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| - ABSTRACT .

Automatic lens design by nonexperts‘is’practigal with
the 1962 ‘LASL lens—designing code, a general-purpose program
for evaluating and designing optical lens and mirror systems
with surfaces generated by.cqnic sections., Using skew ray
traces, it analyzes lens performance statistically, finds
differences resulting from design—ﬁarameter'alterations,
and cémﬁutes theé linear combinatien which wil; improve tﬁe _
preseription. . IBM-7090 machine.operations, prescriptlon
parameters, ray-traéing parameteré; weights eon lenSﬁperformance;
lens-parameter sgbstitutiens, increments to lens parameters,
designing instructions, and parameter interactions are

-described. Sample calculations are given in detail for a .

Lister-type lens gnd in summary for a special—purpose zoom

lens. .
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AUTOMATIC LENS DESIGN FOR NONEXPERTS
Berlyn Brixner

INTRODUCTION

- An instrument designer--whether engineer or éeientist--
is fﬁequent;y»the only person who can adjust the several
requirements‘of-the instrument in order to obtain the best
total system because he is the only person with intimate
kneﬁledge of the instrument's mechanical, electrenic, and‘
optiecal detaiié; This overall designer, hewever, 1s seldon a
sﬁeeialist in optical design. But the modern large camﬁuter
makes it possible for the nonspeclalist to design an optical
gystem, to evaluate it, and to'specify‘the tolerances required
for satisfactory performahce. The purpose of this paper is
to call attention to a new program for the IBM 7080 and to
help the engineer or scientist who has no knowledge of lens
design or computer operaﬁion to use this program. This
program gives to the lens design problem a general automated
solution which makes full use of the digital computer!'s |
capabilities and abandons the classical approach requiring:
direction by the skilled speciallst at every stage.

The code for the 7090 mabhihe‘was preceded at Los Alamos
by & code for the IBM 704, This last, developed in 1959 by
J. C. Holladay,1 was the first program at this laboratory




to make possible the design of a complete lens by means of

a computer. The Holladay automatic iterative program made
statistical analyses of lgns perférmanee from skew ray traces.
It determined differences in lens performance resulting:frbm
design-parameter alterations. A least- squares-techhique was
applied to these differences.to oompute a linear combination
which would give an improved lens prescription. The success

of this program created a desire for a code whiéh would be

even easler to use and able to solve even more complex problenms.
This demand was met by C. A. Lehman's 1962 code for the IBM 7090.°
Improvements are now planned for the Lehman program. There are
a number‘of ways of handling the computations and problems of

automatic lens design. These have been reviewed by D. P. Feder,3

uLehman;Q Holladay,1 F. Wachendorf,u and others. Investi-
gations are currently going forward into ways of simplifying’
and speeding up lens optimization by using more precise mathe-
matical analysis. It is the purpose of this paper to describe
the- use Qf the Lehman program in its present form.

Tb study and design lenses, the program uses 3 laws of
geometricai opticé, that branch of optics which treats the
- analysis of light rays paésing through a lens. The 3 laws are
those governing rectilinear propagation, refraction, and

reflection. Lens performance is analyzed by tracing bundles

of rays threugh a lens in accordance with these laws. Rays



are traced because there is close correlatlion between the

. % .
behavior of geometrical rays and the focusing of light by
the lens. The ray-bﬁndle size at the foéal plane of interest

is the main criterion of lens performance. To obtain the

| sharpest foéus, the design program changes the parameters of

the lens system to make the bundles Qf-rays intersect the
imaée surface at the desired positions in patterns of thg
sméllest size. By evalﬁating-the sizes'and pogitions of the
image spots, image defects are analyzed precisely; but the
traditiqnal Seidel aberrations are not evaluated.

WHAT THE PROGRAM CAN DO

The program has 2 majoer divisions, the diagnoétic
section, which evaluates lens performance, and the iterative
designing-section, which alters specified lens paraﬁeters
and calculates an improved lens prescription. Both- sections
use a ray-tracing subroutine, which automatically ﬁraees'to
the focal plane the rays specifled by the designer. Each‘

section uses a different method of evaluating lens performance

- from thée ray-trace data. The diagnostic section obtains

the size and position of each ray bundle from each object
point on the number of planes of interest specified by the
designer.' The designing section makes a statistical analysis
of the weighted deviations of the ray intersections from

K/
A ray is the geometrical line representing the propagatlon
of light



tbeir specified positions, whieh analyeisiis presenﬁed as

a single merit number. These 2 major sections of the
program are frequently used alternately so that the designer
may observe the details of the designing progress. The
diagnostic section is used to determine the performance of
an existing lens design in which all the parameters are
specified. The designing gection is used to optimize lens
performance ﬁ& automatically altering one or more lens
parameters. This is the cese when one wishes to determine
the'performahce of an existing lens design in which some ,

of the parameters are unspecified,‘for example, the entrance

pupil location and the distance to the best focal plane.

Anether case might be the adjustment of the lens prescription's

air spaces and surfece radiil io give best pefformanee witha
specific field of view and object distance. An extreme'case
is the optimization‘of a lens design startimg with any desired
arrangement of refracting_and-reflecting surfaces.

The program has 3 very valuable‘miner divisions
which also use the ray-tracing subroutine: the off-axis
rim-ray trace, the on-axis paraxial and rim-ray trace, and
the spot-diagram.coordinete calculation. The off-axis-trace
eection traces'the upper and lower r;m‘raye from the maximum

object height and calculates the ray position and direction
and the distance to the following surface at each optical



surface. The on-axis-trace section traces the paraxial and

rim rays from zero objeetvhéight and . calculates the ray

‘positien and direction and the distance to the following

surface at each optical surface. The spot-diagram section
caleulates each scaled ray-interseetion coordinate relative

to the spet's centroid. The coordinates are supplied in

‘tabulated and punched-card form fbr spot-diagram plotting

by the desilgner.
The program ecan investigate lens systems with as many as

98 surfaces. The lens or mirror surfaces most used are either

"gpheres or right-circular eylinders, but Burfacés genérated.fgom ,

any conic section may be used. Any of the surfaces of revolution
may be dilsplaced or tilted as desired. There is a wideAcheicé
possible in the number and distribution .of the rays which may

_be traced through the lens. The positions and sizes of the
. , m

entrance and exit pupils are readily coritrolled. The lens
focus may be  fitted to a specified focal surface, or the

shape of the best focal surface may be determined. Simultaneous

design for 7 image points, 6 waveilengths, and 5 cohditions»of‘

use 1is possible. Conditiens of use may include such things as
different object and focal surface positions,-different lens-
element p@sitions aleong the op%icél azis--as in a zoom lens--
or different translational and rotatienal displacements of the

lens elements as.a result of flexing the lens with éxtérnal




forces. In spite of all this: capability, the program is not
unwieldy or slow.. The reader is referred to the initial reports

%
for details about the program and its use.2’5’

SELECTING  THE DESIGN

The firgt requirement is to decide on the lens type which
will best do the job. 'The decision requires caﬁefui thought,
Alfhough a simple design with few component elements will be
relatively easy to manufacture and will transmit light effi-
clently, it may not have the desired resolving power. The
resolution of a very complex design, on the other hand, may
exceéd the need, The quality of'pesolution neéded will
therefore'5e~a strong factor in thezchoice_of a lens.type.

