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Methodology for predicting optical system performance
when subjected to static stresses
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Abstract; High performance optical systems are characterized by high sensitivity to assembly procedure of the
system and to any sensible change in environmental conditions. This sensitivity issue is handled in this paper
through a methodology allowing a computational prediction of optical performance when the opto-mechanical
system is subject to some external factors. This paper explains the methodology through an example of an opti-
cal objective of excellent performance undergoing static mechanical stresses which degrade the performance ex-
pressed by an MTF diagram. Then the objective is manufactured, assembled, and an optical interferometer is
used to test the objective when stress is retained; and the experimental results of degraded MTF are compared
to the analytical MTF. The excellent matching between the two sets of results confirms the validity of the pro-
posed methodology.
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1 Introduction

Optical systems are essential components in as-
tronomy, scientific devices, medical instruments,
and military equipments. Therefore, there has been
a considerable research effort dedicated to designing
and optimizing optical systems, and to evaluating
their performances. This evaluation has been tradi-
tionally based on optical criteria developed during
the twentieth century such as the PSF or MTF resul-
ting from the numerical analysis of optical de-
signs'''. But this evaluation remains practically in-
complete unless it includes an analytical study on the
effect of static and dynamic mechanical stress resul-
ting from the effect of fixing optical elements within
their mountings(i. e. assembly of optical systems) ,
the expansion of the optical elements in an environ-
ment with variable temperature, or the exposure to
shockwaves or vibration'*.

In all cases, the various types of stresses ad-
versely affect the quality of the image formed by the
optical system, and the system may completely fail
to accomplish its function if these stresses exceed
certain limits related to opto-mechanical design. For
example, tension of an optical element with a retain-
er leads to surface deformation and generates stresses
within this element, and these stresses depend on
the shape of the contact contour between the element
and the metallic mounting ( sharp corner-torodial
contact-tangential contact-circular contact----"*/). If
these stresses exceed 345 MPa as a compression
stresses , the optical element will breakdown''*.

The available scientific articles do not offer e-
nough information about how the optical system per-
formances could be analytically evaluated under vari-
ous environmental conditions ( stresses-pressure-tem-
perature--+-). The only significant work is presented
under the form of the program “SIGFIT”. This soft-

ware converts finite elements analysis( FEA) thermal

and structural results obtained using the program

ANSYS(or NASTRAN) , into any of the well-known
optical analysis programs such CODE V, ZEMAX,
or OSLO™.

The accessible publications in this field include
the research presented by Victor Genberg, Gregory
Michels, and Keith Doyle who studied the effect of
both temperature and stresses on the refractive index
of glass materials using the finite elements method
and its effect on the optical path difference ®®’.
They also investigated the behavior of adaptive optics
and provided the obtained results under a form ap-

[9]

propriate for optical design programs Further-

more, their research included a comprehensive study

1O However, the

on the resulted birefringence
validity of the mentioned results depends on the cor-
rectness of the software SIGFIT which has not been
thoroughly tested by independent institutions.

Available publications also include the work of
Martin Booth and his colleagues who developed two
methods to characterize membrane deformable mir-
rors that were used in adaptive optical systems. One
of these two methods utilizes a simple interferometer,
and the deformable mirror is inserted in one arms of
the interferometer and then they analyzed the fringes
resulted from the mirror deformation' '’ .

In this paper, we present a detailed study on
the effect of static stresses on optical elements, spe-
cifically in the case of optical systems of very high
performances, such as projective microlithography
devices and space telescopes'™®’. In such systems the
stresses effects are not negligible compared to optical
aberrations, and they may cause the optical system
to fall short of fulfilling its intended functions.
Therefore, a high performance objective lens has
been designed for the sake of this study, and the
methodology shown in Fig. 1 was adopted in order to
investigate the effective optical performance of this
objective under static stresses. Practical confirmation
of this methodology is illustrated in Fig. 2 where an
interferometer with double-pass auto-collimation was

used.
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Fig.2  Verification of optical system performance using
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a double-pass auto-collimation interferometer

2 Optical design of the objective

The current work included the application of the
proposed methodology to predict the optical perform-
ance of a variety of objectives and eyepieces of tele-
scopes that operate in the visible, and typically have
a resolution less than 100 Ip/mm. The results assert
that the mechanical tension has no effect on the opti-
cal performance because the optical aberrations are
much higher than the degradation caused by the ten-
sile even when increased up to the break point of the
glass material of the optical element. Therefore, it is
necessary to apply the suggested methodology to an
optical system of high performance so that a practical
confirmation could be clearly observed and quanti-
fied.

