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ABSTRACT

Several common impediments to successful lens desig be removed by application of new techniguédsese
involve using information that has long been calted during the design process, but then discarBeablems so
addressed include the nuisance of discoveringaiyrés in the starting configuration, and thatadérance
desensitization, among others.
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1. INTRODUCTION

Optical design codes today have capabilities trewot imagined at the outset, roughly 40 yeans wben we were
first trying to figure out how to make them worgince then, although algorithms have matured arakstamount of
information is calculated, designers still face sgmnactical difficulties. These can be remediethwiever use of
information that is already available but usuailscdrded. Several areas respond well to the nels that this idea
leads to. The first is the common situation wheysrwill not trace through the intended startingfiguration, causing
the designer to waste time just trying to get startOthers involve use of*and $-order aberrations in a new way.

2. RAY FAILURES

It is always wise to begin a lens design job witating point that closely resembles the deseredipoint, but often
nothing suitable is available. We sometimes bégisketching a configuration on a napkin, for waihanything better.
Frequently, though, when we try to optimize theslderived from such a sketch, some of the raysfigdm the merit
function do not reach the image, and the merittionccannot be evaluated. Every commercial coséamas we know,
would stop at that point, and the designer thertdaslit the starting lens, either manually or vétBUl interface with
slider bars, if his program provides that functidgauntil all of the rays trace. Only then cdretoptimization start in
earnest.

There are two reasons why rays sometimes faibtetrmissed conic section (MCS), or total interafiection errors
(TIR). In both of these cases, the failure hagaavith taking square roots. No matter how theecisdwritten, since one
is solving a second-order equation, a radicalvslired. If the argument of the radical for thesirsection calculation is
negative, an MCS error has occurred. And if tlikaad in the refraction equation is negative, iai§IR error.

Every code calculates those arguments — and thewstthe result away, if it is negative, and abtitesprocess. But
the values of the arguments contain useful infoionatlf the value were exactly zero, for exampie intersection
equations put the ray exactly at the tangent pafiatspherical surface. And if the refraction angut is zero, the ray is
refracted exactly at the critical angle.

This suggests a simple tool, which we have useld gri¢at success: When the program finds a rayeimrterit function
that fails, it remembers which ray was involved] &imen creates another merit function that contantg a single
quantity, namely the argument that was negative gawves a small positive target value as the gdalen, utilizing the
same design variables as already specified, itauqsck optimization behind the scenes. The diifegnargument
quickly becomes less negative, and as soon aadhes a positive value, that optimization endsthadriginal merit
function is restored. The entire process thensstayain, and the offending ray then traces prgpédf course there
may be other rays that still fail, but they areilgasrrected by means of a second click on a reibar button we have



implemented to exercise this tool. One or twokslion that button usually start the optimizatiomngaas originally
intended, with a considerable saving of time.

2.1 Example of ray failure correction

An idea one would often hear, at the birth of thishnology, was that a lens design program, ifeiteareally good,
could start with a collection of plane-paralleltelrand come up with an excellent lens. This wasa short lived, as it
turned out, once we got a better idea of what wedcaccomplish in those days. To illustrate thevemience offered
by this new tool, however, we will resurrect thation and show that, today, it is much more prattican it was then.
This will also serve as a very bad starting pdiat will illustrate the new feature. This is shoirFigure 1.
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Figure 1. A very poor starting point.

We have created a seven-element lens where adicasrfare flat but one, all the glass types arsahee (in the middle

of the glass map), and the last surface has been gi paraxial curvature solve that yields an Fimemof 2.0. The final
airspace is also controlled by a paraxial solvalifig the paraxial focal point. All of the optiqgabdwer is therefore on
the last element, and rays will not trace overftitipupil at the edge of the field, which is at @8grees to the axis. The
stop is arbitrarily put on the first element.

Let us try to optimize this lens. To do so, wel slecify a target of 85 mm for the total length,r@m for the back
focal distance, and correct the ray intercept sradithree field points. All design parametersvariables, as defined in
the following optimization MACro. (GLM refers tdags model variables, and we’ll discuss the vaeiati1 below.)

