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Definition and application of easily measurable aspheric surfaces
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Abstract: This paper presents a new kind of “Easily Measurable Aspheric Surfaces” (EMAS) , which could
be easily measured by a traditional optical interferometer. The measurement of EMAS is mainly based on using
the multi-configuration feature in Zemax software. The first configuration represents the optical system with
EMAS, and the second configuration represents the setup, using a parallel planes glass plate or a single lens
as a null corrector to measure the aspheric surface used in the first configuration. The applications and advan-
tages of this technique are illustrated by many examples, which could confirm the ease of manipulating and
testing this kind of surfaces, compared with conical or general aspheric surfaces. It can also show its compe-
tence in minimizing the optical aberrations.
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1 Introduction

In the 15th century, scientists succeeded in de-
signing the first optical systems using lenses or mir-
rors with spherical surfaces. Since the spherical sur-
face has a constant curvature at all its points, it was
possible to control the surfaces while manufacturing.
Such systems were satisfactory at that time, but the
rapid development in technical fields lead to the
need for optical systems with better performance
while being compact. Therefore, aspheric surfaces,
though being difficult to manufacture and test, were
the only option for optical designers when compact-
ness or highest optical performance were re-
quired'"?’ .

The accurate metrology of optical surfaces is u-
sually achieved by means of optical interferome-

ters[M:

In such systems, the emitted spherical
wave-front has to be diffraction-limit with radius of
curvature matching that of the surface under test, so
the optical rays fall perpendicularly upon the tested
surface. Then, the reflected rays will be precisely
coincident with the incident rays, which could make
this method very sensitive to any sub-micron devia-
tion over the whole of the tested surface .

On the other hand, general aspheric surfaces
cannot be directly measured using standard interfer-
ometers, and a suitable null corrector has to be in-
troduced between the interferometer and the aspheric

surface'”’ .

The null corrector function is to convert a
spherical or plane wave-front into a form which could
match the profile of the aspheric surface under test.
As a result, the interferogram will display straight,
parallel, and equally spaced fringes if the aspheric
surface under test has the profile requested in the
lens drawing. A variety of designs of null correctors
are presented in several articles related in optics,
and each corrector has been designed and manufac-

.pe . 7
tured to measure a specific aspheric surfaces'”" .

The design and handling of a null corrector are
usually difficult because it is made of several lenses
which have to be perfectly manufactured, and then
accurately assembled. Even if the null corrector has
been produced within the acceptable tolerances, the
accuracy of the measurement requires the corrector
to be precisely placed, relative to the aspheric sur-
face and the interferometer. In this context it is ap-
propriate to recall the problem of the Hubble Space
Telescope where an incorrectly placed null lens re-
sulted in the primary mirror being ground to an inac-
curate surface figure, and thus producing strong
spherical aberrations™’.

The main goal of this study is to put forward a
new technique where the optical design uses Easily
Measurable Aspheric Surfaces ( EMAS) instead of
general aspheric surfaces, and this technique over-
powers the problematic measurement of general as-
pheric surfaces. Thus, the outcome of this research
is to provide the optical designer with a methodology
allowing simultaneously the effective use of aspheric
surfaces to achieve higher performances and a reduc-
tion of optical system size, while being able to easily
measure such aspheric surfaces with the devices a-
vailable in all optical workshops, transforming the
well-known sentence “ You cant manufacture what
you can’t measure” to “Why dont you design what

you can easily measure” .

2 Definition of EMAS

Aspheric surfaces are described by a polynomial
expansion of the departure from a spherical surface.
The even aspheric surface model uses only the even
powers of the radial coordinate. The surface sag is
given by equation (1),

SAG e (Coshr) =
C,-r
L+/1=(1+k)-C -7

Where C, is the curvature at the vertex; k is the

+ > Ay - (1)
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conic constant. The first term in the previous
equation describes the surface sag for a conical sur-
face.

