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ABSTRACT

A ﬁolerance investigation of optical wavefront aberrations
was conducted based on the characteristics of ihe optical transfer
function (OTF), The investigation concentrated on the mid-range or
medial spatial frequency range of the OTF,

Three characteristics of the CTF of several representative
aberrations were examined at the nominal medial spatial frequency,
The éhafaéteristics were: minimum modulation, azimuthal asymmetry,
and the honlinear phase., When tolerances were simultaneously applied
to all of the OTF characteristics the maximum allowable root-mean-
square (RMS) wavefront deviation produced by this evaluation agreed
with the classical lMarechal tolerance, A less restrictive result was
obtained.with the same OTF requirements by specifying a two number
tolerance: a maximum RMS wavefront deviation and a maximum spatial
frequency range of thé medial spatial frequenc& of the real OTF,

The combination of two specific orthogonal aberrations in
each of several azimuthal ofientations was inveétigatedo The

RMS wavefront deviation of the combined wavéfront was shown to be
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equal to the root-sum-square combination of the constiﬁuent RMS
values, However, the values which satisfied the OTF tolerances for
the combined aberrations were always equal to or between the values
for the conétituent aberrations,
An alternate tolerancing approach which used the average

modulation at the nominal medial frequency was also investigated.
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CHAPTER I

INTRODUCTION

In recent years conside#able gfowth has cccurred in the
sophistication of-opticél systems being produced aﬁd in the techniques
‘used to determine and/or predict image qualit&o Chief among these are
the analytic techniques which use the application of Fourier
mathematics for systems analysis. The concepts of a.péint spread
function (PSF) and optical transfer function (OTF) and their mathe-
matical relation ha#e evolved from this applicatiop0 An empiricél
analysis of the propefﬁies of the optical transfer function will be
presented in this document,

A complete tolerance of an optical system must inclﬁde data
on many parameters. BEach of these parameters should be toleranced
under all pertinent conditions, thereby producing a large and complex
set of speqifications0 As a means of simplification for this
investigation, theitolerance will be restricted to include only the
imaée forming characteristics of a lens, This restriction removes
many bf the nonlinéar pfoblems associated with some detectors; and,

assumihg that the lens is"isoplanatic over the aperture, the
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investigation is reduced to one that can be handled by linear systems
énalysis; In addition‘the investigation will be further restricted
to include only the axial; noncoherent; monochromatic response, as
determined by evaluation of the OTF,

First, however, to provide insight into some of the problems
encountersd ih tolerancing a lens, and to provide background leading
up to the preéent investigation, it is interesting to review some of
the past developments in image tolérancingo

The first tolerances were analogical, describing a charac-
teristic of the desired imagery. Because astronomy was the prime
initial user of optics, the image of a point object (star) was the
first analogical test. G. B, Airy (1835) computedthe'nght
distribution in the image of a point as foréed by an aberrationless
(diffraction limited) lems., He showed that the image consisted of a
central disk, containing 84% of the light, surrounded by weak rings of -
dihinishing intensity. Mahy attempts haversince been made to tol-
erance the characteristics of the Airy pattern (Airy disk). The early
work in this area was primarily concerned Qith'the resolution of
two star images; one-of the most widely recognized tgchniques is the one

developed by Lord Rayleigh [John William Strutt] (1899). He proposed



that the criterion for "resolving power" (a term he seems to have
been the first to use) ﬁas that two star images will be just discernible
when the center of one image lies on the first dark ring of the other
image. This criterion is generally greatly misunderstood. Rayleigh
seems to have selected it primarily for its mathematical convenience
based on his statement, "we may consider this to be about the limit
of cloéeness at which there could be any decided appearance of
re;olution"D The Rayleigh criterion leads to the following formula
for minimal resolvable separationg
[ﬁ - 1,22 7\ f (l)
-1

where ;\ is the wavelength of the light, f is the focal iength of the
lens, and D is its di%metero Others (Conrady 1929) have since
empirically developed different values of the constant in eq. 1l.

Rayleigh also investigated the intensity of the central core .
of a point image for a system with priméry spherical aberration, He
showed (Réyleigh 1879) that if the magnitude of spherical-aberration
in the wavefront of the exit pupil was less fhan 7\/@ then the central
core of the point image was diminished by less than 20%, More recenf
research has shown that the same general relationship holds for other

common aberrations, and the result has become known as Rayleigh's

)\7/4 rule,



In 1902 Strehl (Born and Holf 1970, p. 461) proposed that the
‘ratio of the intensity of an aberrated point image to the intensity of
an aberration-free point image be used as a quality criterion. 4
Strehl value of approximately 0,8 éorresponds to the Rayleigh ‘A_/u_
criterion, Marechal (1948) showed that, for small values of aberration,
the Strehl ratio was proportional to the least-mean-square wavefront
deformation, In recent years several other aspec{s of the point image,
such as the volume undef'the central peak orbthe width of the peak,
have also been investigated as possible tolerance criterion,

For early quantitative studies, line patterns were found to
give better results than point objects, L. Foucault (1859) described
a test object consisting of a series of lines and spaces of equal
width (bar targets), By imaging targets of increasing spatial
frequency the highest frequency resolvable by a lens could be
determined. This technique had a practical application in spectroscopy
where a continued effort was being made to resolve finer line structure,
Bar targets also became popular in other areas of optics and for many
years were the accepted procedure for determining limiting resolutiong
they are still in wide ﬁse today.

