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Abstract: The key indicator of a grazing incidence focusing mirror’s imaging quality is its angular
resolution, which is significantly influenced by its surface shape distribution error. In this paper, we
propose a method for the prediction of grazing incidence focusing mirror imaging quality based
on accurate modelling of the surface shape accuracy for the whole assembly process. Firstly, the
three-dimensional surface shape distribution error of the inner surface of the focusing mirror is
reconstructed based on measured point cloud data, and the changes in the surface shape induced
by suspension gravity and the adhesive curing shrinkage force are obtained through simulation,
and then an accurate geometric digital twin model based on the characterisation of its surface shape
accuracy is established. Finally, a study on the quantitative prediction of the angular resolution of
its imaging quality is performed. The results show that the surface shape error before assembly has
the greatest influence on the imaging quality; the difference in angular resolution between the two
suspension methods under the influence of gravity is approximately 2.1′′, and the angular resolution
decreases by about 4.2′′ due to adhesive curing. This method can provide effective support for the
prediction of the imaging quality of grazing incidence focusing mirrors.

Keywords: grazing incidence focusing mirror; surface shape accuracy; imaging quality

1. Introduction

X-ray detection technology is an important approach in space science research, and the
scientific data obtained through this technology can be applied to dark matter detection, the
exploration of available extraterrestrial resources, and astronomical navigation in space [1–5].
As the core component of the X-ray optical focusing system, a grazing incidence focusing
mirror is mainly used to collect and converge X-rays, which plays a key role in increasing the
detection area and improving the detection sensitivity [6]. The processed grazing incidence
focusing mirror, and its own surface shape accuracy before assembly, will have a certain
impact on its imaging quality [7,8]; during the assembly process, gravity-induced changes in
the surface shape accuracy will also bring about changes in the imaging quality [9,10]. After
assembly, due to the influence of the adhesive layer bonding, curing will also cause changes
in the imaging quality of the focused spot [11]. Focused on the various tasks in the assembly
process of grazing incidence focusing mirrors, researchers have carried out a large number
of studies. Gubarev conducted a study on surface shape measurements and error sensitivity
during the mounting and calibration of full-shell replica X-ray optics [12–14]. Li et al. proposed
a method for analysing the assembly errors of spatial X-ray focusing optics in response to the
problem of the impact of multi-source assembly errors on the optical performance of grazing
incidence focusing X-ray telescopes [15]. Ramsey et al. and Bongiorno et al. introduced, in
detail, the specific steps of mounting IXPE grazing incidence focusing mirrors on mounting
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equipment and the quality inspection of focusing images [16,17]. Roche et al. used a finite-
element simulation to analyse the effect of deformation during the installation of a grazing
incidence focusing mirror [18,19]. Li et al. derived the design parameter equations of a
focusing mirror with a glass substrate by theoretically calculating the equations of the mirror
surface and the reflecting rays through the establishment of a geometrical model [20]. Civitani
et al. investigated the precise integration of segmented X-ray optics using a semi-robot, an
interface ring, and the associated error budget [21]. Zhang et al. performed full-scale modelling
and numerical calculations for Wolter-I mirrors and investigated the effects of the form of the
temperature distribution, the support structure, and the range of the temperature difference
on the surface shape error of focusing mirrors [22]. Liu et al. and Li et al., respectively, used
the equivalent temperature difference method to simulate adhesive curing shrinkage using
finite-element analysis and analysed the effect of curing time on the surface shape error of
the lens [23,24]. Dong et al. used the equivalent thermal deformation method to simulate
and analyse the effect of adhesive layer shrinkage on the mirror surface shape and found the
main factors that generate a shrinkage force during the adhesive layer curing process [25].
Hao et al. established a three-dimensional adaptive integrated modelling and simulation
algorithm process based on finite-element analysis for the assembly process of the conical
nested Wolter-I X-ray focusing telescope [26]. Wang et al. established a finite-element model
of a nested X-ray focusing telescope by using finite-element analysis, simulated the random
vibration of an X-ray focusing telescope model by using the base excitation method, and
obtained the stress distribution of the telescope structure [27]. Zhao et al. investigated the
performance of a single-layer Wolter-I X-ray focusing mirror; carried out experimental tests on
the defocusing, focusing, and off-axis working conditions of the single-layer focusing mirror;
and analysed the parameters of its focal length, the distribution of its focused spot, and its
angular resolution [28]. Liu et al. proposed a method for image quality evaluation, which not
only takes into account the effects of aperture diffraction, geometric aberration, and mounting
error on the image quality, but also adds the effects of telescope surface shape error and X-ray
scattering [29]. Mu et al. optimised the geometric design of the nested conical Wolter-I X-ray
telescope and analysed the effects of the initial parameters on its performance [30]. Suszyński
et al. proposed a neural network model which takes into account selected DFA (Design for
Assembly) rating factors in predicting the optimum assembly time for mechanical parts in
the assembly process [31]. These previous studies have partly analysed mirrors with ideal
surface shapes and partly analysed certain stages of the mirror assembly process, but no
studies have been carried out to analyse the change in imaging quality during the full-cycle
assembly process of a grazing incidence focusing mirror with surface shape error.

