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ABSTRACT

A hybrid deformable x-ray mirror consisting of a mechanical bender and a bimorph deformable mirror has been developed to realize adaptive
optical systems, such as zoom condenser optics, for synchrotron-radiation-based x-ray microscopy. In the developed system, both bending
mechanisms comprehensively contribute to the formation of the target mirror shape and can narrow the role of piezoelectric actuators,
thereby enabling a more stable operation. In this study, the behavior of the bimorph mirror under the clamped condition was investigated,
and the sharing of the deformation amount for each bending mechanism was optimized to minimize the amplitude of the voltage distribution

of the bimorph mirror.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070465

I. INTRODUCTION

Hard x-ray microscopy can visualize the internal structures,
elemental maps, and chemical bonding states of electronic devices,
biological tissues, and advanced materials. The sensitivity and spa-
tial resolution of these results are strongly dependent on the focus-
ing optics. In the hard x-ray regime, several types of optics—such
as refractive lenses,”” zone plates,’ mirrors,” ° and multilayer
Laue lenses’—are available and have been appropriately selected
and utilized. Among these, mirrors are superior owing to their

high throughput, low chromatic aberration, and excellent radiation
hardness. However, the precision required in their fabrication is
extremely high; roughness or shape errors, even in the nanometer
range or less, could degrade the mirror focusing characteristics, lead-
ing to the broadening of the spot size and a reduction in peak inten-
sity. Over the past two decades, precision-fabrication methods® "
and surface-testing methods'*"'® have been developed to produce
ultraprecise mirrors in the hard x-ray regime. These mirrors have led
to advances in x-ray microscopy and analysis methods. However, the
optical parameters of the mirror devices were fixed depending on the
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usage. The focus size is determined by diffraction theory with shape
parameters to preserve beam coherency.

Newly established synchrotron radiation x-ray sources, such as
x-ray free-electron lasers (XFELs) and upgraded third-generation
synchrotron radiation sources, would significantly benefit from the
availability of advanced adaptive mirror devices to freely and accu-
rately alter the optical parameters to match the sample conditions.
For example, the high throughput of upgraded third-generation syn-
chrotron sources enables multiple analyses within a limited beam
time; thus, it is necessary to adapt the focus size for each analysis
appropriately. In XFELSs, changing the beam size is considerably vital
for the irradiation of specimens of various sizes owing to the small
number of beamlines. Recently, mirror devices with adaptivity have
been developed to meet these requirements.

Adaptive optical systems have also been proposed to change
the focus size with a diffraction-limited performance by using pre-
cision bimorph mirrors, which can be deformed with piezoelectric
actuators built into the mirror substrate.”’ > Moreover, a hybrid
deformable mirror comprising a precision mechanical bender and
a bimorph deformable mirror was recently proposed, in which the
demerits of the bimorph mirror, such as drifts over time and junc-
tion effects,'” are effectively compensated by the mechanical bender,
thereby enabling stable operation.”” *

In the hybrid deformable mirror, the target shape can be gen-
erated comprehensively by mechanically applying moments at both
ends and distributing the moments induced by piezoelectric actu-
ators on the bimorph mirror. Practically, each of the two bending
mechanisms can generate deformation profiles up to third-order
polynomials, leading to various combinations of the mechanical
bender and bimorph mirror contributions. For a stable operation
of the hybrid deformable mirror, the role of the bimorph mirror
should be minimized such that the demerits of the drifts and junc-
tion effects are reduced. In this study, we proposed an optimal oper-
ation method supported by experimental confirmation and investi-
gated the characteristics of bimorph mirror behavior under clamped
conditions using a finite-element method (FEM) simulation. We
found that, to reduce the applied voltage to the bimorph mirror, the
residual error to be corrected by the bimorph mirror should not be
minimized but should instead be slightly modified to be larger by the
mechanical bender.