The well-known optical design program ZEMAX
was used to design an objective with a very high res-

olution reaching 625 Ip/mm at A =628. 3 nm and for

Tab.1 Parameters of the designed objective

Surfaces number Radius/mm Thickness/mm Optical diameter/mm Glass material
(Stop) 187.5 7.5 60 H-ZF52A
2 -305.5 38.753 59.46 Air
3 85.70 8 40.31 H-BAK4
4 -88.51 5 38.70 H-ZF52A
5 192.31 89.425 36.24 Air
1.0
=
S 0.5
0.1
0.00 312 625
Len2 Spatial frequency/(cycle - mm™")

Lenl

(a) Designed objective

(b) Curve of MTF

Fig.3  Optical performance of the designed objective

an on-axis object point. Tab. 1 shows the parameters
of the designed objective, and Fig. 3 displays its dif-

fraction limit performance with a cutoff frequency

625 Ip/mm.
Additionally, the tolerances analysis within ZE-

MAX confirms that this objective has low sensitivity
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to inevitable tilts and decenter errors of its lenses.
Therefore, when applying mechanical tension to the
optical elements of the objective, any decrease of
optical performance will be originated only from the

tension.

3 Applying the prediction methodolo-

gy of optical performance

The modeling of stresses and tensions is gener-
ally realized by “finite elements method” with any
from a set of approaches relating all parameters of
the case study; geometric form, downloading meth-
od, retaining method, the behavior of materials,
etc. The modeling is commonly done within one of
the specialized programs such as ANSYS or NAS-
TRAN.

This modeling by ANSYS was applied to the op-
to-mechanical objective formerly designed, with suit-
able conditions and restrictions ( retaining force-tem-
perature-+-+) governing the system. Next, the prob-
lem was resolved for the first lens of the objective
and the deformations were presented. The following
parameters and criteria were applied in the model-
ng:

(a) Because the lens has circular symmetry in
its mounting, the 3D shape had been reduced to on-
ly one quarter with restrictions on all nodes plans
(a,b) in horizontal direction (levels XY-ZY) ( Fig.
4).

Fig.4 One quarter of the lens

(b) The used element for 3D structure modeling
is Solid186 which consists of 20 nodes, and every

node has three degrees of freedom.

(¢) The behavior of glass is “linear elastic”
within the “safe use” range, and Tab.2 presents the
characteristic values of glass material of the current
element. As for the behavior of the mounting materi-
al (aluminum alloy) , it is nonlinear elasto-palstic,
and its values shown in Tab. 2 have been based on
the stress-strain curve obtained from the static ten-
sion experiment carried out using a standard sample

made from the alloy(Fig.5).

Tab.2 Characteristics of the materials

used in the modeling

Parameters Aluminum Glass
Young modulus/(N + m™®)  7.1x10"°  9.67 x10"
Poisson’s ratio 0.33 0.226

& 10°)

4 /P_

SIG
w

0 004 008 012 016 02
EPS

Fig.5 Stress-strain curve for aluminum material

(d) With respect to the modeling of contact sur-
faces between the optical element and both of the
mounting and retainer metal, the modeling has been
represented by a “contact model” available in An-
sys. The used element ( Targel69-Contal72) con-
sists of three nodes in addition to the coefficients of
friction associated with them. The values of these
coefficients of friction between glass and aluminum
are 0. 6 as it is given in Ref. [ 15].

(e) The forces generated by the retainer on the
optical element have been represented as “ com-
pressed transitions” along the vertical axis( the opti-
cal axis) , and this is equivalent to applying a torque
of 3t06 N - m.

(f) The number of elements is 15 328, and the
number of nodes is 251 221 nodes.
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Once the problem has been resolved, and the optical element due to a torque of 5 N + m along the
resulting deformation on surfaces nodes has been cal- optical axis ( y-axis in the current example). Note
culated ( Fig. 6 ), the translations (x; + Ax,, y, + that the maximum of compression stress 36. 3 MPa is
Ay,, z; + Az;) are stored in an Excel file. much lower than the stress of 345 MPa provoking a

glass failure.
AS,
¢ — ANSYS
STEP=1 SEP 11 2015
sSuB =1 15:16:42
TIME=1

Displaced node om0

- (it A,y Ay, 27+ 02) mR

Arbitrary node e

(Xisyisz:) [ /~—Deformed surface
Original surface

Fig.6  Original surface deformation as a result of ap-

lied tensi Fig.7 Generated stresses due to a torque of 5 N m a-

plied tension
long y-axis

Taking in calculations that the diameter of re-

tainer (Torsion couple) is 60 mm., it is possible to After obtaining and storing the displacements of
all nodes, they were mathematically processed with-
in the the software MATLAB so they could define a
new surface according to the following equation

(l)ﬂﬂz

numerically represent-Tab. 3-the torque as a function

of displacements of retainer.