In the early 1950"59 Otto Schade (1954) applied conéepts used

in communications theory and elecﬁronicé to the investigation of



the image forming characteristics of television systems, He defined an
analogy between an optiéal aperture and an electronic low-pass filter
and demonstrated the existence of a modulation transfer function
(MIF). The MTF can be used to define the image forming properties of
‘a lens, He explained the existence of a phase transfer function
and how the phase transfer funcfion and modulation transfer function
combined to form an optical transfer function (OTF), The relation
between the OTF and point spread function (PSF) was defined based on
-the analogy between an electrical system transfer function»and its
impulse response. The PSF is identical to the star image discussed
earlier, Otto Schade also builtkthe first practical eguipment for
measuring the MTE of an image-forming system. |
Since Otto Schade's original wo:kg considerable literature

has been written on the application of OTF theory to the evaluation
of image-forming systems. Elias, Greygland Robinson (1952) wrote one
of the fifst modern articles on the application of Fourier treatment
to optical image formation; Miyamoto (1961) discussed the calculation
of a geometric optical transfer function based on the geometric-ray-

trace point spread functions Steel (1953) showed how the OTF could



be calculated for small values of aberration by using power series
expansion; Selwyn (1948) applied the Fourier ireatment to the prediction
of reéolving power; Barakat (1962) showed how the OTF could be cal- |
culated from lens design data by psing Chebyschev polynomialé and;very
high-order Gauss quadrature theory; Hopkins (1957) and others have
studied the effects of various aberrations on the OTF; and Linfoot

and Fellgett (1955) have proposed three quality factors‘related to the
OTF which can be used'to specify an image~forming system., However,

the problem of how to specify a tolerance for {he»OTF is still an

area of active investigation, The OT% cutoff frequency is the maximum
frequency passable by a lens, but this freguency has zero modulation

and hence is not resolvable: furthermore, it tells nothing about the
lens response at lower frequencies. A better indication of the broad
spectrum response can be provided by specifying the volume under the
MIF (most workers disregard phase and use the MTF), Marechai (1948)
showed ﬁhét for small amounts of aberration the value of HIF was pro-
portional to the mean-square wavefront deformation (RM,SZ)O _iher,efore0
the RMS wavefront deviation also has a degree of significance in
specifying the image-forming capabilities of é iéns, buﬁ'oﬁly for

small amounts of aberration,



Some of thése techniques, as well as several others not
men{ionedo are attempts to reduce the functional dependence of a
lens to a single number for ease of specification. The single number
quality indicator is a convenient means of indicating quality but it
caﬁ be misleading, Thereforep»several somewhat more‘involved tech-
niques have been prbposedo One of these was proposed by Pfof° R: Re
Shannon at the Spring, 1971, Optical Society of America Convention
(Shannon 1971), His technique for evaluating the MIF consists of
establishing an ellipsoidal cylinder of specified height in the MTF
frequency space, The cylinder should Be frée to be oriented in any
manner with respect to the spatial frequency axes, The tolerance
A requiremenf is that the actual MTF limits must, at 211l freguencies,
lie outside the elliptical cylinder, A technique similar to this

will be used in this investigation,



CHAPTER II

PROCEDURE

This investigation evaluated an approach to tolerancing the
three-dimensional characteristics of the transfer function. Em?hasis
was directed toward evaluating the aberrations that produce non-
azimuthally-symmetric transfer functions, For this reason members
of the spherical aberration family were not considered. Various
other third, fifth, and seventh order aberrations were investigated.
Table 1 lists the aberrations through seventh order, in family form,
with those to be investigated shown underlined.