Il. HYBRID DEFORMABLE MIRROR

Figure 1(a) presents the design of the developed hybrid
deformable mirror, which includes a mechanical bender and piezo-
electric bimorph mirror. Table I lists the parameters of the developed
system. The bimorph mirror was initially flat with a length, width,
and thickness of 400, 30, and 15 mm, respectively. Piezoelectric plate
actuators, composed of lead zirconate titanate (PZT), are glued on
each side wall in two lines along the upper and lower surfaces. The
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FIG. 1. Schematics of (a) the hybrid deformable mirror and (b) a magnified image
of the mirror clamping device (a pair of blocks actuated by screws) and the force
generator used to apply the bending moment.

Figure 1(b) shows a cross-sectional view of the mechanical ben-
der. The mirror clamps at both ends were connected to the elas-
tic hinges, enabling rotational freedom. The radius, thickness, and
width of hinges were 2.5, 1.0, and 5.0 mm, respectively, ensur-
ing appropriate rigidity. The twisting of the mirror induced by the
clamps was evaluated and adjusted with an accuracy better than
10 prad using the NOM/auto-collimator-based slope profiler of
the Advanced Photon Source.”” To apply a predetermined bending
moment, a linear actuator (P-841, Physic Instrument) was employed
to push the end of the mirror clamp. The force generated by the lin-
ear actuator was monitored using a load cell kinematically mounted
on the same axis as the actuator. The other end of the bender has the
same structure. The bending moments at both ends can be applied
independently, allowing the mirror shape to be controlled up to

TABLE I. Parameters of the piezoelectric bimorph mirror system.

Piezoelectric

Mirror substrate  plate actuator

CLEARCERAM-Z Lead zirconate

dimensions of the electrodes deposited on the upper surface of the Material (OHARA INC.) titanate (PZT)
piezoelectric plates are 15.9 x 5 mm?, with an interval of 0.8 mm, Length (mm) 400 400
and each line consisted of 22 electrodes. The substrate could be Width (mm) 30 5
deformed with a range of short spatial wavelengths down to the size Thickness (mm) 15 1
of the four electrodes. Over a shorter range, the shape of the sub- Young’s modulus (GPa) 90 80
strate was prepared with sufficient precision using elastic emission Piezoelectric coefficient (m/V) e ~135x 1071°
machining."’
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third-order polynomials. Finally, the residual shape error is compen-
sated using a bimorph mirror. The mechanical bender can reduce
the role of the piezoelectric actuators, thus considerably minimiz-
ing the drift and junction effects, which are the most significant
problems when using piezoelectric actuators.

Ill. FINITE-ELEMENT METHOD SIMULATION

To understand the shape-correction characteristics of the
bimorph mirror under the clamped condition, we investigated the
response functions of the mirror shape formed by piezoelectric
actuators by conducting an FEM simulation. The results are dis-
cussed in comparison with the free-standing condition. Figure 2(a)
demonstrates the calculated response functions of the bimorph
mirror under free-standing conditions. The applied voltage was
250 V in all cases. Figure 2(b) shows the curvature distributions
derived from Fig. 2(a). As expected, only the curvature of the active
electrode changed. Figure 3(a) illustrates the response functions
calculated when both ends are clamped. Compared to Fig. 2(a),
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FIG. 2. FEM calculation results of (a) response function and (b) curvature distribu-
tion under the free-standing condition when 250 V was applied to each channel of
the piezoelectric actuators.

ARTICLE scitation.orgljournal/rsi

a
( )600
400
E 200 |}
=
ey
2 0}
[0}
T
-200 |
_400 L L L
0 100 200 300 400
Position on mirror (mm)
——Ch. 1 ——Ch. 2 Ch. 3 Ch. 4
——Ch. 5 ——Ch. 6 ——Ch. 7 ——Ch. 8
——Ch. 9 ——Ch.10 ——Ch.11 ——Ch. 12
——Ch.13 —Ch. 14 Ch. 15 Ch. 16
——Ch. 17 Ch.18 ——Ch.19 ——Ch.20
——Ch.21 ——Ch. 22

_04 L L L
0 100 200 300 400
Position on mirror (mm)
——Ch.1 Ch. 2 Ch. 3 ——Ch. 4
—Ch.5 —Ch.6 —Ch.7 —Ch. 8
——Ch. 9 ——Ch.10 ——Ch.11 ——Ch. 12
Ch. 13 Ch.14 ——Ch. 15 Ch. 16
——Ch.17 ——Ch.18 ——Ch.19 —Ch.20
—Ch.21 —Ch. 22