For example, if the lens is_to-be for visual use, the minimum
resolution should be that of the eye--an angle~of7about 0.0003
radian. If it is for photograbhic.use, the minimum resolution
should be that\of the film7—0.02 to 0.002 mm. Other applications '
will have other requirements. The best lené'systém to choose - ’
is obviously the simplest one which will give the desired
performance. In general, more complex lenses are required for

. the larger relative aperﬁures, the longer'focal lengths, and
the wider angles of view. The more complex the imaging problem,

the greater the number of opﬁical surfaces which willl be required.

* . . . '
These reports are available at nominal cost from the O0ffice
of Technical Services, Department of Commerce, Washington,
25, D.C. o . '
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 One way to determine the lens best suited to a-particular
. imaging problem 1s to search the literature. The largest
geleetion of specific designs is to be found in patent

.descriptions, which are abstracted in the Patent Gazette.

The U.S. Patent.Office will supply, at nominal cost, a iist
of all Class 88-57.patents, which includes most lens patents.
Information about popular lens:designs 18 econtained in books
deseribing the characteristic features of phetographic‘lensés.6’7’8
Articles and books describing specific instruments 6ften have
references which gilve the specificaﬁions for optical elements

used«successfully,9’10:11-

Starting with one of the many
popular lens types, it is_oftgn possible to medify it to meet
the specific needs of a new instrument. Minor alterations of
the surface radil and inlthé spacing of the eleﬁen@s may be
sufficient. The more nearly satlsfactory the initial lens
choice, the less machine time needed to complete the\desiéna

| Another procedure i8 to ignore the literature and let
the machine determine the lens design most suitable for the
problem, One starts the design by making monochromatic runs
on a series of aif~spaced glass sheets. To obtaln the final
ﬁreseription with minimum effort, it is useful to keep a‘few
general rules in mind. The more surfaces the lens has, the

smaller will be the spot size. Therefore, the design shbuld'

be started with the estimated maximum permitted number of



alr-glass surfaoces. This'numéer will depend on such factors
as cost, time required for fabrication, image quality needed,
., efficiency-in trahshitting light, freedom from flare imaées,
space available, and feasibility of construction.- Simllarly,
the higher the refractive index of the glass used, -the smalier'

" the spot size. Also, the lens elements should be spread along

the axls, as the longest lens usually gilves the best performance
(smallest spot. sizes). If the monochromaﬁic design is satis-
factory, it is achromatized by substituting crown (low .
dispersion) and flint (high dispersion) glasses, respectively,
for the glasses 1n the positlive and negative elemenﬁs. " For
additienal éhromatic correctien it may be deslrable to
achromatize some of the elements by making them into cemented
doublets containing both crown and flint glasses.

Selectlng the optical glass from the bewilderingly long
lists of commercially available typés 1s anoether problem.
It is suggested that the begimner use those types which are
listed as readily available beécause this availaﬁility is an
indication that these glasses are ﬁsed extensively in,sucQ
cessful designs. In this connection, partieularly for complex
designs, one needs precise values for the refractive indexes
of the glasses (melts) used for making the lens elements, since
the manufacturing tolerance for glass stock is greater than

that allowable if predicted lens performance is to be obtained.

10



. However, catalog values of the indexes of refraction can be

used for all designing, as long as the precisé values are

obtained for final adjustment before the lens is made.

'Pmme THE PROBLEM INTO THE MACHINE

The IBM 7090 1oads itself first with the -designing code and

_then .with the lens problem by reading instructions and data

from punched cards. Each item of data can be lotated as
needed-sinae 1t has beeh’addréssed to a memory‘celi specifically
reserved fér it by the 213-card code. The lens data include
the lens préescription and the parameters for ray tracing and
designing (The storage nemenclature and the conventions used
are detalled in the initial‘repor%.sj There are 10 individual
program-control instructions which. the designer uses to order
the seqdénee of ﬁaehine caieulations and inférmatioh'ouﬁpuﬁ.

A typicél 5-minute oalcuiation‘procedure might ineclude several
short design-cycle sequences, with increasing numbers of lens
pérameters'being varied, followed by the machine preparation
of a set of punched cards with the latest lens data and a
éaper print showing the latest leﬁs prescripbion and the
analysis of its performance by multiple ray tracing. After

" the performance analysis has been studied to determine what

progress has been made, the next step in the designlng sequence ’
can be planned.

Certain preliminary information must be collected in order

11



to defline the problem correctly and to minimize false steps.
The performance of én existing lens can be determined if we
know or can find the wave length range (in order to use the
necessary vefractive indexes), the distance from the object,
the ahgle of view, the entranée pupil location, the relative
aperture (f/number), the image distance, the shape of the
focal Surface (plane or curved), and the-exiﬁ pupil 1oeatibn
.(for somefappliéations). In the absence of speeific conjugates;
the object distance is assumed to be infinity, and the angle
of view is discovered by traéing a series of ray bundles from
cbjeet points at lncreasing aﬁglesu' If the 1mgge distance is
_specified, the ray-tracing program can set the plane of interest
at that distance. If the image field is curved, the additional
values of the sagitta for the image points are also used. If
the image distance 1s unknown, the'ray—tracing program will set
thé plane of interest af the back focus caleulated from the:
automatic meridional ray traceAwith the first réfractive index
selected (plus the sagitta plus a fine-adjustment 1ncfement.
if these are assigned non-zero values). The entrance pupil
‘distance may Be specified or it may be determined.by the
designing program; '