As described in the introduction, general as-
pheric surfaces could probably be tested using null
correctors consisting of several optical elements. For
example, Fig. 1 shows Shafer null corrector consis-
ting of 3 lenses''” | while Fig. 2 shows an Offner
null corrector comprising two lenses''’’. In Fig. 2,
the first lens is called the field lens and its function
is to image the aspheric surface onto the second lens
which is called the relay lens. The role of the relay
lens is to produce spherical aberration equaling the
difference between the aspheric surface and the best-

fit spherical surface ™"/,

Mirror

[10]

Fig.1  Schematics of Shafer null corrector

Mirror
Field lens

Relay lens

S,I /

[10]

Fig.2  Schematics of Offner null corrector

EMAS are defined in this paper as the aspheric
surfaces that can be tested by an optical interferome-
ter using only one optical element as a null corrector
in one of two cases:the first case includes the use of
a parallel planes glass plate with a spherical wave-
front ( see Fig.3) , and the second case uses one lens
with a plane wave-front(see Fig.4). The two simple
null correctors are easy to manufacture and less sen-
sitive to their relative place between the aspheric

surface and the interferometer.

10 %
EMAS
|
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Fig.3 Testing EMAS by a parallel planes glass plate as

null corrector with aspherical wave-front

EMAS

interfero-

Len
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Fig.4 Testing EMAS by a single lens as null corrector

with a plan wave-front

3 Design technique using EMAS

The aim of using EMAS is two-folds including
minimization of the optical aberrations and using as-
pheric surfaces that can be easily measured. There-
fore, two different optical systems have to be de-
signed. The first system represents the required opti-
cal system with as minimal aberrations as possible u-
sing an aspheric surface, and the second optical sys-
tem represents one of the null test setups illustrated
in Fig.3 and Fig. 4 is used to measure the aspheric
surface appearing in the first optical system.

To satisfy simultaneously these two conditions,

a “ multi-configuration ”

feature in optical design
software “Zemax” has to be applied. The first con-
figuration consists of the required optical system with
suitable operands to satisfy the wanted optical system
constrains, e. g. field of view, wavelengths, total
track, image quality, et al. One of the surfaces in
this configuration is chosen to be aspheric, or more

specifically this surface would be EMAS. The sec-

ond configuration is built with operands which could
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be suitable to the measurement setup constrains, e.
g. field of view is zero, monochromatic wave length
(He-Ne), double pass mode, et al, in addition to
the parameters of the mirror surface which are
“picked up” from the parameters of EMAS defined
in the first configuration.

The following paragraphs present three different
examples, demonstrating the usefulness and easiness
of the proposed technique.

3.1 Designing an objective lens made of Ger-
manium
In this example, an objective lens for a thermal

camera has been designed with the following parame-

o F/# .1.2

Two Germanium lenses have been used in the
design. The first surface of the first lens is selected
to be even-aspheric, and would become EMAS.

The null test setup to measure this EMAS is
chosen as in Fig. 3 (i. e. parallel planes glass plate
with spherical wave-front) but in this case the tested
surface is convex; and the test wave length is
0.632 8 pm.

Two configurations have been created in Zemax
software. The first configuration represents the de-
sign of the objective lens, and the second one repre-