FIG. 3. FEM calculation results of (a) response function and (b) curvature distribu-
tion under the clamped condition when 250 V was applied to each channel of the
piezoelectric actuators.

bending is distributed over the entire surface of the mirror and
becomes concave in an area away from the active electrode. The con-
cave shape becomes steeper as the electrode closer to the clamper is
activated. Figure 3(b) presents the curvature distributions derived
from Fig. 3(a). The shape-correction characteristics of the clamped
mirror are significantly different from those of the free-standing
mirror and are more complex because of the reaction moment at
the clamp.

Figure 4(a) presents the curvature distributions generated
under the free-standing and clamped conditions when 250 V was
applied to all electrodes. In both cases, constant curvatures were
generated over the effective surface of the mirror, each of which
indicates the deformation of a parabolic sag. Particularly, in the free-
standing case, the parabolic sag was easily evident, and the mirror
shape y can be expressed as follows:

y = aMax’, (1)

where x is the position on the mirror, « is a constant, and M,
is the bending moment induced by the piezoelectric actuator. In
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FIG. 4. (a) Comparison of curvature distributions between clamped and free-
standing cases when 250 V was applied to all electrodes. (b) Relationship between
applied voltages and curvatures under the clamped condition.

contrast, when both ends of the mirror are clamped and piezoelec-
tric actuators apply constant moments over the mirror’s full length,
the moment distribution should be compensated to be zero by the
reactive moment M,, induced at both ends assuming perfect clamp-
ing conditions. In the mirror developed in this study, the rigidity of
the thin screws necessary to push the clamping blocks allows a slight
parabolic sag deformation, and the mirror shape can be given by

y= (X(Ma - Mr)xz. (2)

Meanwhile, the amplitude in the clamped case was considerably
smaller than that in the free-standing case. Figure 4(b) shows the
relationship between the curvature and voltage applied to all the
electrodes under the clamped condition. The curvatures generated
by the bending moment (M, — M;) change proportionally to the
applied voltage.

This is equivalent to a deformation induced by the mechanical
bender with the same moments at both ends, implying that there are
many solutions to generate the required shape and that the optimal
solution should be used to reduce the role of piezoelectric actuators.

We investigated the shape-generation characteristics using the
target shape shown in Fig. 5(a). Table II lists the shape parame-
ters. Error 1 in Fig. 5(a) indicates the minimal shape error after
the parabolic sag and cubic function are completely removed by
the mechanical bender. Figure 5(b) displays the final shape error
after correction by the bimorph mirror. Under both conditions, the
shape errors were reduced to less than 1 nm peak-to-valley (PV).
However, as shown in Fig. 5(c), the required voltage becomes signif-
icantly higher in the clamped case, for example, higher than 1000 V,
whereas it is within a few hundred volts in the free-standing case.

ARTICLE scitation.orgljournal/rsi
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FIG. 5. (a) Target ellipse (Target shape) and minimum shape error to be obtained
by the mechanical bender (Error 1). (b) Final shape errors in clamped (Clamped)
and free-standing (Free) cases after correction by piezoelectric actuators on the
bimorph mirror. (c) Required voltage distribution to correct Error 1 of (a) under
clamped (Clamped) and free-standing (Free) conditions.

This can be attributed to the characteristic response functions of the
clamped mirror. Thus, clamping has a significant adverse effect on
shape generation.

If a free-standing bimorph mirror without a mechanical bender
is used, the bimorph mirror must generate the target shape entirely
with parabolic sag and cubic function components, leading to a con-
siderably higher amplitude of the voltage distribution. To reduce the

TABLE II. Parameters of the ellipse figure.