The 1lmage spot is evaluatéd from the RMS radius of the
rays from the centroid of the ray-bundle intersection on a

plane normal to the optical axis. The designing section of




the program uses the image-spot evaluation oﬁ only one plane
for each image point. HOWevér, the printed output can be
ordered to show the image-spot evaluation on any number of
equally- spaced planes, a capabllity which is.uéeful for
determining changes in the ray bundles as thé back focal
distance is varied. The paraxial focal length and the
meridional béck focal distance are automatically given for
. each wave length used. '

The choice of input rays and the weighting'of ray-
intersection deviations are both very important. Since the
- rays traced through thé lens represent the behavior of 1ight,‘
they should be seleeted to funetion effilclently as agents for
lens performance;eéaluation. Each ray may be cansidered as
a sample of the focusing ability of the lens reglon which
surrounds the ray path. The larger ﬁhe surrounding regilon,
the less typical this sampling will be. If each ray samplés
only a small region of the lens, the sampling will be more
t&pical, but the 1argé hu&ber of rays to be traced will require
much time for calculation. Thus one may design rapldly (if
crudely) with a few rays or design precisely with many rays,
a pfocess which is relatively expensive. The solution 1s to
’uge_only a few rays for the early crude design‘stageS'and to
increase the number as the désign is refined. ‘

The pattern of rays to be traced is placed in a unit-radius

)
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entfance pupll. The ra&—?racihg brogram scales the unit-pupii
dimensions to the actual pbupil dimensions to obtain the coordi-~

nates of each ray to be traced. The rays usually sample the
entrance pupil with a grid-pattern array, but as many as 25

rays may be positioned in any-pattern desiﬁed In this program,
up to 100 rmys can be traced frem each objecb point for each

color. Since rays traced through a centered optical system

are symmetrical, onl& half the rays of symmetrical vay patterne

need be traced to obbtain the ray intersections of thé other

half by a sign change of the x coordinate. We have made a
convenient series of rdy patternsS with 2, 3, 4, 5, 6, 8, 12,

16, 26, 40, 74, and 100 rays which have been used for lens

designing and for testing lens performance. The 2- -ray pattern

is especially useful during the preliminary design stage because

1t is economical of machine time while stiil adequately evaluating
lens performance for mest design problems. The 6-ray pattern is

usvally adequate for the remainder of the designing. The many-

ray patterns are useful for asgessling lens performance, expecially

when there is vignetting.

To emphasize gpecific aspects of lens performance, the
deslgner can weight the deviations of the rays from the desired
image}points. Optimum lens performance requires minimum image-
spot sizes on the focal surface. These image spots are made up

of a maximum of 6'colors, each from a maximum of 7 object points.
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The weights for the sizgs of these spots are éssigned
individually. Welghts on the deviations caused by the
variation of magnification with color for each of these

7 images are also assighed individually. The 7 desired

image heights, the individual welghts for each of these

image heights, and the sagitta (for a curved fleld), are
assigned by the progrémmef. The reduired prineipal focal
length and the weight on the feciﬁrocal foecal length may be
spécified, The exit-pupil position is caleulated from a ray
traced from an object point at a height seélected by.the
programmer. The desired distaneé of the exit pupil from the
lagt optical surface and the weight on this distance are also
specified by tﬁe programmer. The above welghts are the total
. number which control the déesign program. Another factor of
importance to lens perfermanceé is tﬂe entrancélpﬁpil aperture
radius or the operating relative aperture of the lens, one of
which'may be fixed for deslgning. For further details see the
original reports. H®weyer, these details are in no sense a
full statement of the potentialities of the code. The

ingenuity of the user will suggest many other possibilities.

CHOOSING THE DESIGN PROGRAM |
Thé designing program improves lens performancé by
éompuﬁing a better_number-ﬂar each of the lens parameters

which has been seleeted for change, Since the code can work

15
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with a maximum of only 10 paraﬁeters gimul teneously, it 1is
usually necessary to work with magj different combinations
of the parameters so that all possible interaotions will be
included, Only a small improvement 1is obtained‘for each
c&iculati@n. It is therefore necessary to use an 1terative
preoedﬁre to arrive at the minimum merit number obtainable
with a specific set of parameters. It is frgquently desir-
able to use several different sets of parameters beéausé of
the tendeney of the code to find 1ts best solutions in the
impossible=~to~-build regions wﬁlch have extremely large thiock-
(neéses and negative thicknesses of both the elements and the
spaces., There 1s also a tendency to generate one or more
surface curvatures which are so great fhat some rays are
vigz‘letted° The seqﬁence of sets of incremented parameters
which has often proved effective is first the ourvatures,
next thé curvatures and some alr spaces, then the curvatures
and ali the air spaces, and finally the curvatures, the air
spaces, and the glass thicknesses. Any parameters which
tend to create undesirable conditions are fixed at tolerable
values, and designing is oﬁntinued with the remaining parame
eters. Sometimes these fixed parameters may be made variable
again with profit at a later stage in the deslgn.

" The prograh can calculate a better number for a parameter

by evaluating the effect of small changes of that parameter
' ' o

- -
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on the performance of the lens. These small parameter changes
are called parameter incréments or simply incrementé.. anh
ﬁarametef-to be incremented and phe amount of that 1noremaﬁt 
are specified by the lens designer. The designer has at his
disposal an inerement instruction storage area for a maximum
of 49 independent parameters, each of whioch may represent as
many as 6 dependent parameters. The dependent parameters '
must be"simultaneously given identical alterations in any plus
of minus combination speﬁifiedAby the designer, The parameter
~calling sequqnce.(the order in- whioh the paraméters are
incremented) 1s any continuous series which 1is specifiéd by
the deéigner° With each.désign cycle each number in the‘
oailinggsequence 1s increased by 1 (any becoming larger than
the maximum will be reset to the minimum) so that all parameters
in e selected serles will be incremented in serlal order and
_ repeated"if enough désign cycles are ordered. |

This arrangement is used because it 1s frequently impos=-
sible (or undesirable) to alter sll parameters at one time,
yet all must eventually be allowed to influence the prescription,
With crude starting préscriptions, the designing is usually
started with only one or two incremented parameters pETr cycle.
As'the design 18 stabilized the number of paramneters per'cycle
is 1noreaged until the design progress becomes‘erratio because

