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This article introduces the study of peripheral clamping for large-aperture laser mirrors in high
power laser facilities. Some multi-point clamping schemes were experimentally tested, the results
of the experiments show that these schemes cannot meet the technical requirements, and in the
simulation analysis, we explain the reason for this phenomenon. It is concluded that the additional
bending moment caused by the non-ideal process factors in the multi-point clamping is the main
cause for the surface distortion. Based on the above conclusions, we carried out research on
minor-point clamping. Experimental verification of the minor-point clamping were done, the re-
sults show that the minor-point clamping can meet the requirements of technical indicators in whole
process. This work can provide a reference for the design of the large-aperture transport mirror
clamping structure, which may be used in huge laser devices and telescopes.
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1. Introduction

The large-aperture laser transport mirror is an important part of the high-power laser
system. Its function is to spatially group and project the fundamental frequency laser
output from the main amplification system according to a certain beaming method, so
that the main laser can incident into the final optics assembly according to the designed
path [1]. Generally, according to physical experiment requirements for beam arrange-
ment and grouping, a beam group in a high-power laser system needs to be designed
with 4—6 transmission mirrors to realize laser grouping and transmission [2].

The surface distortion of the transport mirror directly affects the wavefront of the
main laser beam, thereby deteriorating the quality of the focal spot, so it needs to be
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controlled [3—5]. The surface accuracy of the large-aperture mirror is mainly determined
by processing and assembly. At the current level of manufacturing technology, the sur-
face PV of the large-aperture laser transport mirror can be controlled below 150 nm
after ultra-precision grinding and polishing [6]. To further improve the surface accu-
racy, the manufacturing cost will be greatly increased, so it is important to reduce the
additional surface distortion caused by clamping. According to the design of the high
-power laser system, take the National Ignition Facility as an example [7], the addi-
tional surface distortion caused by assembly is required to be less than 0.254, where
A=632.8 nm.

At present, the clamping methods of large-aperture mirrors mainly include back sup-
port [8] and peripheral clamping [9]. The peripheral clamping is to clamp the four sides
of the mirror by using dozens of rubber nails, so that the single clamping force on the
mirror will be dispersed. However, as the number of rubber nails increases, the geometric
error of the nails, friction factor, lubrication conditions, tightening speed and other fac-
tors will make it difficult to control the pre-tightening force of the nails accurately, and
it may cause the distortion of the mirror surface to be out of tolerance [10,11].

In this paper, we carried out simulation calculations for peripheral clamping, ana-
lyzed the influence of different clamping schemes on the distortion of the mirror sur-
face, and conducted a series of clamping experiments on the large-aperture laser
transport mirror by using the originally designed assembly structure. Based on the con-
clusions obtained from the experiments and simulations, we optimized the clamping
scheme and verified it by experiments, the results indicate that the minor-point clamp-
ing meets the technical requirement.

2. Peripheral clamping for large-aperture laser mirrors

The peripheral clamping structure for the large-aperture transport mirrors of the high
-power laser system is shown in Fig. 1(a). The frame is the main load-bearing compo-
nent, its dimensions are 670 % 500 x 90 mm, and its thickness is 27 mm. The dimensions
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Fig. 1. (a) The peripheral clamping structure for the large-aperture transport mirrors. (b) The details of
assembly structure which determine the distribution of clamping force on the mirror.
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of the mirror are 610 x440 x 85 mm. There are three rows of M6 threaded holes on the
sides of the frame, and a row of M6 threaded holes on the pressing frame, which are
used to install rubber nails. The details of the assembly structure are shown Fig. 1(b),
the clamping force is provided by the rubber nails installed on the sides of the frame
and the pressing frame, and there is a silicone rubber gasket at the bottom of the frame.
The material bonded on the top of the rubber nails is PTFE, whose diameter and thick-
ness are 4.8 and 2 mm, respectively. The specific location and physical objects of rub-
ber nails are shown in Fig. 2.

Front clamping points Side clamping points

(a) (b
Fig. 2. (a) The specific location of rubber nails. (b) The physical objects of rubber nails.

