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Abstract 
Kirkpatrick and Baez (K-B) mirror-based nanofocusing 

optics [1] will be applied to many beamlines endstation in-
struments for the APS-Upgrade (APS-U) project. Precision 
nanopositioning stages with nanometer-scale linear posi-
tioning resolution and nanoradian-scale angular stability 
are needed as alignment apparatuses for the K-B mirror 
hard X-ray nanofocusing optics. For instance, at the APS-
U 19-ID-E In Situ Nanoprobe beamline endstation [2], to 
maintain stability of a 20-nm focal spot on the sample, 
nanofocusing K-B mirror system with 5-nrad angular sta-
bility is required. Similar angular resolution and stability 
are also required for APS-U 9-ID CSSI, APS-U 34-ID 
ATOMIC and other beamline endstation instruments [3, 4]. 
Modular nanopositioning flexure stages have been devel-
oped for the K-B mirror nanofocusing optics, which in-
cludes: linear vertical and horizontal flexure stages, tip-tilt-
ing flexure stages, and flexure mirror benders for bendable 
nanofocusing K-B mirrors, to overcome the performance 
limitations of precision ball-bearing-based or roller-bear-
ing-based stage systems. The mechanical design and appli-
cations are described in this paper. 

INTRODUCTION 
The Advanced Photon Source (APS) at Argonne Na-

tional Laboratory (ANL) is scheduled to undergo a massive 
upgrade that will replace the current electron storage ring 
with a new Multi-Bend-Achromat (MBA) reverse bent lat-
tice model. X-rays generated by the upgraded APS will be 
up to 500 times brighter than those created by the current 
APS. Nine new feature beamlines and enhancements to 
many existing beamlines will be completed to enable many 
new exciting scientific research and development capabil-
ities. A total of 12 pairs of K-B nanofocusing mirror sys-
tems, including 8 pairs of prefigured mirrors and 4 pairs of 
bendable mirrors, will be designed and constructed for the 
APS-U project.  

To overcome the performance limitations of precision 
ball-bearing-based or roller-bearing-based stage systems, 
precision flexure nanopositioning stages with nanometer-
scale linear positioning resolution and nanoradian-scale 
angular stability are developed at the APS to use as 

alignment apparatuses for the K-B mirror hard X-ray 
nanofocusing optics [5]. These modular stages are de-
signed based on the experiences gained from the flexure 
stages APS developed for high resolution monochromators 
[6-10], and especially, for the K-B mirror alignment appa-
ratus for APS 34-ID-E sub-micron 3-D Diffraction experi-
mental station [11, 12]. Laminar weak-link mechanisms 
[13-15] are applied as a motion guiding structure for the 
flexure stages. The planar-shape weak-link laminar struc-
ture is configured and manufactured by chemical etching 
and lithography techniques with high-stiffness and high-
precision. 

As shown in Fig. 1, a typical K-B mirror optics for hard 
x-ray micro- or nano- focusing is a two-mirror system.
Placed orthogonal to each other, each mirror is responsible
for a single direction focusing and focused to the same fo-
cal spot [5]. With assistance of manual alignment processes 
prior to the x-ray alignment, the motorized manipulations
for the K-B mirrors alignment can be minimized for the
linear motion axes Xh, Yv, and angular tilting motion axes
Axv, Ayh. In many in-vacuum setup, the orthogonality and
distance between the two mirrors are also need to be
aligned under X-ray.

Figure 1: Schematic diagram of the K-B mirror hard X-ray 
nanofocusing optics. 

STAGES DESIGN ENHANCEMENT 
Several design enhancements are made for the modular 

K-B mirror stages for the APS-Upgrade project, which in-
clude:
 Designed linear flexure stages with optional extended

travel range.
 Designed flexures linkage mechanisms with two ver-

tical or horizontal linear flexure stages to perform lin-
ear and angular adjustment for longer mirrors.

 Designed motorized flexure stages for orthogonality
adjustment.

 Equipped capacitive sensor for all linear and tip-tilt
flexure stages as an option.

 ___________________________________________  
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 Ultra-High-Vacuum (UHV) compatibility option is 
available for both linear and tip-tilt flexure stages. 