~of the program's inabillity to sevaluate precisely the too=~-complex

17



pro'to'lem.° ‘

Incrementing two or more parameters simultaneously, to
obtain the interaction between fhe parameters of éach of the
pairs present, 1s another Wﬁy of increasing the capablility of
the designing program. Hence it is a good 1dea to choose é
sequence of increments which.will give all possible combinations
between parameters within the program's capability. 4 series
of m incremented 1ﬁaependent parameters will be in the
circular foerm 1, 2, 3,0 o » m; 1, 2, ete, fhe types of
parameter interaction found in thls series are olaséified
-‘éeéording to the position spacing of the members Qf each pair,
‘The interacting types present are fhese spaced 1, 2, 3, . o o
3m apart. A speclfic sequence of n simultaneously Lgcremented
pé:aﬁeters (where n = m) ffom-the above sefies will have part
"or all of the interacting types ﬁresént; The number of
interactions between n parameteré working siﬁultaneously is
$n(n-1). Por example, with this program one obtains 0, 1, 3,

6, 10, 15, 21, 28, 36, or 45 parameter interactions depending

on thelnumber of parameters lnecremented simultaneously. = The
design-proéress rate inereases as the number and types of o
parameter interactiorns. increase, The addresses of thse _
'incremented.paramete:s are serially‘storéd, end the calling
order is at the command of the designer. For example, with

a series of 15 parameters (m) in which 5 are being incremented

18



(
simultaneously (n), one might select every third parameter;

the 3 calling sequences for designing’woﬁld then be 1, 4, 7,
10, 13; 2, 5, 8, 11, 14; and 3, 6, 9, 12, 15, All parameters
are incremented every 3 design oycles, but only 2 types of
paraméter interactiqn are present, 1.e., those whoss positioﬁs
are.Spaced 3 anﬁ 6 apart.' At the other extreme one oan seleoct
the 15 ocalling sequences: 1, 2, 3, 4, 55 » - « 5 15, 1, 2, 3;
4, In this case all parameters are iﬂcrementéd every 1l1.design
cycles, with 4 types of parameter interaction present.” Or )
one might use the sequences 1, 2, 3, 5, 14; 2, 3, 4, 6, 15;
o o o Here all parameters are inoremented evexry 9 deéign
cyoles, with 5 types 6f parameter interaction present. Or
the reverse sequence 1, 3, 12, 14, 15; . . . would Vbe equally
'usefulo However, the greatest variation in interactions is
_obtained with the 15 oalling sequences'l, 2, 5, 10, 12;”25‘3;"';
'6,A11, 13; o o o , with éll parameters ineremented'eyéry 5 '
‘design cycles, and all 7‘p0831ble types of parameter interaction
(spacings) present., For clarity this information 1s summarized

Table I in Table I.

‘Table II Table IT gives an extensive serles of parameter-increment-
‘oalling sequences, which have been selected in each case to
provide all possible parameter 1hteraotions° »The number of ‘

.>interactioné of each type 1s distributed as evenly.as possibdle,
: and each parameter 1is repeafed as often as possible by avolding

sequénces with large parameter spacings if there 1s a choioce,

19
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After the designer has écheduledvthe parameter=increment
calling sequence-~elther one of those desoribed above or one
of his own--feor the desired number of design cycles, 1t is

only necessary to 1nstfuct the program to design.

EVALUATING THE RESULTING
 fhere is no génerally accepted method of quantitatively
evaluating lens reselufion from the sizes of the.ray-bundle
intersections with the focal surface, This code determines
the image spot size by caloulatihg the RMS rad;us of the rajs
from their centroid on the fooal‘plane of interest, whichfis\
normal. to ,the optical axis, Image evaluation by thislhethad
includes the variatibn of back focal disﬁance'with eoloré The
predicted feselution is the RMS radius of the image spot,
Varlation of the lateral (y) magnificatlon with color is an
impertant lens~performence defect which is measured from the
centroid of the bundles which make each image peint. The
predictsd'effect 0of thls defect on reselutlon is the RMS lateral
deviation from the centroid.

For measurlng the resolving power of the leng and camerae
film comblnatlion, there is a genefally accepted test, the
National Bureau of Standards method of determining the resolving
power -of phoiographic lenses.l2 The NBS test meaéurea the
abi;ity of the lens to . produce clear-cut images of an ebjJect

contalning fine detalls. The objeet used for this test'is a

- 20




résolutien test chart consisting of a serles of three-parallel-
line patterns.arranged'in diminishing sizes, The established
pfactiee is to consider the reseolving pewer to be the number

of lines per mlllimeter of the finest pattern which is resolved

“on the négatlve as separate and distinef lines, For example,

the finest pattern might have its lines spaeed’4o to the

A

nillimeter (the distance between the centers of adjacent lines
would be 0,025 mm)., The photographiec resolutienl3 is .
approximately equal tp the optical reselution plus the film
reselution, PMlm resolutidn is commonly in the range of Oﬂ®3 mm
for the hlghest-speed emulsions to 0,002 mm or less fer high-
reésolution plates. | _

The resolution test charts have also been very useful
for visual evaluation of the optical resclution of lens systems.'
There may be considerable error in the judgment of visual
resolution because of the great variation in image contrast
anong different 1ené'types, bécause of the spurious resolution
which is sometimes associated with diffraction effects, and
becauss of the chromatic errors which observers evaluate over
& wide range. HoWever, fér high-~resolution images there has
been eclose correlation between the visual resolution as
determined by the use of the high-contrast parallel-line charts
and the predicted RMS image~spot radius of the rays from their

oéntroid. as ealculated by this cods. Observation is made with
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2 miecroscope of larger aperture and greater resolutibn than the
image~forming beams. . The high cerrelation between the predieted
and the measu;edbéhromatic rerformance is particulariy
gratlfying. .It is desireble to keep the lateral chromatic
deviation eéuél.to or smaller than the RMS spot radius, S0

that ﬁhis defect will not cause loss of resolution in
heterochromatic image‘ry° - .

EY, LUATIGN OF CO

The manufaoturing tolerances to be specified for a
.particular lens design are readily evaluated by the lens-
designing program, which allows one to determine quickly the
optimum foeal position for studying the effeet of’ parameter
chahges-on the imagew~spot sizes, These parameter changes may
be evaluated individuallyuor in any desired simultanebus
cembinatlan by using the ability of the code to read parameter
changes into the memory with ease and to trace rays quickly,
The renge of allowable tolerance 1s sométimes very large., In
descending order of sensitivity, the following parameter
tolerances are suggested for starting a serles of tests:
1/2000 for refractive index, 1/1000- for radius of curvature,
1/200 of lens element diemeter for decentering, 1/100 fer air
or glass thicknesses.