Rev. Sci. Instrum. 92, 123706 (2021); doi: 10.1063/5.0070465
Published under an exclusive license by AIP Publishing

a’ (m) 22.23
b* (mm) 40.05
Grazing incidence angle” (mrad) 0.90
Focal length” (mm) 450
*Ellipse: x*/a” + y*/b* = 1.
® Averaged over the whole area.
At the center of the mirror.
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amplitude under the clamped condition, using the characteristics
shown in Fig. 4, the voltage distribution could be shifted by inten-
tionally adding a slight parabolic sag with the mechanical bender.
In addition, by adding a slight cubic function, the voltage distribu-
tion could be linearly inclined. These modifications before the final
correction could remove the linear function component from the
temporal voltage distribution, leading to a lower amplitude.

Error 1 (the shape error) depicted in Fig. 6(a) is the same as that
shown in Fig. 5(a). The voltage distribution used to remove this error
is denoted as Error 1 (Clamped) in Fig. 6(b), which has the same
profile as that shown in Fig. 5(c) and is unacceptably high. Error 2
in Fig. 6(a) is an appropriately modified shape error in which the
mechanical bender intentionally leaves an additional shape error to
reduce the amplitude of the voltage distribution at the final shape
correction. Error 2 (Clamped) shown in Fig. 6(b) is the required
voltage distribution to correct Error 2, and it leads to a much lower
amplitude than Error 1 (Clamped) as expected and is closer to Error
1 (Free). This result depends on the property shown in Fig. 4, indi-
cating that the amplitude of the voltage distribution can be suitably
minimized by tweaking the mechanical bending.

We can summarize the optimized shape-generation flow as
follows: Once the target shape is provided, the higher-order com-
ponents are estimated by excluding those of the parabolic sag and
cubic function; the voltage distribution for the bimorph mirror is
calculated using the minimum square method. Then, using the prop-
erty shown in Fig. 4(b) which can be estimated from the practical
response functions of the piezoelectric actuators obtained on-site,
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FIG. 6. (a) Error 1 represents the minimum shape error achievable using the
mechanical bender, which is the same as that shown in Fig. 5(a). Error 2 is a
shape error in which a proper parabolic sag is added to Error 1. (b) Required volt-
age distribution to correct Error 1 of (a) under the clamped [Error 1 (Clamped)]
and free-standing [Error 1 (Free)] conditions and Error 2 of (a) under the clamped
[Error 2 (Clamped)] condition.
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the target shape for the bimorph mirror is modified by leaving an
additional parabolic sag and/or cubic function by the mechanical
bender, leading to a shift and inclination of the voltage distribution
to minimize the amplitude.

IV. EXPERIMENTAL SETUP

A one-dimensional focusing experiment using a hybrid
deformable mirror was conducted at the experimental hutch 3 of
SPring-8 BL29XUL. Figure 7 demonstrates the experimental setup
and a photograph of the hybrid deformable mirror. X rays with
an energy of 10 keV monochromatized by a Si-111 double-crystal
monochromator (DCM) were employed. A transport channel slit
placed downstream of the DCM was used as the virtual light source.
A slit to define the beam was placed just upstream of the mirror to
determine the aperture size of the bimorph mirror. A beam mon-
itor comprising a thin scintillator made of YAG:Ce ceramic, lens,
CMOS camera, and gold wire (diameter: 200 ym) was placed at the
focal point. The effective mirror length used in the experiment was
350 mm. The optical surface was coated with a platinum thin film
(thickness: 100 nm).

The target mirror shape in this demonstration resembled that
shown in Fig. 5(a), which was also employed in the above simula-
tions. Pre-shaping can be performed by the response functions of the
piezoelectric actuators and mechanical bender, both of which were
obtained offline using a coordinate measurement machine.”® The
response functions, obtained by at-wavelength metrology using the
pencil beam scanning (PBS) method,”””* were used for online shape
correction. This method has an angular accuracy of over 1077 rad,