In this paper, a method for predicting the imaging quality of grazing incidence focusing
mirrors based on the accurate modelling of their surface shape accuracy over the whole
assembly process is proposed, which integrally considers the effects of gravity and the
adhesive curing shrinkage force on the surface accuracy of the mirror during the whole
assembly process to predict the effects of changes in the surface shape accuracy of the
mirror on its optical imaging quality at different stages by optical simulation, and finally
an experimental comparison is carried out to verify the result.

2. Assembly Process Modelling
2.1. Pre-Assembly

A grazing incidence focusing mirror processed by the electroforming nickel replication
method inevitably has a certain surface shape error due to the influence of various factors
such as mandrel errors, plating errors, and mould release errors during its processing,
which will cause the imaging quality of the focused spot to decrease in the subsequent
mounting process. Therefore, to better predict the imaging quality of the grazing incidence
focusing mirror after processing, it is necessary to measure and reconstruct its surface shape
error. However, since the inner surface of the grazing incidence mirror is gold-plated and
cannot be touched, the commonly used contact measurement method is no longer suitable.
For this reason, a grazing incidence focusing mirror profiler is used to measure the surface



Appl. Sci. 2024, 14, 6242 3 of 15

shape error of the mirror, with a resolution of 24 nm of the measuring probe, and the design
parameters of the mirror are shown in Table 1. In order to more accurately characterise
the surface shape error of the mirror, the measurements are taken at intervals of 0.5 mm
along the axial busbar of the mirror, and at intervals of 10 degrees along the circumferential
direction. The process of the measurements is shown in Figure 1.

Table 1. Mirror design parameters.

Parameter Rmax Rmin R0 Mass Thickness Length

Value 40.6683 mm 38.1126 mm 0.71909 mm 0.12335 kg 0.4 mm 140 mm
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After the completion of the mirror surface shape error measurement, the corresponding
36 busbar point cloud data are extracted, and the Non-Uniform Rational B-Splines (NURBS)
surface [32], which is a method of reconstructing measured surface using measured point
cloud data, reflecting the value of local deviation at any point on actual part surface to
characterise the non-uniform distribution error on the surface, is used to fit the mirror
surface shape to complete the reconstruction of the mirror surface shape, and the whole
reconstruction process is shown in Figure 2. Eight typical busbars are selected, and the
radial change values are shown in Figure 3. The inner surface with surface shape error
obtained by NURBS surface fitting is attached to the original mirror model, and the mirror
model with surface shape error on the inner surface can be obtained, as shown in Figure 4.

The effect of surface shape error before assembly on the imaging quality of the grazing
incidence focusing mirror can be obtained using the optical simulation with the recon-
structed mirror model containing the surface shape error. In this process, to verify the
influence of the reconstructed surface shape accuracy on the imaging quality, the stan-
dard grazing incidence focusing mirror model and the focusing mirror model obtained
by NURBS surface interpolation with 36 error-free standard busbars are selected for com-
parison and verification. The results of the comparisons are shown in Figure 5, with the
angular resolution HPD (Half Power Diameter) values of 1.23′′ and 1.51′′, thus verifying
the validity of the NURBS surface fitting. The mirror model with surface shape error is
subjected to optical simulation, and the result is shown in Figure 6 with an HPD value
of 48.64′′.
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2.2. During Assembly