The clamping scheme based on this assembly structure can be changed flexibly,
S0 we can try a variety of clamping combinations, and perform experimental verifica-
tion of these clamping schemes. In this way, we can filter out the clamping structure
which can meet the engineering needs. Considering factors such as the stability of the
structure, feasible peripheral clamping schemes are: full rubber nails on the front and
full rubber nails on the sides; full rubber nails on the sides only; three-point rubber
nails clamping on the front and full rubber nails on the sides; three-point rubber nails
clamping on the front and two rubber nails on each side. All these clamping schemes
were experimentally tested in our work.

3. Simulation analysis of the peripheral clamping

According to the assembly structure, the clamping force on the mirror can be divided
into two categories: side clamping force and front clamping force. In the simulation
analysis, we calculated the influence of the two types of clamping forces on the surface
shape respectively, and the relevant regularities are as follows. The material of the
mirror is BK7 glass, whose Young’s modulus is 79.2 GPa, and Poisson ratio is 0.211.
We modeled and simulated by using ANSYS Workbench.

In order to examine the influence of side clamping force alone, four clamping points
were set on both opposite sides of the mirror. In the analysis, we mainly considered
the influence of the value and position of the clamping force. Figures 3 and 4 show
the simulation results for on-center and off-center clamping, respectively. In the sim-
ulation of off-center clamping, we offset the clamping point 25 mm from the centerline.
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Fig. 3. Simulation results of centerline clamping on the sides. (a) Boundary load settings and typical sur-
face distortion. (b) The relationship between the surface PV and the value of single clamping force.
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Fig. 4. Simulation results of off-center clamping on the sides. (a) Boundary load settings and typical sur-
face distortion. (b) The relationship between the surface PV and the value of single clamping force.

As is shown in Fig. 3(b), when the total clamping force on the sides increases from
400 to 1200 N, the maximum surface PV is only 11 nm, which is almost negligible
compared with the surface distortion caused by other factors. It means that when the
side clamping forces applied to the centerline, it will not cause significant surface
distortion. From the point of material mechanics, it is because that in this case there
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is only normal stress in the mirror, so the surface distortion is only caused by Poisson
effect.

As is shown in Fig. 4(b), when the total clamping force on the sides increases from
200 to 600 N, the surface PV increases from 193 to 580 nm, which is much higher than
the surface distortion caused by centerline clamping. Compared with the centerline
clamping, there is additional bending moment applied to the mirror in this case, which
causes bending deformation of the mirror. So we can conclude that it is the bending
moment caused by the non-ideal factor of side clamping who is the main cause of the
surface distortion. In the assembly structure with three rows of clamping points on the
sides, due to the positional deviation of the threaded holes and the difficulty of ensuring
the same preload of each rubber nail, the additional bending moment will inevitably
to be generated, resulting in surface distortion.

It can be speculated that if multi-point clamping is applied on the front, there will
also be additional bending moment due to various non-ideal factors in practical appli-
cations, so we consider three-point frontal support which is the simplest statically in-
determinate structure to avoid the influence of these non-ideal process factors to the
greatest extent. We analyzed the influence of three-point front clamping on the surface
distortion by simulation, and point-to-point clamping was used to avoid the uncertainty
of the support point position caused by the uneven bottom surface.

As is shown in Fig. 5(a), there are significant surface distortions at the positions
of the clamping points due to the concentrated loads applied on them, but the overall
surface does not show obvious distortion, which is consistent with the Saint-Venant’s
principle. In actual use and experimental measurement, the clamping points are outside
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Fig. 5. Simulation results of three-point clamping on the front. (a) Boundary load settings and typical sur-

face distortion. (b) The relationship between the surface PV in working aperture and the value of single
clamping force.
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the working aperture, so we removed the peripheral data, and calculated the distortion
by using the surface shape data within the 570 x400 mm working aperture only, and
the results are shown in Fig. 5(b). The maximum surface PV is 104.1 nm, which meets
the technical requirements, and the total support force in this case is 1800 N, which
fully meets the requirements of structural stability.

Three-point clamping on the front and point-to-point clamping method can help to
avoid the additional bending moment caused by over-restraint of multi-point clamping
and uneven bottom surface effectively. The main difficulty is to ensure the collinearity
of the corresponding clamping points, but compared with the process problems of
multi-point clamping, it is easier to solve.