Tab.3 Tensile torques values as a function of

2
retainer displacement S=—"“ 71 +79-

- 1 +/1 = *%°

Moment Force Displacement

(Z.'o?) <5N1> <:;n> [6(37)" =6(35)" +1] +

S s s Ao a0t )

5.902 2 98.37 36 12(396_2 2_1] , (1)

represents the sag of

cx
Fig. 7 illustrates the values generated within the Where the term ——————
1+/1-¢""

Resurs . '

Coefficents (with 95% confidence bounds): 25
Z1: 0.008493 (0.008117,0.008973) 5 ) LE
Z9: 0.0000784 (0.0000812, 0.0000732)
Z16: 0.000000751 (0.000000743, 0.000000761) 1.5
Goodness of fit !
SSE: 0.002783
R-Square: 0.996 0.5
Adjusted R-Square: 0.996
RMSE: 0.002958 I

0 5 10 15 20 25 30

< > 5

Fig. 8 Expansion of deformed surface as a function of Zernike polynomials
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the spherical surface; ¢ =1/R is the curvature at the
summit ; and (Z1, Z9, Z16) are Zernike polynomi-
al coefficients. Since the tension has circularly sym-
metric effect, and then the meaningful terms are
those related to spherical aberrations, in addition to
a piston term representing a constant phase. Fig. 8

shows the perfect matching between the deformed

surface and the surface defined to be the previous e-
quation with suitable coefficients. These results were
obtained for a3 N + m torque applied to the first sur-
face within a confidence bounds of 95% .

Tab. 4 shows Zernike polynomial coefficients at

each surface of the lens for a set of tensile torques.

Tab.4 Zernike coefficients for a set of tensile torques

Tensile torque/ Piston(Z1) Third Sphere(Z9) Fifth Sphere(Z16)
(N -m) Surface 1 Surface 2 Surface 1 Surface 2 Surface 1 Surface 2
3 8.49 x 10 -0.017 3 7.84x107° -1.27x10™* 7.51x107’ 9.41 x1077
4 5.43x107° -3.14x107°  1.88x10™*  -7.40x107° 3.49x107’ 2.51x1077
5 8.31x10°  -7.13x107°  1.43x10™* -1.45x10"* 2.01x107’ 9.63x1077
6 0.0125 -0.0317 1.35x10™*"  -1.62x10™*  2.47x107’ 2.82x1077

The next step involves inputting Zernike poly-
nomial of the deformed surface into ZEMAX. These
coefficients-Tab. 4-were used to define a surface of
the type “Zernike fringe sag surfaces”. Fig.9 shows
the objective MTF under the influence of a set ten-

sile torques.

1.0 OXOYOIGNG

0.8

0.6

MTF

0.41r
0.2}

0.0
0.00

312 625
Spatial frequency/(cycle - mm™")

Fig.9 Using Zemax to output MTF as a function of ten-

sile torque

4 The practical investigation of the

mechanical tension effect

The practical part involved the use of the fol-
lowing ;

(1) Torque tool ; This tool ( Fig. 10) is used to
fasten the retainer by a certain torque whose value is
in the range of 3 =11 N - m. This tool was calibra-
ted to an accuracy of 0.05 N + m.

(2) Adapter of steel :it is an intermediate piece
(Fig. 10) between the torque tool and the retainer of
the optical element.

(3) Fizeau-Interferometer with an accuracy of

A/50.

Fig. 10 Torque tool and adapter of steel used in experi-

ments

Firstly, all the optical and mechanical elements
of the objective have been manufactured according
the optical design previously presented in this paper.
Then, all the elements were assembled without ap-
plying any mechanical tension on the first lens which
has been selected to be subjected to the variable me-
chanical tension. The optical system is fixed on a
movable stage with two degrees of freedom ( horizon-
tal and vertical ) and facing an interferometer ac-
cording to the adopted methodology.