In the process of grazing incidence focusing mirror assembly, the upper hanging points
are used to carry out the process. In this section, according to the diameter of the grazing
incidence focusing mirror, two types of hanging points are used for comparison, one with
three hanging points and one with six hanging points, of which three are used for adjusting
the spatial position of the mirror and the other three are used for counterweight, as shown
in Figure 7, which is a schematic diagram of the mirror to be assembled. In the actual
assembly process, to ensure the mechanical properties, the three hanging points are used
to lift the mirror at a certain vertical height, and then the spatial position is adjusted. At
this time, the mirror is in suspension, and the bottom of the mirror is located in the groove
corresponding to the position of the front spider. Simulation is carried out for the mirror
with different numbers of hanging points in this state to analyse the influence of gravity
on the accuracy of the mirror surface shape. To maintain consistency with the data of the
measured point cloud in the previous section, in the process of finite-element meshing of
the mirror, the form of a shell cell is used, the number of circumferential nodes is 36, and the
node spacing of the busbar along the axial direction is 0.5 mm. The corresponding material
parameters of the simulation are shown in Table 2, and the results of the simulation are
shown in Figure 8. The nodes on the inner surface of the mirror are extracted and then
reconstructed using the NURBS surface, and the imaging quality analysis of the surface
shape accuracy affected by gravity is carried out and the results are shown in Figure 9. The
results of the analysis of the surface shape accuracy of the mirror affected by gravity in
the six-hanging-point and three-hanging-point modes are 49.50′′ and 51.37′′, which are
decreased by about 0.86′′ and 2.73′′, respectively.
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Table 2. Material parameters.

Material Young’s Modulus
(Mpa) Poisson’s Ratio Density

(t/mm3)
Equivalent Linear Expansion

Coefficient (α/◦C−1)

Hanging plate—
Stainless Steel 210,000 0.3 7.85 × 10−9 0

Mirror—Ni 207,000 0.31 8.9 × 10−9 0

Adhesive—GHJ-01(Z) 158.62 0.495 1.22 × 10−9 0.0066

Front spider—
Stainless Steel 210,000 0.3 7.85 × 10−9 0
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2.3. Post-Assembly

After the assembly is completed, the spatial position of the mirror needs to be bonded
and fixed. Since the mirror is located in the corresponding groove at this time, the outer
adhesive layer is located between the outer surface of the mirror and the surface of the
outer groove, and the inner adhesive layer is located between the inner surface of the
mirror and the surface of the inner groove, due to the difference in the curing shrinkage
force of the inner and outer adhesive layers which will cause a change in the mirror’s
surface shape accuracy and affect the imaging quality. Based on the accuracy of the mirror
surface shape after the influence of gravity in the previous section, the comprehensive
mechanical simulation model of the mirror considering the adhesive curing is established,
and the simulation analysis of the adhesive layer curing shrinkage force is carried out by
the equivalent linear expansion coefficient method. In order to ensure the quality of the
mesh element of the adhesive layer, three layers of mesh elements along the direction of
the adhesive layer thickness are set, and the circumferential nodes of the mirror are set to
be 36, and the node interval in the direction of the axial busbar is 0.5 mm. We extract the
nodes on the inner surface of the mirror, perform NURBS surface fitting reconstruction,
build an accurate geometric digital twin model based on the characterisation of surface
shape accuracy, and then analyse the focusing imaging results of the adhesive curing.
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The simulation results are shown in Figure 10. In order to better describe the optical
simulation results of the grazing incidence focusing mirror for different conditions, the
angular resolution results are shown in Table 3.
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Table 3. The angular resolution under different conditions.