(@)
. Q)Id wire
(0!
e
Focus
I?ciden
. [ Beam position

TC slit monito'?'
)(,(a\i

FIG. 7. (a) Experimental setup of one-dimensional x-ray focusing and (b) photo-
graph of the hybrid deformable mirror.
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FIG. 8. (a) Response functions of the piezoelectric actuators on the mirror mea-
sured by the PBS method at the applied voltage of 250 V. (b) Target shapes for
the piezoelectric actuators on the mirror after shape generation by a mechani-
cal bender. Error 1 is the approximately minimum shape error achievable by the
mechanical bender; however, it is modified slightly to reduce the amplitude of the
voltage distribution applied to the piezoelectric actuators to within +500 V. Error
2 is a shape error modified to minimize the amplitude of the voltage distribution
using the property shown in Fig. 4(b). (c) Shape errors after final correction by
the piezoelectric actuators on a bimorph mirror considering Errors 1 and 2 in (b).
In both cases, errors in PV nearly satisfy Rayleigh's criterion. (d) Voltage distribu-
tions required to correct the shape errors left by the mechanical bender. In the case
of Error 2 in (b), the voltage distribution shifts and inclines to reduce the amplitude.
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which is sufficient to evaluate the wavefront under diffraction-
limited conditions.”” The shape error profile was obtained by inte-
grating the slope error profile. In the experiment, we first generated
amirror shape using a mechanical bender, the residual shape error of
which was set to be correctable by piezoelectric actuators at applied
voltages within the —500 to 500 V range, limited by the high-voltage
power supply.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 8(a) illustrates the response functions of the piezoelec-
tric actuators measured online by the PBS method at the applied
voltage of 250 V. The measured response functions were qual-
itatively confirmed based on the simulated response functions
shown in Fig. 3(a), whereas the imperfection was larger in prac-
tice. Figure 8(b) presents the target shapes for the final correction
using piezoelectric actuators. The shape error (Error 1) is almost
equal to the minimal error used in the simulation after shaping
by the mechanical bender, but a little modified to include a small
parabolic sag and cubic function to reduce the applied voltage within
+500 V, as mentioned above. Another shape error (Error 2) inten-
tionally includes an additional parabolic sag and cubic function to
demonstrate the shifting and inclining of the voltage distribution.

In both cases, the shape errors were corrected online to be less
than 4 nm PV, which are slightly larger than those expected by
FEM, but were sufficiently small to satisfy the diffraction-limited
condition [Fig. 8(c)]. The required voltage distribution for Error 2
has a smaller amplitude than that for Error 1 [Fig. 8(d)]. As dis-
cussed previously, the voltage distribution shifted and inclined to a
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FIG. 9. Intensity profile of focused beam in cases of Errors (a) 1 and (b) 2 of
Fig. 8(b). Solid dots represent the values measured twice by a knife-edge scan
method with different scan pitches to verify the reproducibility of the results. The
solid lines represent those values fitted with double-Gaussian functions.
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smaller range. This is a minimization of the final shape error with
response functions of not only the piezoelectric actuators but also
the mechanical bender with a constraint to minimize the amplitude
of the voltage distribution.

For both cases, the focus profiles were measured using a knife-
edge scan method, as shown in Fig. 9. The focus sizes in the case of
Errors 1 and 2 are 157 and 171 nm for the full width at half maxi-
mum, respectively, achieving a nearly diffraction-limited focus size
of 141 nm.

VI. CONCLUSIONS

In practice, hybrid deformable mirrors that are inevitably
accompanied by some imperfections in clamping, parabolic sag, and
cubic functions can be formed using both the mechanical bender and
bimorph mirror. Consequently, the mechanical bender and bimorph
mirror produced various combinations of contributions. Accord-
ingly, the minimum square method that uses only the shape error
and response functions obtained online cannot operate properly.
The amplitude of the voltage distribution should be minimized by
applying a suitable parabolic sag and cubic function additionally
before applying the minimum square method.

The experimental results support the effectiveness of the pro-
posed method for deformation and demonstrate the potential for
diffraction-limited performance. Hybrid deformable mirrors with
proper operation can attenuate the weaknesses of bimorph mirrors
and pave the way for next-generation x-ray microscopy science with
zoom condenser optics, which would realize functions of multiple
analysis, high flexibility in sample size, and so on. Elucidation of
new physical properties of materials and ultrafast dynamics, such as
chemical reactions, and determination of the true structure of fragile
biological tissues may also be accelerated.
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