The subscripts of the aberrations denote in a sequential order
the dependence of the aberration on field height, exit-pupil radius,
and orientation within the exit pupil, They are refereﬁced to the Y
axis, or meridional plane that is formed by the optic axis and the Y
axis, The aberration at the peak of each triangle is the parent of
thatvparticular aberration family, Aberrations within a specific
family, located along a diagonal from uppér left to lower right, all
have iden{ical dependence on the exit pupll parameters and vary

only with their dependence on field position, Along the other diagonal
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TABLE 1

Aberration Famllies Inclusive of 7th Crder

Higher
Lateral Shift Order
Focus & Spherical & Coma Astigmatism Aberrations
Zero Order wOOO
First Order “020 uZOO wlll
Third Order Youo Y220 Y400 191 ¥ana Y222
Fifth Order o060 Y240 420 Y600 Y151 Wam ¥oy Youz 22 ¥33q

Seventh Order  Wyg4 Wago ¥uuo ¥620 800 171 "351 "sm Moan Maep Mz Mezo Y353 Vszp Muss




the aberrations vary only in their dependence on pupil radius, For
purposes of this investigation a field value of unity will be assumed,
and only the upper right to lower left diagonal of the aberration
families will be explored,

The investigation will assume that the system tolerance
has been specified as a value of modulation at a specific spatial
frequency. This type of sfecification is frequently used, and its
derivation will not be explored here.

- The predominant degradaiién of the OTF due to aberrations
occurs in the medial frequency range, The range of aberrated
wavefront error for which the rate of change of OTF level will be the
greatest is in the region of 0005)\RMS to OOZOAA.RMS (Shannon 1971),
Wavefronts aberrated to this extent will therefore be used to examine
the chaiacteristics of the OTF at medial frequencies, The tolerance
value will be assumed to be 0,200 modulation at 094841 normalized
spatial frequency. This value is somewhat arbitrary and is used only
to demonstrate the toleranée approach, Other values could be used
with the approaches to be presented herein, and they should produce

analogous results,

1. This value was chosen to be convenient for the 63 by 63
array of the existing computer program. It is to be considered a
nominal one-half of the cut-off frequency.
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The RMS value of residual error of an imaging wavefront should
not, alone, be sufficient to determine if the tolerance is met,
Asymmetry of an aberration in the exit pupil produces azimuthal
asymmetry in the MTF, and the magnitude of the asymmetry of the MTF
varies with the various aberrations, Rather than specify the RMS
value of each of the specific aberrations to indicate quality, an
empirical investigation will be conducted to determine if an alternate
approach will suffice. The approach to be used examines, for the
various aberrations, the following characteristics of the OTF:

1. Modulation at a given spatial frequency,
2, Indication of azimuthal asymmetry.
3, Indication of nonlinear phase,

The above proposed approach can be of additional use in
tolerancing individual components of a multi-element system, When
the wavefront error is known for each element, the total system
wavefront error for a given orientation of the elements can be
determined by simple addition:

(WP)p = (W), + (WF), + o o o + (WF) (2)
where (WF)n represents the wavefront error array for the nth element,

The true RMST value of the system can be calculated from the total
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wavefront array, (WF)T. Under certaln conditions, an RMS value can
be calculated for each of the wavefronts of eq. 2, and the system
RMST can be calculated as follows:
RMS, = ( (RMSl)Z + a0 e+ (RMsn)z)% (3)
The nature and the extent of the aberrations for which this
equation applies will be investigated,
The RMST from eq. 3 will be compared with the RMS value
. calculated from (WF)T of eq. 2. The azimuthal asymmetry of this OTF
will be evaluated and used with the RMST from eqs 3 to see if they
satisfy the previously proposed tolerance technique of a minimum
spatial frequency and a maximum allowable frequency variation for the
0.200 modulation contour of the transfer function,
When aberrations are present, the OTF becomes very difficult
to derive., For this reason, computer evaluation is generally required,
The Optical Sciences OTF Computer Program (Rancourt 1970) will be used
for this lnvestigation. The program obtains the OTF by the following
stepsi
l, Calculates the Fourier transform of the complex pupil function.

2, Squares the result of step 1 to get the incoherent PSF,

3. Calculates the Fourier transform of the PSF to obtain the OTF.



CHAPTER III

RESULTS

The OTF Computer Program was used to obtain data for several
aberrations and also for the combination of two aberrafions in each of
several possible rotational orientations. Analysis was first performed
using a minimum modulation at a specified spatial frequency as a tol-
erance, Data for the aberration combinations was also evaluated using
an average modulation at a specified spatial frequency as a tolerance,

The results of this analysis is presented in the following text.

Least-Mean-Square Aberrations

The first step in the analysis was to determine the values
of input wavefront to be studied; OoOZ;A.g 0906;\ , 0,10 , 0,14 A\ 0
and 0018.A.RMS values were chosen, Determination of the peak-to-valley
wavefront equivalent for the RMS value of each aberration required
calculating a conversion factor., The conversion factors were calculated
for the best fit least-mean-square (LMS) focus and tilt, Table 2
sﬁows the resulting conversion values-for the various aberrations
and the magnitude of tilt or defocus required for an LMS fit; the

method used for calculation is shown in Appendix A.