PANT

VY 0 YP1

VLIST RAD1 2 356 7 8 9 10 11 12 13
VLISTTH1 2 34567 89 11 12 13
VLIST GM1 3 57 9 11 13

END

AANT

AEC

ACC

M85 .1 ATOTL
M 25 .1 ABACK
GSR054100
GSR054200



GSR054300
GNR.75131.750
GNR.751311.00
GNR .75132.750
GNR.751321.00
GNR .75133.750
GNR.751331.00
END

SNAP
SYNO 30

As expected, we immediately get the error message

The optim zation process is halted
ERROR: Fatal ray error occurred on the first iteration

Instead of trying to alter the design by changidjir as we hitherto used to do, now we just cbokthe new tool

(twice, in this case), and the optimization tak#s About one minute of simulated annealing thélds the lens shown
in Figure 2.
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Figure 2. The result of exercising the ray-failacgrection tool and optimizing the lens.

A practical design job would require some additlatgention, primarily to reduce the thickness lefneent number
three — but to get this far required almost no nadimiervention, which is the main point of the nmal.

3. TOLERANCE DESENSITIZATION

Many lens designers have discovered to their distmatythe lens they have worked on so hard wiNdry expensive to
manufacture, due to excessively tight toleran@sme efforts have been made to implement tolerdesensitization
algorithms to help avoid this difficulty, but nohave proved popular — and some designers do neeoothemselves
with the tolerance budget at all, leaving that ehtorthe customer who will actually build the lerihis is a mistake: if
tolerances can be relaxed, it is the designer’'sgdind out.

Here is another area where calculations that adilyeavailable but not utilized can play an impoittrole. Every
program can compute th&-®rder aberrations, in the process finding the riioutions to the sum due to the individual
surfaces. Let us look at a portion of a commoiivdéon of those aberrations. (Notation is afteAHBuchdaht.)



At surface j:
IA= YA, g +UA;,
IB = YBjg + UB4
SA=YA(N;1/N)(Nj1-N)(UA+IA)
SB=YB (Nj1/N)(Nj1-N)(UB+IB)
T=(Nj1-N)(CGg+8DD) YA

and the third-order contributions are:

B =SAIAZ+T (SA3)
F=SAIAIB+(YBj/YA)T. (CO3)

The total aberration is just the sum of the surfaa@ributions, normalized in some way. Thus,tttal spherical
aberration is just the sum of the values of thentjtyaB, while the total coma involves three tinthe sum of the
quantity F. (1 is a constant.)

SA3=u 3B
CO3=3u>F

Consider the lens in Figure 3 — which has the kihtblerances that are likely to provoke a labapdte in the shop. Of
particular concern are the centration tolerancespme cases only three microns. This is a vepgmesive lens indeed.
Now, consider an element with a large individuattcdution to third-order spherical aberration (348 coma (CO3).
Usually there is another element that compensaitbsalverrations of the opposite sign, resultingnmall net aberrations
— but when either of those elements is misaligtieslcompensation is imperfect. This seems to bedise with
elements 3 and 4 in this lens. In such a casegsidual is large because the individual contidng were large. If one
could reduce the contributions of the individuareénts (or surfaces) one would therefore expeetantes to come out
looser, since the cancellation then need not eegect. (In these examples, we calculated therdoke budget such
that the wavefront variance would not exceed 0t®%, three-sigma confidence.)

Some designers, aware of this effect, have addptegractice of including a target in the meritdtion to control the
aberrations of one or more individual elementst tBere is an easier way — and because it is edsemore likely to
be frequently utilized. Let us define eight nevehtions that can be included in the merit furrctiefinition:

SAT  The sum of the squares of the surface contdbstto spherical aberration, SA3.

COT  The sum of the squares of the surface conioibsito coma, CO3.

ACD The sum of the squares of the amount by whi€i3 @aries as each surface is decentered.
ACT  The sum of the squares of the amount by whi€l3 @aries as each surface is tilted.

ECD The sum of the squares of the amount by whio3 €aries as each element is decentered.
ECT  The sum of the squares of the amount by whioB3 €aries as each element is tilted.

ESA  The sum of the squares of the element contoibsito spherical aberration, SA3.

ECO  The sum of the squares of the element conimiito coma, CO3.

The first two of these new aberrations are easilgutated, once the contributions are known. Adt@ns ACD and
ACT can be obtained by differentiating the Buchdahiula with respect to decenter or tilt. Thet fasir keep track of
the element contributions rather than surface dmutions.



AIRSPACE + 0.020 ARSPACE £ 0013

ELEMENTTILT = 0.2 IN. ELEMEMT TILT £ 0.36 MIM.

ELEMEMT DECEMTER + 0.003
ELEMENT DECENTER + 0.004
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ELEMENT DECEMNTER + 0.007

ELEMEMNT DECEMTER + 0.003 WEDGE £ 0.29 MIM.