If the erroré;in the manufactured lens élemente exceed

the &ésigned telerances, the designing program can often
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improve pefformance by redetermining the air 8paoes.,.Iﬁ this
way one can sometimes partiélly sompensate for resolution lost
by improper construction,. | |
SAMPLE QALOULATION

| The lens to be designed\in the followlng sample calculation
consists of 2 ocemented doublets in séries which produce an |
f/2 Lister-type lensl# set to work at a magnification of about
oné-eighthd The objeots are at an axial distance of 170 mm
from the first lens surface and I, 3, and 5 mm from the
optical axis; tThe images are on a flat field which 1s étarted
with the back foeal distance held at 10 mm. After the lens
has been stabllized, this distance 1s made a'des;gn parameter.,
The deslgn was started with 2 cemented sheets of 518596 aﬁd
621362 glass spaced 18 mm apart. The entrance pupll distance

was fixed at -20 mm and the aperture radius at 4 mm. Flgure 1

shows the complete series of card images used to design this

lens, The data fer the starting presoription, the weights,

the ray patterns, the parameter alterations, the deslign

‘{nstructions, and the machine operations are given., Thils

information is followed by thaecomplete prescription data
print, the accomplishments of Some of the first 29 design
cycles, and the resulting lens prescription.

Designing was started with 3 colers (0, 4, F), a 2-ray

pattéfn, and a series of 29 single 1ncrementé to the 4 glass=-
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Table III

Flgure 2

Mgure 3

. 8ir surfaces. As a result the prescriptionfs-figure of merit

went from”905‘to 25, A summary of the complete 15-minute
series of rﬁns used to design this lens is shown in Table III,
These runs preduced an f/2.0 lens of 21,010-mm (C-light)

focal length, which should give T700~1ines/mm resolution over

-most of the l°2¢mmvd1ametér focal surface at 11;772-mm-diétaneeo

There 1s a maxlmum of 0.0019 mm variation of lateral magnifi-

cation with color at the edge of the 1.7-degree half field of

view. PFigure 2 shows'the print of the final prescription gnd
ﬁhe l12-ray analysis of lens performance. The spot diagrams

of the 3: images are shown in Fig. 3.

Aﬁ example of a complex design which can be maée with
this program is g specilal-purpose zoom lens. This lens is;an
ébjectiva-foi a2 high-speed camers used to photogréph explesions
through the 4-1neh-diameter‘viewing port.of a2 concrete bunker,

Twenty-millimeter images of 150~ to 450-mm explosive objects

are required, with the objécts 9000 mm from the front lens

¢lement, .To obtaln this ranée of magnification, 8 zoom ratio
of approximately 3.6:1 is needed. Between the viewlng port
and tae objéétive's image, there 1s a distance of more than
2060 mm,.whioh can -be used for any desired arrangement of lens
elements, ‘

> In the search for a solution to this difficult imaging
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problem, the lénsvdesigns of US Paténts 2,778,272, 3,051,052,
and 3,057,259 were tested, and all were found to be inadequate
for our purposes because of insufficient correction of off-axis
images ggd excegsive shift ofithe image over the zoom range,

It was tﬁeﬁ‘deeided to let the lens-designing program -find
~the«optimdm design for lens systems with 3 or 4 or more —
elements so that we could select the simplest design which
would give the required resolution. Using the pfogram's
substitution capability, we let the machine design each

lens system simulteneously for 5 eqﬁélly spapeﬁ éositions of
" the moving‘elements; Sévéral monochromatic hesigns were made
with zoom arrangéménts which previoua workers had found to

be usgeful, 15 The so-called 4-lens systenm, Whlch‘has 5 elements,
was fcund‘io be the minimum .which would give the deslred 1mage.
quality. Iéhe entire avallable length was used because.a long
lens nearly always gives the begst perférmance° The design

was then restearted with 5 gemented gheets of 517645 and 617366
glass (C, e, and é melt indexes for T7000-feet elevation) in

a zoom system consisting of 2 coupléd sliding lenses whieh
mevé'between 3 fixed lenses, These paired cempénents quickly _
.assumed shapes to give negative, positive, negative, positive,
and positive powerso. Before the final design was achieved,
several readjustments of the movements and spacings of the

eélementa were neoessary,
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lgure 4 The prescription data print is shown in Fig. 4.
Table IV ' Table IV ghows selected optical characterlistics ef thié lens

for 9 positionso Fbr each of these 9 positions the spot slzes

“and foeal positions for ¢, 4, e, P, g, and h light were
determined. There wes no discernible shift of the optimum
foeal blane fér any of the positions tested, possibiy because
thg Variation.of focus with color is the principal defect of
this lens, . Except forlh light, the msximum spot slzes on

the focal plane at the 384,709~mm.back focus 4id not go above
0.027 mm, ané.the average 1s about 0,013 mm. 4 visual'whiteq
light resolution of'about 100 lines/mm ié;ptedic&ed for most
of thelzoom range. |

CONOLUSION

Although ﬁastery of the program requlres practice,

‘interested nonexperts have demonstrated that after a short
but intense study of the original reportsls> and by a few
short .runs on the machine, they can learn quickly the funde-
mentals of this program. The first étepiin the learning
process is to rerun one of the oom?letely specified problems
in thig or the original reports, in order to determine the
correct functioning of the program. Next, after -the numbers
which describe-a prepésed lens have been selected and assigned,
it 1s necessary to determine 1f a workable lens has been

specified., This declslon is most sasily made by studylng the
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lens performanée evaluation_oﬁtained from the multiple ray
tracing diagnostié calculaﬁiono If an errbr has been made in
specifying the lens dafa,,tﬁe output from the off-dxis rim-ray .
trace may aid in locating this error by giviﬁg_the detaiis of .
the paths of 2 rays thréugh the lens., After the 1en8'pre§6rip- 
tion'has bgenAshown_to function as planned,lthe designing pro~- |
gram can be aotivated by directiﬁg.alteratioﬁs to one or more
lens péramateré to start improvement of lens performance, |
This code has demonstrated its abllity to analyze thé‘

perfOrmance of and to design simple or complex lens systems

rapldly and precisely. Correlation between the lens perform=

ance predicted by thé program's multiple ray-tracing analysis
and fhé measurgd performence of the consfructed lens has beeﬂ
close., When there has beeﬁ aﬁ apparent‘d}serepanoy betwéen
measured and pfedicted'performancé, the causé has always been
a menufacturing error. It is therefore necessary to glve |
the manufacturer construction"ﬁolerénceS\ef_sufficient tighte
ness to insure that design specifiocations will be met. The
construction-tolerance s}ecifications can be détermined by‘ihe
program's ability to evaluate the effect of small parameter
changes and the displacement and/or tilt of the surfaces.