Assembly Process Angular Resolution

Standard surface (error-free) 1.23′′

Standard surface with NURBS surface interpolation (error-free) 1.51′′

Pre-assembly (with surface shape error) 48.64′′

During assembly (three-hanging-point) 51.37′′

During assembly (six-hanging-point) 49.50′′

Post-assembly (after adhesive curing) 52.23′′

3. Experimental Verification

As shown in Figure 11, the experimental setup for verifying the assembly process
of the grazing incidence focusing mirror is constructed. At the bottom is a 45-degree flat
mirror, which is used to turn the parallel light emitted from the parallel light source from
the horizontal direction to the vertical direction; the base of the platform is a fixed support
subsystem, which mainly contains various mechanisms for adjusting and fixing the front
spider to move horizontally and centrally; the upper part is a precision adjustment subsys-
tem, which is the most crucial device for the assembly and adjustment device, and mainly
consists of six circumferential uniformly arranged motion modules and a two-dimensional
moving platform below, in which three of the six motion modules are connected to a
piezoelectric actuator mechanism for precision adjustment of the spatial attitude of the
mirror, and three of them are used as counterweights to reduce the influence of weight on
the mirror’s surface shape accuracy; at the top is the spot monitoring subsystem, which
mainly includes a large travelling module that can move along the vertical direction, a
motorised five-degree-of-freedom adjustment stage, and a spot analyser, which is used
to adapt to the precision adjustment of the focal length of the mirror, to ensure that the
focused spot is accurately imaged in the image plane of the spot analyser; and on the left
side is the transfer arm, which is used for the initial transfer and placement work of the
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mirror. The schematic diagram of the optical path of this experimental setup is shown in
Figure 12.
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The gravity effect experiments are carried out in the three-hanging-point and six-
hanging-point modes, respectively, and the operation steps are slightly different; in the
six-hanging-point suspension mode, the other three-hanging-point are counterweights,
and each counterweight is 1/6 of the weight of the mirror itself. All the hanging points are
evenly distributed, and the hanging plate is made of stainless steel of uniform size, which is
connected to the motion module evenly distributed in the circumferential direction above
through the hanging rope, and the hanging plate is connected to the mirror by double-sided
adhesive. To ensure that the force of the hanging points is uniform in the assembly process,
the hanging points are located at the same height relative to the mirror. The direction of the
tension of the hanging rope is vertically upward, so in the process of bonding the hanging
plate to the outer surface of the mirror, all the hanging points should be adjusted to a
uniform corresponding position first, and then the upper motion module should be slowly
moved to the outer surface of the mirror, so that the hanging points are just external to the
outer side of the mirror, and then three of the hanging points should be slowly adjusted to
adjust the spatial position of the mirror. The mirror under the two hanging-point methods
is shown in Figure 13, the process of adjusting the experimental setup is shown in Figure 14,
and the imaging quality of the focused spot is shown in Figure 15.
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After the spatial position adjustment of the grazing incidence focusing mirror based
on the six-hanging-point method, it is boned and cured. Considering the consistency of
the adhesive layer, an automatic dispenser is used to control the amount of adhesive at
each point. The six corresponding grooves on the front spider are dispensed symmetrically
to reduce the effect of human dispensing on the surface shape accuracy of the mirror. We
take the current glue point as the No. 1 adhesive point, clockwise in turn the points are
recorded as the No. 2–No. 6 adhesive points, the order of dispensing is 1-4-2-5-3-6, and
the amount of adhesive is controlled to just fill the inner and outer layer of adhesive as
a principle, swabbing the excess adhesive flowing outside of the front spider’s grooves.
The specific state before and after dispensing is shown in Figure 16. Then, according to the
curing time of GHJ-01(Z), it will wait for its curing for 24 h at room temperature to observe
the change in imaging quality due to the curing of the adhesive bonding. The imaging
quality of the grazing incidence focusing mirror after 24 h when the adhesive layer is cured
completely is shown in Figure 17.
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4. Discussion

Observing the comparative results of simulation and experiment during the full-cycle
assembly process, as shown in Table 4, the influence of the grazing incidence focusing
mirror’s surface shape error on the imaging quality before assembly is a dominant factor,
the influence of adhesive curing on the imaging quality is second, and gravity has the
slightest impact on the imaging quality. There are some differences between the simulation
results and the experimental results, and the main reasons are as follows:

Table 4. Comparison of image quality of focusing mirror by angular resolution.

