the heat extraction chain. For
low powers, an elegant solution consists in indirectly cool-
ing the mirror via a copper braid and a cryostat, as adopted
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[a)
E for handling 20 W in an artificial channel-cut monochrom-
g ator at the XFEL [12]. Some key advantages of this solu-
Z tion over conventional water cooling schemes are: the dras-
g tic reduction in number of parts and masses around the op-
) tlcs the decoupling from the cooling vibration source; and
° the elimination of water-vacuum interfaces or vacuum
2 guards Therefore, this was chosen as the standard solution
% for Sirius X-ray mirrors. In most cases, with power levels
2 below 10 W, the solution is fairly straightforward. A few
cases however, do require some more work as they ap-
= proach 40 or 50 W, which seems to be a practical limit due
£ to the limited conductlvrty of the interfaces and the braids.

In cryogenic applications materials selection deserves
< special attention. When dealing with flexures linking parts
«E with large temperature differences, two opposite choices
£ can be considered. Either high-conductivity materials may
2 be used to prevent excessive temperature gradients, or low-
g conductivity materials with small thermal expansion coef-
£ ficients and high yield strengths are required, so that the
£ large gradients may result in bearable deformations and
£ stresses. For the support frame, aluminium was the mate-
2 rial of choice because of: availability and costs; low den-
E sity, reducing mass and inertia for improved dynamic per-
5 formance of the assembly; good thermal diffusivity, allow-

1ng for faster thermal stabilization and temperature control;
—‘: and small bending sensitivity, reducing bending moments
O and deformations. Thus, differently from the HD-DCM in
0 which the invar flexures worked as an efficient thermal re-
2 sistance, the mirror support flexures resulted in poor ther-
Z mal insulation. Nonetheless, the insulation requirements
2 between mirror and frame could be easily fulfilled by the
& hinges, made of Ti-6A1-4V. Moreover, considering 125 K
& as the target temperature of the mirrors, 283 K becomes a
S suitable operational temperature for the support frame,
since the secant thermal expansions of aluminium and sili-
con match, minimizing in-plane elastic forces introduced
by the deflection of the flexures.

Finally, with such large cold parts, if thermal shields
were not used, blackbody radiation would generally be the
major player in heat transfer to the optics, easily overcom-
ing the beam load. Therefore, shields at about 240 K, also
cooled by the cryostat via copper braids, almost completely
cover the internal mechanics.

e autho:

q rad. q rad.

" Base Support Flexure error Cold
plate ——+ frame core finger
24°C 0 015 10°c ) 0. 148 C 0 64 -187°C ';/5

qbeam
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Figure 5: Simplified lumped-mass model for CAT-1-VFM, with
expected temperatures and thermal conductivities.

Figure 5 and Figure 6 respectively show the simplified
lumped-mass thermal model for CAT-1-VFM, with tem-
peratures and thermal conductivities, and thermal FEA for
the mirror, the hinges and the support frame in full opera-
tional conditions. It can be seen that the temperature in the
body of the aluminium support frame is nearly constant and
that the thermal gradient in the mirror is expected to be in
the order of 0.1 K for a beam load of 9 W. In the hinge, on
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the other hand, a temperature drop of 150 K is seen. Thus,
once the stresses in the flexures of the support frame are
negligible, in the hinges it may exceed 100 MPa.

s ()

Figure 6: Thermal FEA (in °C) for the key parts in CAT-1-VFM
mirror system under full operational loads (9 W beam + radia-
tion), shown separately for readability: (a) mirror, (b) Ti-6Al-4V
hinge; (c) aluminium support frame.

RESULTS

As a proof of concept, a prototype based on CAT-1-VFM
mechanical system was built and characterized in air on an
optical table (see Fig.7). Beginning with the results of
modal analysis, Table 2 lists its first eigenmodes, showing
remarkable agreement between FEA simulations and ex-
perimental data, which not only validates the concept with
respect to the high-frequency targets, but also proves that
the designing process has been consistent.

Figure 7: CAT 1-VFM prototype (1) support frame (2a)
vertical FLS (2); (3a) vertical FLS support; (4) piezo actu-
ator; (5) preload spring; (6) optical encoder; (7) IFM; (8)
IFM target mirror; (9) dummy mirror.