In conclusion, fhe bode gives to problems of lens design
a geﬁeral automated solution.which makes full use of.the

digital computer's capabilities and abandons the classical
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| approach requiring direct;eﬁ at . every stage by the skilled
specialist. . | | |
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LIST OF CAPTIONS

Figure i. "Machine print showing input data card images,
input data from storag?, results from first

| desién series, and the resuiting Lister lens -

. prescription. . |
Figure 2. Machine print shewing final prescription and

12-ray analysis of Lister lens performance.

- Figure 3; Spot diagrams of‘3Aimages made by Lister lens.
Figure 4, Machine‘print showing final prescription of

zoom_lensidesigned for 5 conditions of use.
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1.7059200-02?
1.2515260-038
1.5717815-02

12
1.5816593-02
9.6310524-0u
1.6968716-02

12
1.6L69709-02
1. 210u536-04
1.6437130-02

12
1.6751261-02
1.1602239-03
1.64057112-02

12
1.5550L57-02
1.27H78920-03
1.7215704-02

12
1.6297636-02

1.52764870-063
1.668506066-02

and LZ2-1riy




Q¢
© o)
o o
0. =] o)
© a° °n ©
A4 ©
o S °
S
ol B o] o]
G¢ o® go Dg o oQ
o ° °
o] o
%4 ° @ ° o
© o} Q
° o)
(4 o
h=5 .
[} 2o o O [o]
® n o 8 &
0o
° °
© &z 8 ©
° °
LIGw?
Q "Rg Q ¢ LIG
P s o D O ¢ rieur
o a
© ° * LIGHT
® O ¥ LIGHD
o) o]
° °
@ ®
® °
) °
o o
he3
) °
° . °
° °
o] o o 0
° 38 © o
& © 4 © -3 °
o P o
o 08 CowEe® B,
X
° 2% °
o] ° o o)
& =3
o ° ° °
° °
p————— 0.001 mm how i

Spot diagrams of 3 inages made by Lister lens.

(Y]




Ge
‘98N JO SUOTATINIIC G JAOT oI umen SIDT
wooz o uorgdranesad TRULJ GUTMOUS A a4 SUTYDKTtl Ty o

204000000072 Kbn)()()()f)'-/.'l PRI DV | 20e0NenevE e $ ¢
NP PRI AL [ XA R AN A T] IR FATNE S R ORI TGN S B | <4
4000000000° 2 20000000004 Sfaennanan Tty [AIRRAMTAIH AR Lal
040000001 °F casnoeonee T U nneent Tl Z0e0000n0E TN (K4
Loaunnooun- e 2040000000 BURI NVt R 3 ZOs0DONCUNTL ta
PRIV IS ST el 2 IS Z20+0000005 " COARENLYdL e 00000 CHT TN 18
s 0N000V0 "6 CO+ 0006004 FU0N00N00" s L0NDOROJN" A 0ne
RN R A I R ] [N R PRSI {eesnerirsn [EARRAN VAR N1 1
20y vy [ R IR ARN VA 4RI NAL LY BaY 70rartane e fl
aQ+0n00000" 2 Lhspgennneg REOCO0000°8 0oe+000000s Y hh-
LR AR NUL T I INRTAT YA NS PR R AN R d HO 4N 0HLR T H= L=
TEsUNs uin CISUNS GNe *1Sans ang “ISuns 1S54 “J00
SHIVI YSWILT 1L 40 'STIS NDILALIIISYNS n TTESNOQIINLLAST
Z0-650¢20%°H 20+000000071 1O-ORROLHE 0 2001 Zout enil 2091 fl “ nat L H
[ ELTT YRR AR ] no+uronnno -t (Q=5¢59Lh0"0 606t 1 Rl Hi
CO-ABYNALLh B 0000N00" L LO=Z223 000" 0 A0 1 [P} H
L0=2%0196n°0 2040000000 0B+ 10000 602! i oV vl
20-6002951"} 20400000001 LO+RORARAI "0 Zrt [ [N “l
RIGL PR AR T ANd Zo+uRuen00tt 0852000071 Z9t [ ontt fl
QO-IHITELE TN 200N CN00T 1 tOsv 0N bbbt 261 (= (4PN s
YO-yasriudct £0enn00000° 1t LQsusuGanh™ b <nt [ 0ctl at
LA LI AN AN B Z0+0N00000° 1 Z0+0020000° | Zf1 [ g [N} [N}
LR R YAR AN 204nenonnn 0G5 00007 | (24} - oot ot
P0-0R6LINTTY [ RN ML IVD A | 1025 bbbt "6 4N 1= [¢TA]] b
GO=-¢22L2 LT cusopgoninsg 20050000008 [ [ ou0l it
QU=HY04N T sovpppeecoeTt CTeArL000NT 6 1= 0201 A
P2 R Y AR O o) cnsCAULOLOT L ZQennlyant t L 43} t- %01 9
YO=HIPUS LT coonenone L0+PZ000600° 0 [2: [ 04u01L <
FORLE VR DA | Loeanannne sy sl nnnnnc <y t= onot n
LO=tnbbhth ™6 LQannnonnTy AR AL LIRS (A [Bd 0t 01 13
YO-hOLe Nt T IR QAN T A ) S LEVO000° T ¢ [ 0201t 7
QO-LY G065 Y LT EAARNUTA A T U A 201 h610000] [43 1- 0tot 1
1H3WININT S0 QaNinn N 1 WNIoY SUTIIWVUYA NUTSIG 40 SASTSINCAY ‘0N “o01 “al
] < 12 7 STUNOLIVIISTINIQT MWOI0D
n t 24 ni 1 21 Lt oL 6 H o1 Zl Ht ! STTNQIIVIIAIINIOYL INIWIUIMT
z 10-0000006° ¢~ 10-000000%°L
n {0-0000006°2-  10-000000%°¢
10-000UN00C ", = A V1130 9 = K A211LIVY
0ne00nuN00 "0 004000000070 0 +0000N00°0 0n+000000C°0 104000000671 02 +0000000°0 Q0 +0000000°0 L
SRR I T e N T ¢ nR+00nN0000 "0 BOeNNONNO0 0 nNH+0000000"0 04000000071 02+0000000°0 00+0000000°0 Ht =
0400000070 no+n0o00onto an+connnoNtn Qna0eo00n0 0 7040000000 1 (0+0000000°S Coa0aueeneto (34
DOQO0N0NN "0 Qpe0eoeonnto nn+pooeno-o 004000000070 7OL0000000° ¢N+00N0000 "1 <N 0np0nnnct oy
0u+QON0HVN "0 N e00N0000"0 00+0000NN00°0 <O+0000000° 1 £O+0N00C000 "0 <n+0000000°8 (RS IIHIT A Htr=
SIHDI M