Assembly Process Simulation Results Experimental Results

During assembly
(three-hanging-point) 51.37′′ 56.76′′

During assembly
(six-hanging-point) 49.50′′ 54.65′′

Post-assembly 52.23′′ 58.86′′

4.1. Results of the Effect of Gravity

For the effect of gravity on the imaging quality of mirror surface shape accuracy in
assembly, both the experimental and simulation results show that the imaging quality is
poorer in the three-hanging-point method than in the six-hanging-point method, which
proves that the six-hanging-point method is more suitable for a grazing incidence focusing
mirror suspension of this diameter than the three-hanging-point method that causes less
change in the surface shape. However, the experimental results in both ways are more
significant than the simulation results, mainly due to the following:

(1) The position of the hanging plates has an influence; although the upper motion
module is arranged uniformly along the circumferential direction, the hanging plates
underneath are bonded to the outer surface of the mirror due to the rotatability of the
hanging plates. There are minor differences in the positions of the hanging plates bonded
to the outer surface of the mirror, which influences the uniformity of the hanging points
arranged on top.

(2) The spatial position of the mirror is precisely adjusted by the piezoelectric actuator
so that the imaging quality of the focused spot reaches the most superior state. However,
in this process, due to the slight difference between the optical axis of the mirror with
surface shape error and the standard optical axis position of the ideal mirror, the spatial
attitude of the mirror adjusted in the experiment is slightly different from the ideal position
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of the absolute perpendicularity, which leads to the changes in the imaging state of the
focused spot.

4.2. Results of the Effects of Post-Assembly Adhesive Curing

The experimental results for the effect of post-assembly adhesive curing on the fo-
cusing imaging quality of mirror surface shape accuracy are more significant than the
simulation results, mainly because of the following:

(1) There is a slight difference in the amount of adhesive at the six dispensing positions
during the bonding and curing process; despite the strict control of the amount of adhesive
discharged from the automatic dispensing machine, there is a slight difference in the actual
amount of adhesive contacted by the inner adhesive, outer adhesive, and mirror at the
dispensing position due to the spillage of some of the adhesive in the dispensing process,
further leading to inconsistency in the amount of adhesive at the six dispensing positions,
which leads to poor focusing imaging quality for the grazing incidence focusing mirror.

(2) The adhesive curing process is about 24 h at room temperature, but the constant
temperature control does not guarantee absolute stability, so that the temperature difference
brings about a change in the temperature-variable stress during adhesive curing, which in
turn makes the imaging quality of the grazing incidence focusing mirror worse.

(3) Perturbation changes in the external environment have an effect; it has been
found that during the experimental process, changes in the light intensity of the external
ambient light, airflow perturbation, and environmental vibration will affect the imaging
quality of the grazing incidence focusing mirror. However, it has been shown that even
in the relatively dark environment, and surrounded by doors and windows which are
closed tightly, the external influencing factors in the 24-hour adhesive curing process
still exist, which results in the deterioration of imaging quality of the grazing incidence
focusing mirror.

5. Conclusions

In this paper, we propose a method for predicting the grazing incidence focusing
mirror imaging quality based on accurate modelling of the surface shape accuracy for
the whole assembly process. Based on the measurement data obtained before assembly,
with the suspension gravity during assembly, and adhesive curing shrinkage force after
assembly, the surface shape distribution error of the inner surface of the focusing mirror is
reconstructed by using the NURBS surface, then a prediction for the angular resolution of
imaging quality is performed. The results show the following:

(1) The surface shape distribution error of the grazing incidence focusing mirror itself
has the most significant impact on its imaging quality during the whole assembly process,
and the angular resolution of the focused spot decreases by about 47′′ compared with that
of the ideal surface shape;

(2) The difference in the angular resolution of the focused spot between the three-
hanging-point and the six-hanging-point method under the influence of gravity is about
2.11′′, and the six-hanging-point mode is more suitable for the grazing incidence focusing
mirror with this diameter;

(3) The adhesive curing causes a decrease in the angular resolution of the focused spot
by about 4.2′′.

In contrast to previous imaging quality analyses based on ideal grazing incidence
focusing models, the prediction method comprehensively considers the effect of changes in
the surface shape distribution error on the imaging quality caused by different influencing
factors for the whole assembly process of the grazing incidence focusing mirror. It can
predict the angular resolution of the mirror with different surface shape accuracy before
assembly, which can effectively support the optimisation of the precision assembly process
for grazing incidence focusing mirrors.
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