sents the null test setup. The parameters of EMAS in

ters the second configuration have been picked up from
o Field of view; £6.5 degrees the first configuration. The suitable start values of
® Main wavelengths:8, 10, 12 pm other parameters( curvatures, thickness, et al) have
® Effective focal length:55 mm been selected carefully to satisfy the design require-
® Total track ;less than 80 mm ments(see Tab. 1).
Tab.1 Parameters of the two configurations: Config 1 for the objective lens; Config 2 for the test setup
Active 1/2 Config 1 Config 2 Active 1/2 Config 1 Config 2
1 :wave 1 8 pm 0.632 8 um 17 . THIC 5 10. 00 81.2754
2 :wave 2 10 pm 0.632 8 pm 18 :SDIA 1 25.00 40.00
3. wave 3 12 pwm 0.632 8 wm 19.SDIA 2 24.00 40.00
4.CRVT 1 0.0156 0. 000 20:SDIA 3 12.00 25.00
5:CRVT 2 0.013 8 0.000 21.SDIA 4 10. 00 40.00
6:CRVT 3 0.056 6 0.015 6 22 .SDIA 5 10. 00 40.00
7.CRVT 4 0.057 5 0. 000 23.APER 0 1.200 0.400
8:CRVT 5 0.057 5 0.000 24 .CONN 1 0.228 2 0.000
9.GLSS 1 GERMANIUM BK7 25.CONN 3 0. 000 0.228 2
10:GLSS 3 GERMANIUM MIRROR 26 YFIE 1 0. 000 0. 000
11.GLSS 4 BK7 27 .YFIE 2 4.000 0. 000
12, THIC 0 1.00 x 10" -81.275 4 28 . YFIE 3 6.500 0.000
13.THIC 1 3.50 10.914 7 29.PAR1 1 1.003 x10°° 0.000
14 . THIC 2 56.096 5 17.124 1 30:PAR2 1 5.148 x10°* 0. 000
15 . THIC 3 2.600 -17.124 1 31.PARI1 3 0.000 1.003 x10°°
16 . THIC 4 0. 000 -10.914 7 32.PAR2 3 0. 000 5.148 x10°¢

Then, a default merit function has been genera-
ted, and the total track and effective focal length
have been inserted for the first configuration ( the

manual of each optical design software gives full de-

tails of multi-configuration operands'"*’ ). After-
wards, through repeated optimization, we obtained
the final design of the objective lens as listed in

Tab. 2.
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Tab.2 Final lens objective design in Zemax software

Surf: Type Radius/mm Thickness/mm Glass Semi-Diameter/mm  Conic Par 1 Par 2
OBJ  Standard Infinity Infinity Infinity 0.000
STO Even Asphere  64.293 5 3.500 GERMNIUM 25.000 0.228 1.003 x107°5.148 x10°*
2 Standard 72.414 9 56.096 24.000 0.000
3 Even Asphere 17.657 8 2.600 GERMNIUM 12. 000 0.000 0.000 0.000
4 Standard 17.382 0 0.000 10. 000 0.000
5 Standard 17.382 0 10. 000 10. 000 0.000
IMA  Standard Infinty - 6.257 0.000
Fig. 5 shows the objective lens and the modula- onstrates that this design is nearly diffraction-limit.

ting transfer function MTF, and the MTF chart dem-
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Fig.5 (a)Objective layout of final lens, (b)resulted MTF curves

For the completeness of the discussion, Fig. 6 by the fact that although there are special constraints
shows the resulted MTF when a conical surface has imposed on EMAS for being in the second configura-
been used and optimized, instead of using EMAS. It tion, it has more variables that could be altered dur-

ing the optimization than the conical surface.
S DIFE LIMIT TS 6 5000 DEG
T |||T|S,T,ggoggqg}ls>%6' | The null test setup to measure the obtained
EMAS using a parallel planes glass plate as a null
% 0'8: lens is illustrated in Tab. 3. The layout and the re-
E 0'6: ] sulted interferogram are shown in Fig. 7. It is worth
2o
=] L
2 - PGP
T — T 104.42

Spatial frequency/(cycle - mm ")

Fig. 6 MTF chart of an optimized objective lens with
conical surface instead of EMAS

Peak-Valley error=0.0178 4
(€)] (W]

is clear that the performance of the objective lens i )
Fig.7 (a) Null test layout, (b)resulted interferogram

with EMAS is better than that with the conical sur- of the EMAS

face at the field of 6. 5°. This result can be justified
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mentioning that the surface 1 (stop, even-aspher sur-

face) in Tab.2 has the same parameters as the sur-

face 3 (surface under test) in Tab. 3.