¢ SINVIA

0000014000° ¢

40 MAUAON

00+ 0804000° 1

SOMI7 H00W HDLIMS 3SNIS

0nenz0C000°1

SAND AW D11V

AND A00W OR1LLIIS ANV

0o +0R0cO0N " 00+QuNZON0 Y 00+N0zoN0" GU+0000000°0 20+900026n0° 9~ 10+0000000 "t 0a«0000000°0 A
00+00ZH9NY "L aps0nsspee | QO 000UZY "L

00 +00b600L0 " 00+00LIYLY Y [T XA A R I 00+0000000°0 20+049821¢ ¢ LD+000000N"¢ 00+0000000°0 a2
NQ+s0DICLEY " RIELDH IR AR B0rOON Y EGTL

LREL IR TA KA 00007221871 anenoLzeLs Tt 00+0000000°0 204616 LC6n0 §0+0000000"1 Qc+00n00nNC-Q "l
Q0eN0LLO0nI QU+ OHDZNN0 L ONeNZOEN00" L

00 +0v0L000 "t 000D L0N07 Y [UARRLC T FA ST TS R} agsQooconn:Q ZNAHG9YBRY T L0+00000200" 1 03+0000004°0 oy
A0eNOL6NY "L QUVOALRY 2L 00+ 00091 LY "1

QI +000v0Z9 %1 00+00Z2919° 1 00+009L 1L 00+0000000°0 Z0+nl0nENE 2 L0+0000000" 2 ca+gnngnen-e nrl
QUenpeLIsat 00+00HVIES 0N 00LES LG L

ND+00UT61% "1 noea0cr It ORI A R | 00+0000000°0C 20+0500R1E°S 1n+00000NC " 1L Q1 poneoent o 324}
QU+N014000° 1 00+080Z0007 1 QoenznZ000°t

00 +090c000 "} QDe0vRL000° 1 nNO+NNEO0N" 1 00+0000000°0 C0+0172081°¢ 10400000067 ¢ QYeNERNNOn- o ot
nueNesAORR Tl 0U+Q06sHY V"L AN+ 00NURZY "L

00 +00ANL 1L [RLEY LA A N0+0ONILLY " G0+ rQO0000° 0 20sv60eny L 10+0000000° 1 foenpnnnops e a0t
00e0DYLIES T 000614571 IR RN AR |

00+0099616 "1 0N+002LILG NOLO0LESES T 00+0000000° 0 an+00nFREGT N Znenonnoon-s coenpnonnnc 0O
0Qu+nN012000° 1t G0+ 0022001 00407020001

Q0 +0v0Z0C0 "1 00409020001 00 NNLC00T 1 nn«a00e0000° 0 FOLGEGG210°6 (tn+poco0nn 0N+ 0000000 C ny
[RLE T TR DA 00+000% 4501 N0+ 0009291

Q000D " LRI R WA NOeNBGLLIO "} 00+0000000°0 200821089 0= LB+0NON00N0E 0N+0000000°0 0!

N QUENOYLIESTL nNo+N0LYIZS "1 00400832471

[(LEUHDUT IR A Q0+00772t87 1 apenoieaLL T 00400000000 Z041275206G°% 1N+0N0D0ON" NN+0000000°0 09
NOOLEN00" L 00000001 0N 0200001

OO +0YC 40NN DN ZUN0 1 G0sNGN2000 1L 00+ 0000000°C PAIRN NALIT AN L (N+0000000" 1 00+000000070 0s
apepgsnInY L B0+00AE25 901 QO+00OREY "L

HI KA T A (T AR | 0004291971 ANenORLLINT ] aps+00NONcNn° 0 AR L ML T 4 10400000001 acs0nnannanto on
[T E A R 0Qe0naYI YL OIS AN

00 +QURPLL Y 00007721474 LR U4 A ousyoooonnsn ZOCUInntY Z04QNQounN Tt~ 6gsoennonntn s
RN RL LT A 00+0802000° 1 a0+0L0ZN00°1 -

Qushivnitne Ga+00DC000 "1 D000 LY+ ONAQOGO "/ 1N+00000%2 7% ne+nc00000°0 $3+00n0000 "¢ m
PR A Y Lo+ 00000002~ 00« O00N00" 1

QasnpnruL Tty [T T L SN [ ER I RARY Y LU=BH066Y0° ) GN=0NNRCNC Y $O=bthtnb "6~ [s TR RoTade 1o bl IS ry

s9--qy--tn

s

HO111€0d

L/n

H0d WOl MIuxIuy

£4

LER:L N

JWNC WiHd

NOT L IHYT MY



Table I.

Analysls of Parameter Interaction in Selected Sequences

. Spaces. between

Parameter spacing

n O oo ol

Design parameter B parameters incidence frequency
calling sequence |"yoe™ord 309 4th 5¢h | 1 2 3 4 5 6
1, 4, 7,10, 13 | 3 3 3 3 3 0 05 0 0 5
1, 2, 3, 4, 5 1 1 1 1 11 4 3 2 1 0 O
1, 2, 3, 5, 14 1 1 2 9 2 | 2322901
1, 3,12, 14,15 2 9 2 1 1 | 2 32 2 01

| 1 3 5 2 4 111 2 2 1

1, 2, 5, 10, 12
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Table II.