WEDGE + 0.13 MIMN.

Figure 3. Example lens with very tight tolerancéEhe nominal design.)

Now let us show the effect of including some ofsta@ew aberrations in the merit function. Firs,laok at the present
values of these quantities, produced by the comm&HRD SENS:

NORVALI ZED 3RD- CRDER ANALYSI S OF TOLERANCE SENSI TI VI TY

SS OF SA3 BY SURFACE (SAT) = 85. 107903
SS OF CO8 BY SURFACE (COT) = 21. 404938
SS OF CO8/ YDC BY SURFACE (ACD) = 0.007657
SS OF COB/TILT BY SURFACE (ACT) = 73.889722
SS OF CO8/YDC BY ELEMENT (ECD) = 0.003941
SS OF CO8/TILT BY ELEMENT (ECT) = 31.259708
SS OF SA3 BY ELEMENT (ESA) = 1. 944190
SS OF CO8 BY ELEMENT (ECO) = 0. 492351

Since decenters seem to be the big problem herwjjliMast try the aberration ECD, with a targedlue of 0.001. This
will reduce the change in coma as elements arenteyesl, and we hope it will reduce the centratemsgivity. After
reoptimizing, the resulting lens has changed soragvas shown in Figure 4.

Although we controlled only one of the new abeomasi, they have all changed, since things tend whpled, and
aberration ECD is approximately at the value weiested.

NORMALI ZED 3RD- ORDER ANALYSI S OF TOLERANCE SENSI TIVI TY

SS OF SA3 BY SURFACE ( SAT)
SS OF CC8 BY SURFACE (COT)

5.617179
4.163698



SS OF CO3/ YDC BY SURFACE (ACD) = 0.001758

SS OF COB/TILT BY SURFACE (ACT) = 18.629842
SS OF CO8/YDC BY ELEMENT (ECD) = 0.001155
SS OF CO8/TILT BY ELEMENT (ECT) = 8.206368
SS OF SA3 BY ELEMENT (ESA) = 0. 149362
SS OF CO8 BY ELEMENT (ECO) = 0. 112059
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Figure 4. Case A: Lens reoptimized with added mdmiver the new aberration ECD.

There are other possibilities. What happens ifngtead control the value of the quantity COT,sbm of the squares
of surface coma? This aberration had a value &f Bilthe nominal design, and came out reducedl® h Case A.
We will request a target value of 0.2, reoptimied examine the results, shown in Figure 5.
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Figure 5. Case B: Lens reoptimized with addedroboter the new aberration COT.

Now we see a major change to the configuratione Vidue of aberration COT is close to its targetslzown below.

NORVALI ZED 3RD- CRDER ANALYSI S OF TOLERANCE SENSI TI VI TY

SS OF SA3 BY SURFACE (SAT) = 1. 328837
SS OF CO3 BY SURFACE (COT) = 0. 205343
SS OF CO3/ YDC BY SURFACE (ACD) = 0. 000337
SS OF CO3/TILT BY SURFACE (ACT) = 12. 232184
SS OF CO3/YDC BY ELEMENT (ECD) = 0. 000159
SS OF CO3/TILT BY ELEMENT (ECT) = 7. 560905



0. 035610
0. 007259

SS OF SA3 BY ELEMENT (ESA)
SS OF CO8 BY ELEMENT ( ECO)

Comparing the tolerances for the three cases, sémbich are shown below, shows the benefit of duditional
optimization. (YDC means Y-decenter.)

3 TH 6 wedge 7 tilt 5 YDC 7 _YDC 9 YDC 12 YDC
Normi nal 0.012 0.18 min 0.20 min 0.0036 0. 0027 0. 0042 0. 0071
Case A 0.119 0.81 min 0.52 min 0.012 0. 010 0. 013 0. 013
Case B 0. 088 1.53 min 2.77 min 0.036 0. 034 0. 026 0. 030

It seems that the very tight tolerances of the mainilesign are relaxed by a factor of from threaktout 10 in these
examples. One would expect that wedge tolerancesddvibe most affected by the aberration ACT, whitspace
tolerances might respond best with a target for 8ATOT. Like all new tools, these features ing@tgloration, as
their utility, power, and limitations are demonschby experience.

4. CONFIGURATION HELP — FINDING THE STOP POSITION

When laying out a potential starting lens configiorg placing the stop in an advantageous poshasa major
influence on the success of the resulting lenst ifBwo suitable configuration is available to wsea model, one must
simply guess where the stop should go. This isteeme@xample where using old information in a neaywreates a
useful design tool.