Tab.3 Final null test of the EMAS used in the objective lens design

Surf’; Type Radius/mm Thickness/mm Glass  Semi-diameter/mm  Conic Par 1 Par 2

OBJ Standard Infinity -81.275 Infinity 0. 000
STO Standard Infinity 10.915 BK7 40. 000 0.000

2 Standard Infinity 17.124 40. 000 0.000

3 Even Asphere  64.294 -17.124  MIRROR 25.000 0.228  1.003x107° 5.148 x10~°

4 Standard Infinity -10.915 BK7 40. 000 0.000

5 Standard Infinity 81.275 40.000 0.000
IMA Standard Infinty - 2.260 x 10 * 0.000

The straight and equidistant lines in the inter-
ferogram with Peak to Valley error of less than A/50
could confirm that the parallel planes glass plate acts
like a good null lens in this case. Another article by
the same authors demonstrates that the use of paral-
lel planes glass plate as a null corrector is much eas-

ier than designing and using conventional null

3.2 Designing an objective lens of Germanium
using a null corrector containing only one
lens

In some cases, it is not possible to get a good
optical performance design using EMAS with a null
test setup of the first type (see Fig. 3). Therefore,

this example shows an objective lens which has the

lens'? same parameters as in the previous example, but the
null test setup is of the second type(see Fig.4). A
Tab.4 Parameters of the two configurations: Config 1 for the objective lens; Config 2 for the test setup
Active 1/2 Config 1 Config 2 Active 1/2 Config 1 Config 2
1. wave 1 8 wm 0.632 8 um 19.SDIA 1 25.00 18.000
2 .wave 2 10 pm 0.632 8 um 20.SDIA 2 24.00 20. 000
3. wave 3 12 pm 0.632 8 um 21.SDIA 3 12.00 25.000
4.CRVT 1 0.017 4 mm -0.029 9 mm 22 .SDIA 4 10.00 20. 000
5:CRVT 2 0.012 0 mm -1.942x10 mm  23:SDIA 5 10.00 18.000
6:CRVT 3 0.055 3 mm -0.012 0 mm 24.APER 0 1.200 0. 600
7.CRVT 4 0.055 8 mm -1.942 %10 mm 25:CONN 2 0.7413 0.000
8:CRVT 5 0.055 8 mm -0.029 9 mm 26.CONN 3 0.000 0.7413
9.GLSS 1 GERMANIUM BK7 27.YFIE 1 0.000 0.000
10:GLSS 3 GERMANIUM MIRROR 28.YFIE 2 4.000 0.000
11.GLSS 4 BK7 29.YFIE 3 6.500 0.000
12:THIC 0 1.00 x 10" 1.00 x 10" 30:PARL 2 8.314x107* 0.000
13.THIC 1 3.500 0 10. 000 31.PAR2 2 -7.988x107° 0.000
14.THIC 2 56.137 5 20. 000 32:PAR3 2 3.421x107" 0.000
15, THIC 3 2.600 0 -20.000 33.PARI 3 0. 000 8.314x107*
16 . THIC 4 0.000 0 -10.000 34.PAR2 3 0. 000 -7.988 x107°
17 . THIC 5 10. 000 -15.000 35.PAR3 3 0. 000 3.421 x 107"
18 . THIC 6 0.000 -20.000
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suitable multi-configuration has been created in Ze-
max software to achieve the desired requirements
(see Tab. 4). A successive optimization has been
applied. In this case the second surface of the first
lens has been selected as EMAS. Note that the cur-
vature of the tested surface in the second configura-

tion picked up with it by factor-1 ( operands 2 and

3).

The final design of the objective lens is shown
in Tab. 5, while Fig. 8 shows the design layout and
the MTF chart.

Comparing MTF curves in Fig. 5 and Fig. 8, it
is clear that the same results are obtained in both ca-

S€ES.