The stage is adjusted in both directions to mini-
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mize various optical aberrations, as seen in Fig. 11
(a). Good adjustment leads to straight fringes, as
seen in Fig. 11 (b), and that affirms the excellent
quality of the objective whose P-V fringes error is

AN =0.08A.

interferometer

3

mirror

QR

(@ ()

Fig. 11 (a) Measuring setup using an interferometer;

(b) resulted fringes when no tension was ap-

plied to the optical element

In the next phase, the tension was gradually in-

creased using the steel adapter and the torque tool,

Fig. 12 Applying a tension on the optical element

seen in Fig. 12. The tension was varied within the
range from 3 N « m to only 6 N + m because the de-
formation became very large and thus immeasurable
by the interferometer. Fig. 13 presents diagrams of
fringes errors for several values of the applied tensile
torque to the optical element.

All diagrams of Fig. 13 comprise some astigma-
tism, and it is directly measurable by the interferom-
eter. The origin of this aberration is the tolerated tilt
between the lens surfaces during manufacture. This
tilt was within the allowed tolerance, and the third
order spherical aberrations was always the dominant

aberration.

INTOMATIK-F/AI

INTOMATIK-F/AI

INTOMATIK-F/AI

%

RMS:0.39A
P-V :1.46)

Fig. 13 Diagrams of fringes errors of the optical system

under test for several values of tensile torque

Tab.5 MTF values at typical spatial frequencies obtained by computation and experiment

6N-m S5N-+m 4N-m 3N-'m
Spatial MTF MTF MTF MTF MTF MTF MTF MTF
frequency ( computation) (experiment) ( computation) (experiment) ( computation) (experiment) ( computation) ( experiment )

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
62.5 0.739 0.791 0.657 0.717 0.623 0.658 0.595 0.614
125 0.510 0.520 0.409 0.408 0.355 0.410 0.312 0.278
187.5 0.364 0.310 0.276 0.251 0.225 0.209 0. 186 0.130
250 0.304 0.268 0.225 0.192 0.184 0.160 0.154 0.081
312.5 0.275 0.251 0.226 0.189 0.199 0. 140 0.176 0.115
375 0.231 0.239 0.210 0.184 0.197 0. 165 0.187 0.179
437.5 0.136 0.153 0.117 0.135 0. 106 0.091 0.099 0.125
500 0.057 0.071 0.039 0. 066 0.030 0.054 0.022 0.037
562.5 0.006 0.015 0.017 0.017 0.041 0.022 0.012 0.017
625 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002
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Tab. 5 shows the MTF values for the previous
tensile torques, and Fig. 14 shows the MTF diagram
in two cases( computation-experiment) for the previ-
ous tensile torques and with deviation (2¢) , since
the tangential and sagittal MTF ( for computational
and experimental ) are very close so the MTF has no
significant astigmatism aberration.

The result gives the excellent match between

1.200
—+  MTF(computation): 3 N - m
1.000
“®  MTF(experiment): 3 N - m
0.800F
= 0.600
s 0
0.400 |
0.200 f
0.000 A L A .
0 100 200 300 400 500 600 700
Spatial frequency/(cycle - mm™")
1.200
=+ MTF(computation): 5N - m
1.000
-=~  MTF(experiment): 5N - m
0.800
£ 0.600
s 0
0.400
0.200
0.000 L . . .
0 100 200 300 400 500 600 700

Spatial frequency/(cycle - mm™")

MTF

MTF

the analytical and measured MTF for several values
of tensile torques. This match validates the reliabili-
ty of the methodology presented in this paper. More
significantly, it confirms the possibility of a compu-
tational prediction of the functional performance of
this kind of optical systems undergoing static me-
chanical stresses before actually manufacturing any

element of the opto-mechanical system.

1.200

- MTF(computation): 4 N - m
1.000

-»~  MTF(experiment): 4 N - m
0.800
0.600 -
0.400
0.200
0.000 [

0 100 200 300 400 500 600 700

Spatial frequency/(cycle - mm™")

1.200
—+—~  MTF(computation): 6 N - m
1.000
~#~  MTF(experiment): 6 N - m
0.800
0.600
0.400
0.200
0.000 L L . .
0 100 200 300 400 500 600 700

Spatial frequency/(cycle - mm™")

Fig. 14 Computed MTF as function of tensile torque( solid circle) ; experimental MTF as function of tensile torque with de-

viation 20 ( solid rectangle)

5 Conclusion

This paper presented a detailed methodology
capable of predicting the optical performance under-

going static tension applied to the lenses of an opto-
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