13
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TABLE 2

to Peak-to-Valley Conversion Values

14

PV for PV for PV for PV for
JO2ARMS 06 ARMS .10ARMS .14
] S = 4 ]
131s 8}315 L170 509 o849 1,188
W11 = =o667H, 51 -0113 =339 -0 566 -0792
W RMS = W
1715 3%%%7 133 400 667 0933
wlll = “0400W171 l=‘0053 =0160 "‘02'67 "0373
W RMS = ¥ ' ,
2228 zf%%g .098 2294 o490 .686
Hopg = =o500W,,, -, 049 -o147 | -o245 - 343
W RMS = W
262 s gf—g%g ,138 413 ,689 964
Yoo = “°45°w262 -,062 -,186 ~0310 ~ol3l
W RMS = ¥
3331
5550 160 480 800 1,120
Wiyp = -°5oow333 =080 =.240 - o400 =0 560
W RMS = W '
353 7%5%6 .150 61 769 1,076
wlll = a0375W353 -,058 =173 -0,288 - 0L
W RMS = ¥
Liyly 4 Ly
3:5E7 0121 2363 605 847
Wozo = a0375W44h =, 045 =136 =,227

”0317

PV for
8

1,527

"’10 018
1,200
50480
"'0414’1

1,240

”0558

1,440

g0720

1,383
=2519

1,081
=.408
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Computer printouts of volume normalized PSF's, real OTF’s,
and moduli of the OTF's (i.e., MTF"S) were obtained. The first area
of concern was the phase of the O0TF., In many cases in present-day
industry, phase is completely ignored and only thelmodulus (MTF)
is examined. However, phase can be a significant factor under some
conditions, Only aberrations containing an odd dependence on the
pupil dimensions will produce nonlinear phase in the OTF. Examples
of this type of aberrétion are members of the HlBl and w333 families,

A comparison of the MIF and the real component of the OTF,
as calculated for each of the five RMS values, 1s shown in Tables
3 and 4, Sagittal (S) and tangential (T) values of modulation are
displayed for each condltion along with the normalized volume under the
OTF (equivalent to the normalized height of the PSF). The difference
in sagittal modulation between the MTF and real component of the
- OTF exceeds 10% at approximately 0,10 A RMS for coma and approximately
0,08 A RMS for the other odd aberrations, This indicates that the
phase component of the OTF is significant beyond these RMS values
~ and should be included in any analysis., When phase is a significant

factor, useful information on the true effect of the OIF may be inferred

from its real component, The volume under the real component of the



TABLE 3

MTF Characteristics

*M = Modulation at 484 () . ' **Mo = Aberration-free Modulation at 484 (U
.02 A RIS .06 A\ RES .10 A RES J14 A RS .18 A RMS

S 7 ) T s T S T S T
Y191 |
p -3686 389  ,320 238,208 276  ,085 2194 ,017 121
Avg MM ¥ .981 . 846 .613 2353 337
Volume ° 983 867 2665 RIIY 249
Wy,
M 0386 0390 319 353,212 294,121 0235 ,110 J194
Avg, M/M ,982 .851 641 51 385
Volume ° »983 .867 676 480 .318
Y333 |
M + 389 0395 o343 0395 o269 0395 202 2395 o169 0395
Avg, M/M »992 293 » 841 0756 o714
Volume ° 2983 .873 69k Jb91 2312
Y353
H 2387 2395 o334 392 .25k 2386 4190 2377 o162 .367
Avg, M/M 2990 2919 »810 2718 670
Volume ° 988 879 2705 . 526 376
Wooo
M 391 0391 357 0357 o296 0296 218 218 .135 135
AVgo M/ MO 2990 : 0901“' : 072'!'9 0552 9342
Volume 983 873 682 468 283

91



TABLE 3 (Continued) o
.06 N RMS .10 A\ RFS .14 A RMS .18 A RIS

.02 )\ RMS

S T S T S T S T S T
Yos2 '
M 2391 2390 363 0355 o315 0293 263 218 ,218 148
Avg MM 2989 +909 770 609 163
Volume 1,988 879 «711 +538 405
L/ | A
M 0391 0391 362 0362 o314 309 .259 240 211 163
Avgo M/M o 990 ° 916 0791 0632 o 473
Volume ° .988 .879 ,705 . 526 .382
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TABLE 4