Tab.5 Final lens objective design in Zemax software

Surf; Type Radius/mm Thickness/mm  Glass  Semi-diameter/mm Conic Par 1 Par 2 Par 3
OBJ  Standard Infinity Infinity Infinity 0.000
STO  Standard 57.465 3.500 GERMNIUM 25.000 0. 000
2 Even Asphere  83.516 56. 138 24. 000 0.741 8.314 x10™* ~7.988 x10™° 3.421 x 107"
3 Standard 18. 096 2.600 GERMNIUM 12.000 0. 000
4 Standard 17.918 0. 000 10. 000 0. 000
5 Standard 17.918 10. 000 10. 000 0. 000
6 Paraxial 0. 000 6.268 20. 000 0
IMA  Standard Infinity - 6.268 0. 000
TS DIFE. LIMIT TS 6.5000 DEG
Mkt
1.0 il T y
0.8 b
5
S - -
« 0.6 ]
o
2 L J
Screen =2 041 7
§ - g
0.2f N a
0.0 .
0.00 52.10 104.21
Spatial frequency/(cycle - mm™")
(a) (b)
Fig.8 (a)Final lens objective layout, (b)resulted MTF curves
Tab.6 Final null test of the EMAS used in the objective lens design
Surf; Type Radius/mm Thickness/mm  Glass  Semi-diameter/mm Conic Par 1 Par 2 Par 3
OBJ  Standard Infinity Infinity 0 0. 000
STO  Standard -33.418 10. 000 BK7 18. 000 0. 000
2 Standard —-514. 865 20. 000 20. 000 0. 000
3 Even Asphere -83.516  -20.000 MIRROR 25.000 0.741 8.314 x10™* ~7.988 x10™ 3.421 x 107"
4 Standard -514.865 -10. 000 BK7 20. 000 0. 000
5 Standard —-33.418 -15.000 18.000 0.000
6 Paraxial -20.000 16. 666 20. 000 0 0
IMA  Standard Infinity - 1.24x10°*  0.000
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Tab. 6 shows the null test setup parameters to
measure the EMAS, while Fig. 9 shows the null test
layout and the resulted interferogram. The Peak to
Valley error in this case is less than A/150.

Interero- i E
meter

Peak-Valley error=0.0055 4

Single null lens

(@) (b)

Fig.9 (a) Null test layout, (b)resulted interferogram

of the final EMAS

Single null lens is more difficult to use than the
plane parallel glass plate that was used in the pre-

views example, but its use is definitely easier than

conventional null lens ( like Offner or Shafer null
lens) , because the relative position of the single null
lens to the interferometer is not critical, since the in-
cident beam is plan.
3.3 Example of using EMAS in a laser collima-

ting lens

This example uses EMAS to design a laser colli-
mating lens with a concave surface. The collimating
lens has the following parameters ;

e Effective focal length ;150 mm

® Working wave length:0. 632 8 um( HeNe)

® Clear aperture ;20 mm

The two configurations have been built as de-
scribed before(see Tab.7), and the Null test setup
has been chosen of the first type(see Fig.3). Tab. 8
shows the final lens design, while Fig. 10 shows the
layout and the MTF chart.

Tab.7 Two configurations table, Config 1 for the collimating lens; Config 2 for the null test

Active 1/2 Config 1 Config 2 Active 1/2 Config 1 Config 2
1:CRVT 1 0.014 3 0.000 11.THIC 3 0.000 -10. 000
2.CRVT 2 7.574 x10°° 0.000 12 . THIC 4 0.000 -8.378
3.CRVT 3 0.000 -7.574 x107* 13 . THIC 5 0.000 -57.607
4.CRVT 4 0.000 0.000 14 .CONN 1 3.8515 0.000
5:CRVT 5 0. 000 0.000 15:CONN 3 0. 000 3.8515
6:GLSS 3 MIRROR 16 :PARI1 1 -3.051 x107° 0.000
7:APER 0 40. 000 31.000 17 :PAR2 1 -6.735x107* 0.000
8. THIC 0 1.00 x 10" 57.607 18 :PARI1 3 0.000 -3.051 x107°
9.THIC 1 10. 000 8.378 19:PAR2 3 0. 000 -6.735 x107®
10 THIC 2 142. 629 10. 000

