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Introduction

The gravitational load (body force) on the Input and End Test Masses (ITM, ETM) are supported in the Advanced LIGO suspensions by "ears" bonded to flats on sides of these optics. The stress field created by the gravitational load and the resulting ear bond reaction forces will cause a deformation of the optic. We are concerned with the deformation of the optical surfaces, which are polished in a horizontal orientation.

1 Model

The fused silica ITM and ETM dimensions
 are 340 mm diameter by 200 mm thick with 95 mm long flats on each side (nominally 40 kg mass). A three-dimensional finite element model, created with the I-DEAS version-9 software, depicted in Figure 1, represented this geometry. The bevels and the wedge angle of the optics were not included in this model. The ear, which is bonded to the optic and welded to the fused silica fibers (or ribbons), was not modeled either. The bond area was restrained from motion and served to provide a reaction to the gravitational load. The dimensions of the two bond areas were taken
 to be 18 mm wide by 15 mm high. These bond areas should be placed centered front-to-back, between the two optical faces, but below the horizontal center-plane of the optic, such that the bending flexure point of the fiber/ribbon is slightly above the optic center of mass (by a distance d4 in the suspension design parameter terminology
). The vertical placement depends upon the details of the ear design and the desired value of d4. The latest quadruple ITM/ETM suspension design parameter set
 has a d4 value of 1 mm. The bond areas (surface areas with nodal restraints) in the finite element model were placed with the lower edge tangent to the centerline and so are about 20 mm too high compared to the intended design. I doubt that this will affect the magnitude of the results very much; however the deformation pattern might shift relative to the center of the optic
.

It was found that the asymmetry of free (automatic) meshing caused significant quasi-rigid body pitch and roll deformations. A mapped mesh ensured a purely vertical quasi-rigid-body global motion in response to a vertical gravity vector.

The ITM and ETM are actually pitched relative to the local gravity vector in order to align to the long Fabry-Perot optical cavities
. This nominal pitch angle is varies from –0.619 mrad to +0.326 mrad. In the analysis reported here only a vertical gravity vector is considered.
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Figure 1: Finite Element Mesh

The mesh consists of 13,440 parabolic, brick elements and 59,041 nodes. 

2 Calculated Stress & Deformation Field

The stress contours (Figures 2, 3 and 4) show that only the region immediately adjacent to the bond area has significant stress, as expected. The penetration depth of the stress field is on the order of the bond area width, h, which also seems reasonable. One might expect then that the peak transverse displacement due to Poisson's effect would be approximately
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where  = 0.17, Poisson's ratio for fused silica; E = 7.0 x 1010, Young's modulus for fused silica; h = 0.018 m is the bond area width; m = 40 kg is the optic mass and g = 9.8 m/s2. The finite element analysis indicates a peak transverse (normal to the optic face) deformation of +/- 4 nm, or 8 nm total (as shown in Figures 4 and 5).
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Figure 2: Stress Contours (Von Mises stress, linear scale)
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Figure 3: Close-up and cut-away of the stress contours (Von Mises stress, linear scale)
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Figure 4: Stress contours for cut-away of lower half of optic (Von Mises stress, log scale)
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Figure 5: Front Surface Normal Displacement
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Figure 6: Front & Rear Surface Normal Deformation

3 Comparison to optical surface figure requirements

The draft polishing specifications
 call for a sagitta over the central 215 mm diameter of 2862 nm with a surface error of no more than 0.75 nm rms over the central 120 mm diameter. As can be seen from the vertical and horizontal centerline profiles (Figures 6 and 7), the predicted deformation due to gravity loading is ~1.2 nm p-v over the central 120 mm diameter. However, much of this deformation is local tilt (pitch).
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Figure 7: Front Surface Normal Deformation Along the vertical centerline
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Figure 8: Front Surface Normal Deformation along the horizontal centerline

The results of the finite element model have been exported for use in further optical analysis, as described in the appendix. 
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Figure 9: Interpolated optic surface deformation map

The irregular finite element nodal grid was interpolated to a regularly spaced grid for Zernike fitting in Matlab.

[image: image11.emf]-0.1 -0.05 0 0.05 0.1

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

Horizontal Distance from Center (m)

Vertical Distance from Center (m)

-1.2e-009

-1.2e-009

-1.1e-009

-1.1e-009

-1e-009

-1e-009

-9e-010

-9e-010

-8e-010

-8e-010

-7e-010

-7e-010

-6e-010

-6e-010

-5e-010

-5e-010

-4e-010

-4e-010

-3e-010

-3e-010

-2e-010

-2e-010

-1e-010

-1e-010

0

0

0

1e-010

1e-010

2e-010

2e-010

3e-010

3e-010

4e-010

4e-010

5e-010

5e-010

6e-010

6e-010

7e-010

7e-010

8e-010

8e-010

9e-010

9e-010

1e-009

1e-009

1e-009

1.1e-009 1.1e-009

1.2e-009

1.2e-009

1.3e-009

1.3e-009

1.4e-009


Figure 10: Contour plot of the surface deformation

Using Matlab to fit the surface deformation to Zernike aberration functions yields the following Zernike fits (nm):

Z1, piston           = -0.11455

Z2, yaw              = -6.1246e-007

Z3, pitch            = 0.90346

Z4, focus            = 0.0010491

Z5, astigmatism (0)  = -0.082277

Z6, astigmatism (45) = 8.7543e-008

Z7, x-Coma           = 2.897e-008

Z8, y-Coma           = 0.019566

Z9, spherical        = 0.0012452

The rms of the surface deformation, in the central 120 mm diameter, is 0.468 nm (1.555 nm p-v). However, after removing piston, tip & tilt, the rms is only 0.071 nm (and 0.420 nm p-v). Since this predicted value is small compared to the total allowable figure error (0.75 nm rms), the gravity induced surface deformation is not a problem.

Appendix: Surface Deformation Map from the FEA

The Matlab m-files for reading the finite element results from I-DEAS in the Universal File Format (UFF), described in T050125-00
, were extended for this analysis, to handle static results. The readuff.m file is included in the T050184-01.zip file associated with this memo. Also included in the zip file is the Matlab m-file, importFEAnodal.m, used to call uffread.m and create the interpolated grid plots and perform the Zernike fit. importFEAnodal.m is listed below.

The results for the stress, strain and deformation fields (at all nodal points) are embedded in the associated universal file. From this file, with suitable extensions to readuff.m, one could calculate the birefringence as well.
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