Real OTF Characteristics

* = No Longer A Monotonically Decreasing Function

.02 A\ RIS .06 )\ RMS .10 X RIS .14 X\ RMS .18 A RHS
S T s T S T S T S T
131

M .385 2389 311 348 192 0276  ,072% 0104 -, 012% 0121
Avg, M/M .980 - .83 . 592 «337 »138
Volume 0983 . 867 665 45 249
W171
IVI ° 385 [ 390 o 312 [ 353 9188 0291"' o 054 0235 “a 056* ) 194
Avg,M/M .981 o 842 - 610 . 366 175
Volume o 983 0 867 ° 676 ° 480 o 318
333
M 388 2395 331 0395 233 0395 o116 2395 004 395
Avg M/ 991 919 2795 649 2505
Volume ° 983 o 873 0 694’ 0491 o 312
V353
M +386 0395 o324 0392 ,219 2386 ,101 377 O | 2367
AvgoM/Mo .987 «906 »766 605 465
Volume o 988 o 879 [ 705 ] 526

+376
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TABLE 4 (Continued)

.02 A\ RS ,06 A\ RES .10 A RS 1 A RES .18 A RMS

s T s T s T s T s - T
Wo62
I‘Ii 0391 0390 0363 0355 0315 0293 o263 .0218 0218 0148
AvgoM/Mo 2989 . 2909 2770 609 463
Volume .988 +879 711 538 105
Lo
M 391 2391 362 0362 314 2309 259 240 211 <163
AvgoM/MO +990 .916 »791 632 473
Volume .988 »879 .705 526 «382
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OTF is equal to the volume under the entire OTF and, {hereforep a
direct indication of the PSF height at the origing

The proposed tolerance of 0,200 modulation at 484 (L)c was
applied to both the reél OTF’s and the MTF's obtained from the aberra;
tion values of Table 2, The approach used for this investigation was
to plot the 0,200 modu;ation contour for each MIF and real OTF at each
RMS value of each aberration, Appendix B contains all of the contour
curves, Also included in Appendix B are plots of the miniﬁum frequency
encountered ( () min) 5y the 00260 modulation contour and the maximum
frequency difference ( [& () ) of each 0,200 modulation contour line.
A plot of percent frequency deviation (i.e., /\ () / W min) versus
RMS value is also included. Linear extrapolation was used to determine
data points between those printed on the computer oﬁtput arraysob It
is a source of error but is of Sufficiéntly small magnitude to be
negligible,

As’mentioned previously there are three characteristics of a
transfer function to be specified to produce an adequate tolerances
modulation at a given spatial frequencyD indication of azimuthal
asymmetry, and indication of nonlinear phase. The fi:stlcharacteristic
can be specified simply as a required minimum modulétion (Mmin) at a

given spatial frequency (i.e., 0,200 modulation at 484 (U c)o The



second characteristic can be specified as a maximum allowable spatial
frequency variation ( [ﬁ w ) of the minimum acceptable modulation
contour, The third is somewhat more difficult to specify because
its significance depends on the level of modulation for which it
applies, Therefore, for this part of the investigation the initial
technique io be studied consists>of specifying along any radius,
a maximum allowable frequency difference ( /\ (U ) between the real
OTF and MTF at Mmin”
The first characteristic can be used as a specification of the
minimum acceptable quality of an imaging system, If there are no
requirements on azimuthal image symmetry or symmetry with respect to
the axis then the second two characteristics of the OTF do not require
tolerancing, Under these restrictions one is not interested in the
distribution of the image energy between evén and odd components,
Therefore, OTF phase is not significant and HMTF information is . all
that is required° Table 5 shows the results of this type of approach,

where the only requirement is that the modulation at 0.48% (U é

exceed 0,200,

21
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TABLE 5

MTF Tolerances

Aberration | '
Voo P1a1 Yi;m o Yazz Yase W33z W3s3 Faw

Maximum
Acceptable
)\ RMS 0,125 0,103 0,103 0,091 0,117 0,105 0,122 0,109

It can be seen that, independent of the type of aberration present,
if the RMS wavefront value is less than 0,091 7\thé system will Dbe
acceptable, The previous statement is valid only for the indi#idual
aberrations listed in Table 5 and not necessarily for combinations

of the aberrations listed, >This phenomenon will be discussed later,
However, because of the irends shown in Table 5 among the aberration
families, it can be reasonably assumed that the 0,091 A\ RMS tolerance
will be valid for any aberration of the wlllg WZZZ” HBBB" and Waua
families up to and including order seven.