4. Experiments of multi-point clamping

4.1. Equipment and methods used in the experiments

The additional surface shape of the transport mirror caused by clamping is measured
by a @600 near-infrared interferometer with an accuracy of 0.14, which is shown in
Fig. 6(a). Considering the current measurement range of the interferometer, all the
measurements were carried out in a vertical posture of the mirror, as is shown in
Fig. 6(b). Firstly, we measured the surface shape of the mirror when there is bottom
support only, and took this result as the initial surface shape of the mirror. Then we
measured the surface shape of the mirror when it was clamped, and took the difference
between the PV value of these two surface shapes as the additional surface shape. In
order to further evaluate the performance of the clamping structure, in follow-up ex-
periments, we added external excitation to the mirror, such as vibration and posture
changes. The external excitation was mainly used to simulate the change from offline
to online.

In order to ensure the consistency of the preload, we used a torque screwdriver to
pre-tighten the rubber nails. The range of the torque screwdriver is 5—-8 cN-m, and its
accuracy is 5%.

(b)

Fig. 6. (a) ®600 near-infrared interferometer. (b) Measuring posture of the mirror.
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4.2. Experimental results of full rubber nails on the front
and full rubber nails on the sides champing scheme

In this champing scheme, all the designed rubber nails were installed. During the exper-
iment, we controlled the front tightening torque and the side tightening torque separately,
where the front tightening torque decreased from 20 cN-m to 0 in steps of 5 cN-m, and
the side tightening torque increased from 0 to 40 cN-m in steps of 20 cN-m. We set
a return point every time the side tightening torque changed for one cycle, all the nails
would be loosened to make the mirror return to the initial state. The typical clamping
surface shape is shown in Fig. 7(a), it can be seen that the large-scale additional surface
distortion caused by clamping is obvious, and results of surface PV are shown in Fig. 7(b).
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Fig. 7. Experimental results of full rubber nails on the front and full rubber nails on the sides champing
scheme. (a) Typical clamping surface shape. (b) Results of surface PV.

Asis shown in Fig. 7(b), when all the rubber nails are installed, the front tightening
force has a more obvious influence on the surface distortion than the side tightening
force, so the additional surface distortion decreases significantly as the front tightening
force decreases. While when the front tightening force is the same, the additional sur-
face distortion tends to decrease slightly as the side tightening force decreases, but
when the front tightening force is small, this rule becomes invalid. The reason for this
may be an accidental phenomenon that in this case the bending moments caused by
the front clamping and the side clamping are exactly opposite.

Compared with the aforementioned technical requirements, it can be found that this
scheme cannot meet the requirements. The reason for the obvious influence of the
front clamping on the surface shape distortion is the uneven control of the clamping
force, because it is difficult to ensure the positional accuracy of these so many threaded
holes and the consistency of the preload on each point during manufacturing process.
The non-uniform frontal pressure exerts additional moment on the flat, resulting in in-
creased surface distortion.
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4.3. Experimental results of full rubber nails on the sides only

Considering that the clamping on the front causes obvious additional distortion to the
surface (which can be seen from the above experimental results), we conducted exper-
iments on fixing the mirror by using the side clamping only. In order to improve the
stability of the clamping, we added a copper sheet between the frame and the glass to
improve the friction, which is shown in Fig. 8(a). In this experiment, we used a tight-
ening force of 40 cN-m. This tightening force can meet the requirements of surface
distortion and stability in the verification of the static clamping process.
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Fig. 8. Experimental results of full rubber nails on the sides only. (a) The experimental element with a copper
sheet. (b) The change of surface PV in the whole process.

The results of the experiment are shown in Fig. 8(b). It can be seen that in the static
state, the additional surface distortion meets the technical requirements. Therefore, we
further investigated the performance of this scheme in the whole process, including
transportation and standing for 20 hours after transportation. It can be seen that under
external excitation, the additional surface distortion increased, and the final distortion
exceeds the technical requirements. The instability of the structure which only the side
clamping is used may be the main cause of the performance degradation.

4.4. Experimental results of three-point rubber nails clamping on the front
and full rubber nails on the sides champing scheme

Since the stability of the structure is insufficient when only the sides are clamped, front
clamping is still needed. According to the simulation analysis, we selected the three
-point rubber nails clamping scheme on the front, which is the minimal number of stat-
ically determinate constraints. The full rubber nails clamping scheme was still applied
on the sides, and the underside of the mirror was supported by a silicone rubber gasket.
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Fig. 9. Experimental results of three-point rubber nails clamping on the front and full rubber nails on the
sides champing scheme. (a) Typical clamping surface shape. (b) Results of surface PV.