 Options for bendable K-B mirrors. 
Figure 2 shows a photogragh of the new laminar weak-

link linear motion guilding mechanisms for APS T8-49v02 
UHV-compatible vertical flexure stage with 1-nm position-
ing resolution and 1-mm travel range. The load capacity of 
the PicomotorTM/PZT-driven stage is 10-kg. As shown in 
Fig. 3, the new T8-48v04 horizontal flexure stage is UHV-
compatible with 1-nm positioning resolution, 1-mm travel 
range, and 4-kg load capacity. A 3D model is shown in 
Fig. 4 to illustrate a flexures linkage mechanism for a 400-
mm-long vertical reflecting mirror alignment apparatus. 
With two vertical linear flexure stages, it can perform a 
minimum vertical displacement of 1 nm, and a pitch ad-
justment in nanoradian scale.  

 

 
Figure 2: Photograph of the APS T8-49v02 vertical flexure 
stage weak-link guiding mechanisms. 

 

 
Figure 3: Photograph of the APS T8-48v04 UHV-compat-
ible horizontal flexure stage. 

 

 
Figure 4: 3D model of the APS UHV-compatible  flexures 
linkage mechanism for a 400-mm-long vertical reflecting 
mirror alignment apparatus. 

APPLICATION CONFIGURATIONS 

Short K-B Mirrors in a Mini-UHV-Chamber 
A Mini-UHV-Chamber has been developed at the APS 

34-ID-E for nanofocusing K-B mirrors with vertical re-
flecting mirror length of 65 – 100 mm, and horizontal re-
flecting mirror length of 25 – 40 mm. The Mini-UHV-
Chamber is mounted on the top of a multidimensional flex-
ure stage system with four flexure stages for x-ray nanofo-
cusing with focal spot in the sub-50-nanometer scale as 
shown in Fig. 5 [5].  

 
Figure 5: 3D model of the 34-ID-E Mini-UHV-Chamber 
with multidimensional flexure stage system. 

Short or Medium K-B Mirrors in Helium 
As a compact/cost-effective solution, nanofocusing K-B 

mirrors with vertical reflecting mirror length of 65 – 200 
mm, and horizontal reflecting mirror length of 45 – 100 
mm can be mounted on separate flexure stage groups on a 
base with gantry structure as shown in Fig. 6 [16]. 

 
Figure 6: 3D model of the 32-ID nanofocusing K-B mirrors 
with separate flexure stage groups on a base with gantry 
structure. 

Short or Medium K-B Mirrors in UHV 
Short or medium K-B mirrors can also be mounted on 

separate flexure stage groups in a UHV chamber with or 
without gantry structure to fit with the instrument space. 
Figure 7 shows a pair of nanoforcusing K-B mirrors with a 
vertical reflecting mirror length of 150 mm, and a horizon-
tal reflecting mirror length of 100 mm for the APS-U 7-ID-
D Multi Modal Imaging and Diffraction (MMID) instru-
ment. Both stage groups for vertical and horizontal mirrors 
are mounted on the same base in UHV.  
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Figure 7: 3D model of the 7-ID-D nanofocusing K-B mir-
rors with flexure stage groups on same base in UHV. 

Long Prefigured K-B Mirrors in UHV 
For a nanofocusing K-B mirror with length longer than 

200 mm, flexures linkage mechanism driven differentially 
by two linear flexure stages can perform better angular po-
sitioning resolution and stability. Figure 8 shows the design 
of K-B mirror stage system for APS-U 19-ID-E In-Situ Na-
noprobe (ISN) instrument [2] with vertical reflecting mir-
ror length of 404 mm, and horizontal reflecting mirror 
length of 129 mm. The design aim is to achieve 1 nm and 
5 nrad positioning resolution for x-ray nanofocusing with 
focal spot ~20 nm with integrated laser interferometer and 
capacitive sensors. Figure 9 shows the design of K-B mir-
ror stage system for APS-U 4-ID-G Polarization Modula-
tion Spectroscopy (POLAR) instrument with vertical re-
flecting mirror length of 328 mm, and horizontal reflecting 
mirror length of 147 mm. Commercial motorized coarse 
stages are used to switch between multiple mirror coating 
strips.  

Figure 8: 3D model of the 19-ID-E ISN K-B mirrors with 
stage groups on a base with gantry structure in UHV. 

Figure 9: 3D model of the 4-ID-G ISN K-B mirrors with 
stage groups on a base with gantry structure in UHV. 