Table 5 can alsorbe used as a relativé indicator of the
significance of the listed aberrations. For a given RMS residual
exror the LMS astigméﬁism (wzzz) was clearly more significant than
LMS coma (W131)°
If now, for some reason, thé imaging system is required-to

give comparable results in all azimuthal directions then the second
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characteristic of the OTF must also be toleranced, The relation

between the azimuthal symmetry of the OTF and PSF is given by the
Fourier scaling theorem. Figure 1 is a plot of this relationship,

If the diameter of the PSF decreases by 20% in going from one axis to
another then the OTF diameter will increase by 25% for the same angular
change, Table 6 was obtained by using the 20% PSF change as a proposed
tolerance and applying the OTF results produced by the tolerance

to the 0,200 modulation contours of Appendix B, The MIF contours were
used for Table 6 because it was still assumed that OTF phase was not

a significant parameter for the system being toleranced,

TABLE 6

Tolerances for Frequency Range of MTF

Aberration

Yi91 Yign Wapp Wpgp Wagg Hass Wiy
Maxximum
Acceptable
)\ RMS 0,103 0,104 0,074 0,131 0,087 0,096 0,104

The table shows the maximum acceptable RMS value for each aberration
for which the largest spatial freguency of the 0,200 modulation contour
is less than or equal to 125% of the minimum spatial frequency, As

was the case with modulation reduction, astigmatism is again the most
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significant aberration, In fact, astigmatism is so significant that
the azimuthal asymmetry tolerance is exceeded before the 0,200
modulation contour is reduced to 0.484 (A)c °
If the two previously discussed tolerances were simultaneously
.appliedn Tables 5 and 6 could be combined to show the maximum allowable
RMS wavefront error for each aberration., Table 7 is the combined

result,

TABLE 7

Tolerances for Combination of MIF and Frequency Range of MTF

Aberration
"owo  Mim Yip Vanp Mg Wagy ooy Wy,
Maximum
Allowable
)\ RMS 0,125 0,103 0,103 0,074 0,117 0,087 0,096 0,104

If the diametric symmetry of the image’is significant then the
third characteristic (nonlinear phase) of the transfer function must
be toleranced, Several possible tolerancing approaches were investi-
gated, Initially, the maximum spatial frequency difference between
‘the MTF and real OTF along a radius was examined, A tolerance similar
to the frequency difference tolerance for azimuthal asymmetry was
examined but did not prove satisfactory, See Table 8 and Figure 2.

One of the prime difficulties of this approach is that the size of the



TABLE 8

Maximum Difference between MTF and Real OTF

26

Aberration W in W osn A w Aw/w nax, .
RIS MTF  Real OTF (% Decrease) o0
Wis1 02 663 663 0 0
.06 ,635 .632 ,003 - 0.5%
.10 507 LBl .043 8, 5%
b 135 . 348 .087 20,0%
.18 o376 .260 ,116 30, 9%
Mol 02 662 661 ,001 0.2%
.06 615 .612 .003 0., 5%
.10 - 500 469 .03 6.2%
o1l 2383 0317 . 066 17.2%
.18 -35% .24 2112 31, 5%
¥333 02 ,665 ,665 0 0
.06 624 615 ,009 1.4%
010 0507 L6l o043 8. 5%
1k .500 .255 .2L5 49. 0%
.18 b1 .185 .226 55, 0%
353 .02 661 664 0 0
.06 624 617 ,007 1.1%
.10 . 534 485 . 049 9,2%
14 469 2319 «150 32,0%
.18 43 242 .192 iy 2%
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frequency variations are of the same order of magnitude as the size

of the frequencies, Therefore, Figure 3 was developed to examine the

maximum percent reduction at the minimum frequency of the 0,200 contour

to get from MI® to the corresponding real OTF. This approach was

dropped because of the difficulty of relating its significance to the

other tolerances. The approach finally adopted, as the best compro-

mise, is to simply use the real OIF and apply the tolerances of the

previous two characteristics to it instead of to the MIF curves,

Thé reasons for adopting this approach ares

1.

2,

The real OTF component is related to the magnitude of the
phase; the real OTF equals the MTF when the phase 1s zero
and decreases by the cosine of the phase angle with an

7/
increase in phase,

The interaction of this phase tolerance technique with the

tolerances of the modulation level at a given frequency and

the tolerance of the variation in azlmuthal asymmetry is easy

to define, The previously described steps for the other two
tolerances are simply repeated with the real OTF curves of
Appendix B instead of the MIF éurvesa This procedure
resulté in an overall effect of phase that is proportional

to the cosine 6f the actual phase angle and which
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effectively is proportional to the value of {he'MTF at that
frequency for which the phase applies,

Application of the phase tolerance technique to the modulation
tolerance and then to the combination of modulation tolerance and
azimuthal asymmetry tolerances produces results analogous to Tables
5 and 7. The plots from which these results were obtained are included
in Appendix B, Table 9 shows the results of combining just the mod-
ulation and phase tolerances, Comparing this with Table 5 shows
that, independent of the type of aberration present, if the RIMS
wavefront value is less than 0,001 A the systeﬁ will still be
acceptable., The tolerance value for all of the odd aberrations was