EXAMPLES OF EFFICIENT PARAMETER CALLING SEQUENCES N
Total No. Number of Parameters Used Simultaneously
Parameters U 5 7 8 9 10

6 1,2,4,5 s

7 1,2,3,5 1,2,3,5,6

8 1,2,4,6 1,2,3,5,6 1,2:3.5,6,7 ’

9 1,2,5,7 1,2,4,6,7 1,2,3,5,6,7 1,2,3,4,6,7,8 ' ] . . ‘

10 1,2,4,7 1,2,3,6,8 1,2,3,5,6,8 1,2,3,4,6,7,9 1,2,3,4,6,7,8,9

11 1,2,4,8 1,2,3,5,8  1,2,3,5,6,8 1,2,4,5,6,7,9 1,2,3,#,5;7,8,10 1,2,3,4,5,6,7,9,10

12 1,2,4,8 1,2,3,6,9 1,2,3,5,7,10 1,2,4,6,7,8,120 1,2,3,4,6,7,8,10 1,2,3,4,5,7,8,9,11 1,2,3,4,5,7,8,9,10,11
Wl - 13 1',3.‘*,8 1,2,5,8,10 1,2,5,7,8,10 1,2,3,5,§,9.11 1,2,3,5,7,8,10,11 1,2,3,5,6,7,8,9,11 1,2,3,4,5,7,8,9,11,12
~ 14 1,3,7,10 1,2,4,7,11 1,2,3,4,8,11 1,2,4,7,8,9,11 1,2,3,5,8,9,10,12 1,2,4,5,6,8,9,11,13 1,2,3,4,6,7,9,10,11,13

15 1,3,6,10 1,2,4,8,12 1,2,3,5,8,12 1,2,3,5,6,9,11 1,2,3,4,6,8,9,12 1,2,5,6,7,8,9,11,13 1,2,5,6,7,8,9,10,11,13

16 1,3,8,11 1,2,4,8,12 1,3,4,5,9,12 1,2,3,5,7,10,13 1,2,3,6,8,10,11,14 1,2,3,4,6,9,10,12,14 1,2,3,4,5,6,9,10,12,14

17 1,3,8,12  1,2,4,8,13 1,2,4,7,10,14 1,2,3,4,7,10,24 1,2,3,4,5,7,10,14  1,2,5,6,7,8,10,12,15 1,2,3,4,5,6,9,10,13,15

18 1,5,8,13 1,3,4,8,13 1,2,3,5,9,14 1,2,6,8,9,11,15 1,2;j,u,6,1o,12,15 1,2,5,7,8,9,11,14,16 1,3,4,5,6,9,10,12,14,16

19 1,4,9,13  1,3,4,8,14 1,2,4,7,11,15 1,3,4,5,7,10,15 1,2,3,4,7,9,12,16 1,2,5,8,9,10,11,13,15 _1,2,&,5,8,9,1o,i1,i3,15

20 1,4,8,13 1,4,9,11,15 1,3,4,7,11,16 1,2,7,9,11,12,15 1,3,6,7,8,11,14,17 1,3,4,7,9,12,13,14,17  1,3,4,7,9,11,12,13,14,17

21 1,6,9,15 1,3,8,9,12 1,2,4,8,12,17 1,2,3,5,9,12,17 1,4,5,6,10,12,15,18 1,3,7,9,10,12,13,14,17 1,4,5,6,7,10,11,13,15,18

22 1,5,10,16 1,2,5,11,16 1,2,4,8,13,18 1,2,3,5,9,13,18 1,2,3,4,7,10,14,18 1,2,3,5,9,13,1u,16;19 1,2,3,5,8,12,13,14,16,19

R 23 1,5,10,16 1,2,4,9,15 1,2,4,9,13,19 1,2,3,5,9,14,19 1,2,3,4,6,10,14,19 1,2,3,4,6,9,12,16,20  1,2,3,4,5,8,12,14,17,20

24 1,5,10,17 1,2,5,12,17 1,2,4,9,13,19 1,2,3,5,9,14,19 1,2,3,4,8,13,16,20 1,2,3,%,7,12,15,19,21 1,2,3,5,7,12,14,15,17,21

25 1,5,10,16 1,2,5,12,18 1,2,3,6,12,19 1,2,3,5,10,14,20 1,2,3,5,8,13,17,21 1,2,3,5,8,13,17,20,22 1,2,3,4,6,10,14,17,20,22

26 1,6,13,21 1,2,6,12,19 1,2,4,11,15,22 1,2,3,5,10,15,21 1,2,3,4,9,13,17,22 1,2,3,5,9,14,16,19,22 1,2,3,4,6,9,13,15,19,22

27 1,6,13,22 1,2,5,13,19 1,2,4,6,14,22 1,2,4,8,12,17,22 1,2,3,4,7,11,17,22 1,2,3,4,6,10,13,18,2% 1,2,3,4,8,10,13,16,20,24

28 1,6,12,20 1,2,5,13,20 1,2,5,16,21,23 1,2,4,9,13,17,23 1,2,3,5,8,12,17,23 1,2,3,5,8,11,15,19,24 1,2,3,4,6,9,15,16,20,24

29 1,6,13,21 1,2,6,13,21 1,2,3,7,14,22 1,2,3,5,11,16,23 1,2,3,5,8,13,17,23 1,2,3,4,6,9,14,18,24 1,2,3,4,6,10,15,19,22,25 4

30 1,7,14,22 1,2,7,14,22 1,2,3,6,15,25 1,2,3,6,11,17,24 1,2,4,12,13,17,25,27 1,2,3,4,6,10,16,20,25 1,2,3,4,7,11,17,19,22,26




Table III.

Summary of Lister Lens Designing Sequence and Progress

Operation Ray Increments used Cycles Figure
" performed pattern Total Per cycle run of merit
Start C 2 : - —'l - 90417
Designing 2 4 1 29 24,9
Designing 2 6 1 25 18.0
Designing 2 6 2 - 25 0.26
Designing 2 8 2 25 . 0.23
#/2.0 2 - - - ko
Designing 2 9 3 28 . 0.30
Designing 2 9 4 28 0.22
Ray change 6 - - - h.o
Designing - 6 9 ! 28 0.47
Designing 6 9 5 28 ~0.31
Designing - 6 9 6 28 0.26
Ray éhange 12~ - - - 0.53
Designing 12 9 6 28 . 0.36
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Table IV.

Opticél Characteristics of Zoom Lens

e B Rl tamin- melmie el 2%
1 0 150.00 0.133  12.0 1590  384.720
2 50  171.8  0.116  10.8 1310 384.565
3 100  197.0. 0.102  10.0 1096 384,670
4 150 - 226.0 0.088 8.8 927 384.755
5 200 259.4  0.077 8.0 790 384.776
6 250 297.9  0.067 7.4 677  384.729
7 300  342.0 0.058 - 7.0 582 . 384.658
8 350 3024  0.051 . 6.7 503  384.632
9 400  450.0 o.084 6.5 436 384,723
o o 39..
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