Long Bendable K-B Mirrors in UHV 
The APS modular nanopositioning flexure stages also 

support the applications with APS bendable K-B mir-
ror s [17, 18]. As shown in Fig. 10, the K-B mirror stage sys-
tem for APS-U 9-ID-D Coherent Surface Scattering (CSSI) 
instrument [3] includes two APS developed flexure mirror 
benders with vertical reflecting mirror length of 300 mm, 
and horizontal reflecting mirror length of 180 mm.  

Figure 10: 3D model of the 9-ID-D nanofocusing K-B mir-
rors with flexure stage groups on the same UHV base. 

The flexure stage group for both vertical and horizontal 
mirror benders are mounted on the same Invar base with 
Invar metrology frames for laser interferometer fiber optics 
frontends in UHV. The design goal of this bendable K-B 
mirror stage system is to provide variable x-ray focal spot 
with angular beam stability better than 20 nrad.  

SUMMARY 
Modular nanopositioning stages with nanometer-scale 

linear positioning resolution and nanoradian-scale angular 
stability are developed for the K-B mirror hard X-ray 
nanofocusing optics. Preliminary test results for the APS 
32-ID flexure stages showed nanometer-scale linear posi-
tioning resolution with nanoradian-scale angular stability
[16]. Table 1 summarized UHV-compatible modular na-
nopositioning stages to be applied for the K-B mirror hard
X-ray nanofocusing optics for APS-U project.

Table 1: Applications of the UHV-Compatible  Modular 
Nanopositioning Flexure Stages for APS-U Project  

ACKNOWLEDGEMENTS 
The authors would like to acknowledge the management 

support from Advanced Photon Source, Argonne National 
Laboratory.  

Mech. Eng. Design of Synchrotron Radiat. Equip. and Instrum. MEDSI2020, Chicago, IL, USA JACoW Publishing
ISBN: 978-3-95450-229-5 ISSN: 2673-5520 doi:10.18429/JACoW-MEDSI2020-TUPC10

Precision mechanics

Nano-Positionning

TUPC10

201

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



 

 

REFERENCES 
[1] P. Kirkpartrick, and A. V. Baez, “Formation of Optical Im-

ages by X-Rays,” J. Opt. Soc. Am., vol. 38, no. 9, pp. 766-
774, 1948.  
https://doi.org/10.1364/JOSA.38.000766 

[2] S. Kearney et al., “Mechanical Design Progress of the In 
Situ Nanoprobe Instrument for APS-U,” presented at 
MEDSI2010, Chicago, IL, USA, July 2021, paper 
MOPC10, this conference. 

[3] J. Anton et al., “Progress of Nano-Positioning Design for 
the Coherent Surface Scattering Imaging Instrument for the 
Advanced Photon Source Upgrade Project,” presented at 
MEDSI2010, Chicago, IL, USA, July 2021, paper TUPC09, 
this conference. 

[4] C. Preissner, private communications. 

[5] D. Shu, W. Liu, J. Maser, B. Lai, Z. Cai, R. Harder, R. Xu, 
L. Assoufid, S. Vogt, and J. Z. Tischler, “Design of Multi-
dimensional Flexure Stage System for Hard X-ray Mirror 
Focusing at Sub-50-Nanometer Scale,” in Proc. 2013 ASPE 
Annual Meeting, St. Paul, MN, USA, October 2013, pp. 
182-185. 

[6] D. Shu, S. Kearney, J. Anton, “Nanopositioning Flexure 
Stages Development for Synchrotron Radiation Instrumen-
tation at the Advanced Photon Source,” AIP Conference 
Proceedings 2054, p. 060025, 2019. 
https://doi.org/10.1063/1.5084656 

[7] S. Narayanan, A.R. Sandy, M. Sprung, J. Sullivan, C. 
Preissner, and D. Shu, “Initial Characterization and Design 
of an UHV-Compatible Artificial Channel-Cut 
Monochromator,” AIP Conference Proceedings 879, pp. 
911-914, 2007. 