reduced but astigmatism was still the most critical,

TABLE 9

Tolerances for Combination of MIF and Phase of OTF

Aberration

W W W

Youo W11 171 222 262 V333 Y33 Y

Maximun
Acceptable ' ‘
A\ RMS 0,125 0,097 0,097 0,091 0,117 0,096 0,108 0,109
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Table 10 shows the results of combining all three tolerances.
Again, it is realized that Table 10 does not include all aberrations
inclusive of seventh order, or any combinations of aberrations, but
from the trends indicated, if the wavefront RMS value is less than
approximately 0,074 )\ all aberrations should safely pass the three
tolerance criteria, If the individual type of abérration is known,

the maximum acceptable RMS value is as shown in Table 10,

TABLE 10

Complete OTF Tolerances

Aberration ¥ W W

040 131 177 W W Ll

222 262 333 953 My

Maximum
Acceptable '
A RES 0,125 0,094 0,094 0,074 0,117 0,080 0,088 0,104

It is interesting to note that the 0,074 A RMS all aberration
tolerance is approximately equivalent to the Marechal tolerance value;
and, hence, the classical Strehl tolerance (0'Neill 1963, p, 88),
Thus, by using a method which imposed rather tight toleréﬁces on the
characteristics of the OTF, agreement was obtained with the classical
tolerances, as should be expected,

The previous discussion shows that it is possible to tolerance

a system with a single RMS number to cdompletely define its OTF



32

properties at medial frequencies. This number (0,074 A RMS) is overly
restrictive for most of the aberrations but clearly does assure

that all of the specified OTF criteria will be satisfied for each
individual aberration, If the originally proposed tolerance approach
were used the final tolerance would take the form of both an RMS
residual error value and a frequency range value, To assure that the
effects of OTF phase were included, these values should be derived

from Tables 9 and 10 and both values should be simultaneously satisfied.
With this approach the final‘toleranCe would be: the RMS residual error
should be less than or equai to 0,117 )\ and the maximum frequency
range of the real component of the OTF should be less than or equal

to 0,120 (W e’ This tolerance is significantly different from the
0,074 A RMS all-aberration tolerance but still assures that the

three transfer funetion specifications are all satisfied.

Combination of Aberrations Using 0,200 Modulation Tolerance

Until now this investigation has only been concerned with

- individual aberrations. The next step is to determine what happens
when aberrations combine, The first question is, what is the RMS
value of the combined wavgfrontg is the RMS of the combined wavefront

equal to the root-sum-square (RSS) of the component errors?
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The practical manufacturing situation of'the superposition of third
order manufactured astigmatism and third order allignment coma wiil be
used to analyze this question,

Appendix C shows sample calculations of the type used to com-
pute the RMS resulting from the combination of two aberrations., Table
11 shows the results of typiéal célculations for aberrations up to
seventh order. From this it can be inferred that, at least inclusive
of seventh order, the RM3 of the total system is egqual to the RSS
of the components only if one of the components is an odd aberration
and the other is even., (An odd aberration has an odd power dependence
on field angle, pupil radius, and orientation within the pupil while
an even aberration has an even power dependence on these variables, )
If both of the aberrations are eithér odd or even then the total RMS
value is simply the sum of the individual RMS aberration values,

These rules can be used to predict the total system RMS when two aber-
rations éf known error are superimposed.,

The next area of investigation0 now that the rules of RMS
superposition are known, is the effect of aberration superposition
on the three tolerance characteristics of the total system transfer
function, For this investiéation equal RMS values of astigmatism and

" coma were calculated to produce total RMS values of 0,02 A



TABLE 11

RMS Error Resulting from Aberration Superposition

Component Component
Aberration Aberration Total System RFMS Error
W22 ¥im RMSpotal = [RM32222 + RMS1312] :
Wig i RSq o = RMSygp + RIS )
Wo22 Yoz RMSmota1 = RMSpp + RS,
i Y i Y MBpetar T MEim TS
Vozo ¥ Wopg Wi *Wy3n  B¥Sppen = [Rmszzzz + RMSlBlzl j
W22 Vo0 M1p1 t¥nn Ppopa ¢ [Rmszzz2 + RMSl?lzd f
Youp 020 Wi tWin MSpgn < [Rmszuzz + RM83.312: f
Vouz * Voo Wisy Wiy Bqpgy = [RM52422 * RM51512_ f
Hogo * Voo Wipn t W11 RSpoqan < [rms,6,% + RMS17121 j
Youo * Wo20  Fim t¥iz BSpopm < [Rmsouo2 + RMS1312= f
M, * Wooo Wi v W1y BMSpoua = [Rﬁsuuuz * RMslalzz K
Wy * Vopo  Vlggy +Wiyy  EMSpou [RM54442 + RM83332: g
My, * Va0 Wopp *Wopp  EMSpopgy = RSy, + RS,
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0,06 \ , 0,10 7\ » 0c14 A , and 0,18 A when combined, The three
tolérance characteristics of the transfer function for the combination
were compared with the values for the individual components, Similar
data was obtéined for the astigmatism rotated 30o and 450 counter-
clockwise with respect to the coméo