Tab.8 Final collimating lens design in Zemax software
Surf; Type Radius/mm Thickness/mm Glass Semi-diameter/mm Conic Par 1 Par 2

OBJ Standard Infinity Infinity 0.000 0.000
STO Standard 70. 141 10. 000 BK7 20. 000 0.000

2 Even Asphere  132.029 142.629 19.256 3.852 -3.051x107° -6.735x10°°
Standard Infinity 0.000 0.011 0. 000
4 Standard Infinity 0.000 BK 0.011 0.000
5 Standard Infinity 0.000 0.011 0. 000
IMA Standard Infinity - 0.011 0.000

Tab.9  shows the null test setup design, and in Fig. 11. The Peak to Valley error is less than
the layout and the resulted interferogram are shown A/10.
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Fig. 10 (a) Collimating lens layout, (b)resulted MTF curves
Tab.9 Final Null test of the EMAS used in the collimating lens design
Surf; Type Radius/mm Thickness/mm Glass  Semi-diameter/mm Conic Par 1 Par 2
OBJ Standard Infinity 57.607 0. 000 0. 000
STO Standard Infinity 8.378 BK7 15.500 0.000
2 Standard Infinity 10. 000 16.955
3 Even Asphere —132.029 -10.000 MIRROR 18.971 3.852 -3.051x107° —6.735x10"*
4 Standard Infinity -8.378 BK 16.955 0. 000
5 Standard Infinity -57.607 15.499 0. 000
IMA Standard Infinity - 2.397 x107°  0.000
ing, and assembling any conventional null corrector.
EMAS

PGP Peak-Valley error 0.07634

(b)

(@

Fig. 11 (a)Null test layout, (b)resulted interferogram

of the final EMAS

4 Advantages of using EMAS

The use of EMAS is highly beneficial because it
does not require any expensive and specialized in-
struments that are not normally available in optical
workshops. Actually, a typical null lens used in me-
trology usually consists of more than one optical ele-
ment, and in some cases it may contain diffractive
elements. In addition, the following notes have to be

taken in consideration when designing, manufactur-

(1) Optical elements must be fabricated, and
null lens must be assembled, with extremely high
accuracy, because they are made to measure aspher-
ic surfaces.

(2) The placement of the null lens must be de-
fined and maintained accurately, referring to Hubble
Space Telescope primary mirror problem'®’.

(3) The optical axis of the interferometer and
the null lens must be accurately coincident. This
step is usually achieved using expensive auxiliary el-
ements, and needs a lot of expertise and time.

On the other hand, EMAS allows the use of a
plane parallel glass plate as null lens ( spherical
wave-front) or a null lens compromising only one
lens ( plane wave-front ). Those simple null lenses
have the following advantages;

(4) Plane parallel glass plate is easy to fabri-
cate since it is a plate of glass with only two parallel

surfaces.
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(5)Plane parallel glass plate has not a specific
optical axis, so it can be shifted up and down, right
and left without effecting the accuracy of the meas-
urement.

(6) Plane parallel glass plate has no optical
power, so its use is not sensitive to its position be-
tween the interferometer and the aspheric surface un-
der test.

(7) Only one lens with plane incident wave-
front is easier to be aligned with the interferometer
than Offner or Shafer null lenses.

It also important to stress on the fact that an
EMAS surface has more variables to change ( more
degrees of freedom) than aconical surface, so it may
lead to better performance of the optical system when

compared to a conical surface.

SE

5 Conclusion

This paper proposes a new technique for as-
pheric optical design. The technique defines “Easily
Measurable Aspheric Surfaces” (EMAS). The paper
shows that EMAS can effectively minimize optical
aberrations because of its asphericity, while being
much easier to be tested compared to the general as-
pheric surfaces. Many examples have been presen-
ted to demonstrate the advantages of EMAS, and to
show how it can be applied in optical design. The
obtained results will hopefully encourage optical de-
signers to use this kind of surfaces instead of conical
or general aspheric surfaces which would require ex-

pansive and specialized devices and accessories.
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