The typical clamping surface shape is shown in Fig. 9(a), and the surface PV results
are shown in Fig. 9(b).

As is shown in Fig. 9(b), when the side tightening force is the same, the change of
the front tightening force has no obvious influence on the additional surface distortion.
And compared with Fig. 7(b), when the value of the tightening force is the same, the
additional distortion of the three-point clamping is smaller than the full rubber nails
clamping scheme. This proves that the three-point clamping on the front helps to reduce
additional surface distortion. However, compared with the technical requirements, it
can be found that this scheme cannot meet the requirements too. According to the data
in Fig. 9(b), when there is no side clamping, the front clamping results in part of the
surface distortion, and with the increase of the side clamping force, the face shape dis-
tortion further increases. It means that in this case, the effect of three-point clamping
on the front is reduced by non-ideal process factors because there is still multi-point
clamping on the bottom surface of the mirror, which can cause harmful additional bend-
ing moments, while the multi-point clamping on the sides is actually difficult to avoid
high additional surface distortion, although it used to perform well in the experiment
of side clamping only.

5. Minor-point clamping

After the above experiments, we can see that none of the above peripheral clamping
schemes can meet the technical requirements, so it is necessary to conduct further re-
search on the clamping structure of the large-aperture laser transport mirror. Based on
the conclusions of simulation analysis and multi-point clamping experiments, and re-
ferring to the mirror clamping structure of the French LMJ device [12], we carried out
a series of experimental research on minor-point clamping.
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Fig. 10. (a) Schematic diagram of the clamping force on the mirror. (b) Assembly model of minor-point
clamping.

The schematic diagram of the minor-point clamping is shown in Fig. 10. Among
them, the specification of the frame and the mirror are the same as the aforemen-
tioned. There are two threaded holes on each side of the frame which correspond to
the centerline of the side of the mirror to minimize the additional bending moments
due to non-uniformity of the side clamping force. And there are three threaded holes
on the bottom of the frame for three-point clamping, at the same time, three bosses
are set at the corresponding positions of the pressing plate to form a point-to-point
clamping of the mirror with the rubber nails. In this way, the influence of non-uniform-
ity of the front clamping force can be avoided.
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Fig. 11. Experimental results of minor-point clamping. (a) Surface distortion of mirror #1. (b) Surface
distortion of mirror #2.
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We conducted experiments of minor-point clamping with two different mirrors as
objects. In these experiments, we followed the equipment and methods used in the
multi-point clamping experiments, and measured the mirror surface in the vertical
state. For adequate support and stability, we set the front tightening torque and side
tightening torque to 40 and 60 cN-m, respectively. In view of the experience gained
from the experiments of side clamping only, we investigated the mirror surface of the
whole process, the mirrors were transported after static clamping and then stood hori-
zontally for up to 20 hours. The results are shown in Fig. 11.

Comparing the surface PV and technical requirements of surface distortion, it can
be found that the minor-point clamping meets the requirements of related technical in-
dicators in the whole process. It can also be seen from the measurement diagrams of
the mirror surface that the distortion distribution of the mirror after clamping is still
as random as before clamping, and there is no large-scale surface deformation similar
to that in the multi-point clamping experiments. Therefore, the experimental results
show that the minor-point clamping can fully meet the technical requirements.

6. Conclusion

In conclusion, this paper reports our researches on the peripheral clamping of large
-aperture laser transmission mirrors in high power laser systems, clarifies the mecha-
nism and laws of surface distortion caused by clamping, by simulation analysis and
experiments, and finally verifies the qualification of the minor-point clamping in the
whole process by experiments. In the simulation analysis, we investigated the influence
of the side clamping and the front clamping on the surface distortion respectively.
The results show that multi-row side clamping and multi-point front clamping are very
susceptible to the non-ideal process factors, and then lead to additional bending mo-
ments, which is the main cause of surface distortion. The multi-point clamping exper-
iment verifies the conclusions obtained from the simulation analysis and shows the
necessity of front clamping for stability. Based on the above conclusions, we carried
out research on minor-point clamping. The experimental results show that the minor
-point clamping can meet the requirements of technical indicators in whole process
(additional surface distortion caused by assembly is required to be less than 158 nm).
This work can provide a reference for the design of the large-aperture transport mirror
clamping structure, or other scenes that control the distortion of a large surface are
needed.
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