Table 2: Modal Analysis for CAT-1-VFM Prototype

Mode FEA [Hz] Experimental [Hz]
1 (Tx) 249,7 250
2 (Ry) 312,5 313
3(To) 3424 341
4 (Ty) 408,9 403
5SR2) 602,5 554
6 (Rx) 6149 851

Next, the motion performance was evaluated for resolu-
tion, range, linearity, parasitic motion errors and position
stability. Figure 8 shows an open-loop resolution measure-
ment with a 22nm-resolution actuator and the average sig-
nal of two Snm-resolution optical encoders. With lever-
arms of 0.1 and 0.08 m, respectively, it is clear that the step
size is limited by the actuator and that the feedback signal
has significant noise limitations. For the final systems, bet-
ter resolution is expected in both actuation and metrology.
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Moreover, the asymmetry is step-size is a known behaviour
in this type of piezo linear actuator.

s Prototype Resolution Characterization

~-05
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0 10 20 30 40 50 60
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Figure 8: CAT-1-VFM prototype open-loop resolution character-

ization with preliminary piezo actuator and optical encoders.

With sufficient alignment tolerances in the encoders, a
total range of + 5 mrad was achieved. Then, an Elcomat
3000 autocollimator was used to measure the linearity and
Rx and Rz parasitic rotations an as a function of the feed-
back signal. Figure 9 shows that the residual errors from a
linear fit (€g, ), as well as the parasitic rotations are below
+ 0.1% of the motion range, and mostly within + 2 prad.
Additionally, as the two encoders are orthogonal to each
other, the parasitic translation in the x direction can be ex-
tracted from the two signals. Over the full range a symmet-
ric parabolic runout of 2 pm was found.

Prototype Motion Characterization
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Figure 9: CAT-1-VFM prototype residual linearity errors (eg,)
and parasitic Rx and Rz rotations, as a function of the feedback
signal.

The prototype still allowed for the evaluation of Lion
Precision’s C8-2.0 capacitive probes, tested in high and
low-resolution modes, and SmarAct’s PicoScale standard
IFM as feedback sensors. Thus, all three alternatives could
be compared, as summarized in Table 3. In terms or range,
as expected, the encoders have a significant advantage. Re-
garding linearity, all sensors showed similar performance.
As for stability, looking at the power spectrum density
plots, all sensors seemed to be noise-limited over most of
the large frequency range. In the table, the cumulative am-
plitude spectrum up to 2.5 kHz is given and the best results
were achieved with the capacitive probe in high-resolution
mode. Similar levels are expected from the 1nm-resolution
encoders. Finally, the IFM was tested as an option of direct
metrology (see Fig. 7), as the other sensors work over the
support frame. Thanks to the high-frequency modes of the
system and the limited bandwidth of the disturbance

Precision mechanics

Nano-Positionning

doi:10.18429/JACoW-MEDSI2018-WEOAMAO4

sources, no significant differences were observed. As sim-
ilar conditions are expected in real operation, having the
encoders as feedback should be sufficiently reliable.

Table 3: Sensors Comparison at CAT-1-VFM Prototype

Mode Range €ry Stability (RMS)
[mrad] [pm] Ry [nrad]  x [nm)]
Encoder +5 <3 55 5
Cap. (h.r) +0,25 - 10 1
Cap. (L.r) +1,25 <2 50 3
IFM +2.95 <1 35 3

Lastly, some results reporting problems in mirror coat-
ings at low temperatures, especially involving multilayers,
can be found [13]. Thus, to validate the use of cryogenic
temperatures, the CARNAUBA beamline CAR-1-MC mir-
ror, with Rh and Ni coating layers, has been cycled be-
tween 125 K and room temperature a few times. Transver-
sal height measurements performed with a Fizeau DynaFiz
interferometer before and after cycling are shown in Fig.
10, from where no risks or problems could be identified.
Complementary measurements with results for the defor-
mations caused by the clamping forces can be found in [8].

CAR-M1 Fizeau Transversal Height
L =24.0 mm
— Mirror Side A - After Cooling
Mirror Side A - Before Cooling

Mirror Transversal Height [nm]
&

b RN

0 5 20

10 15
Mirror Length [mm]

Figure 10: Transversal height measurement with Fizeau DynaFiz
for CARNAUBA CAR-1-MC mirror, before and after cryocool-
ing cycles. (Courtesy of OPT group.)

CONCLUSION

By means of deterministic design and system approach,
an innovative concept for mirror systems has been deve-
loped, in which thermal, mechanical and optical challenges
are simultaneously addressed. Decoupling vibrations
sources via copper braids, preventing stresses by means of
FLS, flexures, hinges and proper material selection, and li-
miting DoF and ranges of motion were some of the key
aspects that resulted in this cost-effective high-perfor-
mance system. Successful results in terms of eigenfrequen-
cies and motion have been demonstrated in a functional
prototype in air, while thermal and clamping performances
started to be investigated in parallel. In the forthcoming
months, a full set of complete mirrors systems shall be
commissioned.
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