[8] S. Narayanan, A. Sandy, D. Shu, M. Sprung, C. Preissner 
and J. Sullivan, “Design and performance of an ultra-high-
vacuum-compatible artificial channel-cut monochromator,” 
J. Synchrotron Radiat., vol. 15, pp. 12-18, 2008. 
doi:10.1107/S090904950705340X 

[9] D. Shu, S. Narayanan, A. Sandy, M. Sprung, C. Preissner, 
and J. Sullivan, “Precision Mechanical Design of an UHV-
Compatible Artificial Channel-Cut X-ray Monochromator,” 
Proc. SPIE Vol. 6665, p. 666500, 2007. 
https://doi.org/10.1117/12.733101 

[10] X. Dong, D. Shu, and H. Sinn, “Design of a cryo-cooled ar-
tificial channel-cut crystal monochromator for the European 
XFEL,” AIP Conference Proceedings, vol. 1741, p. 040027, 
2016. https://doi.org/10.1063/1.4952899 

[11] D. Shu, W-K. Lee, W. Liu, G. E.Ice, Y. Shvyd’ko, K-J. Kim, 
“Development and Applications of a Two-Dimensional Tip-
Tilting Stage System with Nanoradian-Level Positioning 
Resolution,” Nucl. Instrum. Methods Phys. Res., Sect. A, 
vol. 649, pp. 114–117, 2011. 
doi:10.1016/j.nima.2011.01.039 

[12] D. Shu, J. Maser, W. Liu, B. Lai, and L. Assoufid, “Nanopo-
sitioning Design for X-ray Nanofocusing with K-B Mirrors 
and MLLs at the APS”, in Proc. MEDSI-2012, Shanghai, 
China, Oct. 2012, http://medsi2012.csp.esci-
ence.cndct/page/65624 

[13] D. Shu, T. S. Toellner, and E. E. Alp, “Modular Overcon-
strained Weak-Link Mechanism for Ultraprecision Motion 
Control,” Nucl. Instrum. Methods Phys. Res., Sect. A,  vol. 
467-468, pp. 771-774. 2001. 
https://doi.org/10.1016/S0168-9002(01)00499-
5 

[14] D. Shu, T. S. Toellner, and E. E. Alp, “Redundantly con-
strained laminar structure as weak-link mechanisms,” U.S. 
Patent granted No. 6,607,840, 2003. 

[15] D. Shu, T. S. Toellner, E. E. Alp, J. Maser, J. Ilavsky, S. 
D. Shastri, P. L. Lee, S. Narayanan, and G. G. Long, “Ap-
plications of Laminar Weak-Link Mechanisms for Ultrapre-
cision Synchrotron Radiation Instruments,” AIP Conference 
Proceedings 879, pp. 1073-1076, 2007. 
https://doi.org/10.1063/1.2436249 

[16] D. Shu, V. De Andrade, J. Anton, S. Kearney, K. Fezzaa, S. 
Bean, A. Deriy, “Mechanical design of a flexural 
nanopositioning stage system for hard x-ray nanofocusing 
at the Advanced Photon Source 32-ID-C station,” in Proc. 
SPIE 11112, X-Ray Nanoimaging: Instruments and Methods 
IV, vol. 11112, San Diego, CA, USA, August 2019, p. 
111120N. 

[17] D. Shu, A. Li, S. P. Kearney, C. Mao, J. Anton, R. Harder,  
X. Shi, T. Mooney, and L. Assoufid, “Optomechanical De-
sign of Compact Laminar Flexure Bending Mechanism for 
Elliptically Bent Hard X-ray Mirrors,” AIP Conference Pro-
ceedings 2054, p. 060015, 2019. 
https://doi.org/10.1063/1.5084646 

[18] D. Shu, J. Anton, S. Kearney, R. Harder, X. Shi, T. Mooney, 
S. Mashrafi, J. Qian, B. Shi, and L. Assoufid, “Design of a 
capacitive-sensor-array-based real-time mirror profiler for 
elliptically dynamic bent mirror for hard x-ray zoom 
optics,” in Proc.ASPE 2019 Annual Meeting, vol. 71, 
Pittsburgh, PA, USA, 2019, pp. 111-114. 

 

https://doi.org/10.1063/1.2436209 https://doi.org/10.1117/12.2529384

Mech. Eng. Design of Synchrotron Radiat. Equip. and Instrum. MEDSI2020, Chicago, IL, USA JACoW Publishing
ISBN: 978-3-95450-229-5 ISSN: 2673-5520 doi:10.18429/JACoW-MEDSI2020-TUPC10

TUPC10C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

202

Precision mechanics

Nano-Positionning