Appendix D contains the values of astigmatism and coma used
for this section and the calculations for the rotation of the astig-
matism, It also contains plots of the 0.200 modulation contours,
plots of the minimum frequency (W min) encountered by the 0,200
- contour versus RMS, and plots of the maximum frequency difference
( /\ (W ) of each 0,200 contour versus RMS,

Tables 12 and 13 show a comparison of the MIF and real parts
of the OTF for astigmatism, coma, and their various combinations,
Sagittal and tangential modﬁlatiop values at 0,484 (W c are listed
along with an average of the two values divided by the aberratione
free value of modulation at that frequency (i.e., Avg. M/Mo)o The

normalized volume under the OTF is also shown for comparison,



TABLE 12

MTF Characteristics for Aberration Combination

* EZ Signifies the Combination of wl + U #%No Longer a Monotonically Decreasing Function
31 111
and W + W ‘
222 020
.02 A RMS .06 X RMS .10 )\ RMS .14 A RMS .18 A RHS

8 T S T s T ] T S T
Higp * ¥ypy |
M 2386 2389 - 2320 2348 208 276 085 194,017 2121
AvgoM/Mo 981 846 - .613 2353 0175
Volume 2983 867 0665 A5 0249
o2 * Yozo
M 2391 0391 o357 0357 296 296  ,218 0218 135 . 135
AVgDM/MO 0990 0902'" 07)71‘9 0552 0»341
Volume 0983 0873 0682 0468 0283
P e .
M »388 «390 ,339 0353 o256 0292 o165 0223 096 . 166
AVgo M/M o 985 o 876 o 694 0“91 ° 332
Volume ° 2983 - .867 2676 o468 0283
S - Rotated 30°
M 2385 0387 315 0329 ,208 241 123 0165  ,103 .127
Avgm/mo 0977 815 0568 0365 291
Volume 2983 - 867 671 M57 0277
S - Rotated 45° | |
M 0384 0386 307 0321 194 0225  ,115 o141 ,106% 097
Avg,M/M 0975 <795 530 o 324 - 257

Volume: ° 2983 867 - 671 o457 277

9€




TABLE 13

Real OTF Characteristics for Aberration Combination

*No Longer a Monotonically ﬁecreasing Function

.02 A RMS .06 A RMS .10 A\ RKS 14 A RES .18 )\ R¥S

s T 3 T T T s T S T
Wygp + ¥y
M 2385 389  ,311 S8 192 276 L0723 o194 -, 012% 121
Avg M/H 5980 L83 0592 0337 138
Volume ° .983 . 867 2665 Sl 2249
Wooo + Hipg :
¥ 391 2391 357 2357 o296 296 ,218 218 ,135 135
Avg . 1/M »990 <904 <719 552 s 1
Volume ° 983 873 682 168 283
M .388 2390 .33 2353 241 292,133 233,037 . 166
A‘Vgol“./ﬂ 0985 0870 0675 04'63 0257
Volume ° 4983 -867 676 468 .283
S - Rotated 30° -
M »385 2387  ,309 T .329 ,185 240 ,058 0156 =,035% .101
Avg.V/M 977 815 »538 0271 083
Volume ° 983 867 671 1457 2277
S - Rotated 45°
M - 384 .386  ,301 321,169 .225 ,038 o141 -, 052% 097
Avg M/ /¥ <975 2787 499 0227 057
Volume ° 983 867 671 o457 277

LE



38
Figure 4 is a plot of the volume under the OTF (PSF height)
from Tables 12 and 13, The voiﬁme under the OTF for the superposition
cases is always equal to or between the volume of the two components.
It follows coma for low RMS values and astigmatism for high RMS values.
‘Figures 5 and 6 show for the nonerotated superposition that:

1, For real OTF's, the minimum frequency for the 0,200 modulation
contour of the resultantvwavefront follows the minimum
frequency of coma for low RMS values and that of astigmatism
for high RMS values.

2, The range of frequency variation of the 0,200 modulation
contour of the resultant wavefront is approximately the
average of the ranges for the components,

Hence, the volume under the OTF, being equal to the volume under the
real OTH will tend to follow the trends of Figures 5 and 6 because
they describe the shape of the real OTF,

As the astigmatism component is rotated 30° and 4509 Figure
4 shows that the volume under the resultant OTF is always less than the
volume for the nonrotated case. This would indicate that for best
image quality it is best‘to align the axes of astigmatism and comao.

The figure also shows that the volume under the OTF's for the 30°
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Fig, 4, Percent Decrease in Volume Under the OTF Compared to the

Volume Under the H222 + W020 OTF Versus RMS



























































































































































































































































































