Every program contains a ray-aiming algorithm tafivhere to aim the incoming rays so that the afaigfwill go
through the center of the stop. This is usuallyedm steps, beginning with a paraxial calculatenm] then again with
real rays if the situation warrants. The paragactulation yields the intercept height of the fiiglld chief ray on
surface 1, and other things are usually scaled fr@nresult.

Let’s turn it around. Instead of declaring a stopface and then solving for the paraxial chieftiaight, start with a
given height and see where the stop wants to Ibés Height, which we call YP1, can then be used dssign variable.
After the lens is optimized, one just looks to sé®re the stop came out, and then places it ctofwat point and
tweaks up the design.

Some designers resort to the old trick of puttimg $top on a dummy surface 1 and varying the pasdf the first
element relative to that surface. This is alseadgway to find the best stop position, but sineegde tend to avoid
things that are inconvenient, this possibility \®dooked more often than not.

In the example lens in Figure 1, we arbitrarily the stop on surface 1, and the position was thewed to vary by
means of the design variable YP1. The resultguig 2 shows that the stop wants to be in the midtithe third
element. What happens if we start with the stothehast surface? This new design tool (and the ray faikorrection
feature) makes it very easy to explore questionthisfkind. After a few optimization cycles, thenk comes out as
shown in Figure 6. Again, the stop has moved tdvtlae center of the lens, in this case inside dloetth element. Yet
another configuration results if we start with gtep near the center of the lens, as shown in &igur

In these examples we started with a very poordeas by a slight change in initial conditions, gied three quite
different configurations. Why? The answer suggesime profound implications.

When you design a lens, you are explogeggraphy. The lens design space contains many dimensiagtishills and
valleys, and the designer’s job is to find the Istwealley. Figure 8 shows such a situation, in diroensions. Suppose
your design is in the valley labeled A. Running timulated annealing feature can in some cases thewlesign to a
lower valley, as at B. But if you are in eithertbbse valleys, you cannot see the deeper vall€y ah fact, the only



place from which you can see all of the valleygasn the top of the hill. And what is on top o&thill? Plane parallel
platesl Here, the idea we resurrected from the earlisirgts at computer optimization comes back readgad us to
a new understanding of our craft.
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Figure 6. Result of optimizing the plane-paradiiglrting point, when the stop is initially on tlast surface.
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Figure 7. The lens that results from starting wlth stop near the center.

Think about what happens, when you start on tapehill and run a simulated annealing progranmdkes small
random changes to the design variables and re@atinthe lens. A given set of changes sends thgrde in some
direction until it finds a valley somewhere. Afdifent set of changes will probably go off in &eliént direction,
toward a different valley, and if one exercises fimiocedure a number of times, one will likely diger all of the valleys
that surround the starting hill. Changing the peabslightly, as when the stop is initially movedrh one point to
another, has the effect of moving all of the valleyound, so the optimization process will heacatoMone or another,
taking a different path and ending up at a diffe@timum in each case.



Figure 8. Optimization space geometry, in two digiens

To illustrate the potential of this process, we maany cases and discovered a variety of configumatishown in Figure
9. This probably represents of all of the valléhat can be seen from the hilltop. One need oogpare the quality of
the designs and select a favorite.
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Figure 9. Example of the variety of lenses founthimvalleys surrounding a plane-parallel-platagies

5. ELIMINATING STRAIN

When one or more elements contribute large abensto the sum, and compensating for those abamsais difficult
or imperfect, one says that the lenstisined. This situation arises more often than not whea simply corrects a set
of ray intercepts, since most optimization progrdrage no requirement to avoid it. But another t@e makes this
possible.

We define the strain of an element as the sumeo$tjuares of all of thé“3and ¥-order aberrations of that element,
except for secondary color. Here is an exampkelehs that is poorly corrected, along with anwaton of the strain:
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TRANSVERSE ABER. 0.00000 REL. FIELD 0.75000 1.00000
Merit = 1.82525
Figure 10. A strained lens
OPTI CAL STRAI N ANALYSI S
FORMAT:
SA3 ca3 TI3 SI3 PET DS PAC PLC
SA5 CCb TOBSA SOBSA ECOVA TI5 SI5 D 5
ELEMENT NO. 1: SURFACES 1 TO 2; POAER = -0.216347E-02 STRAIN = 0. 189175E+01

0.03521 -0.33569 1.12395 0.42741 0.07914 -0.09339 -0.00305 0.06343
0.00137 -0.02026 0.11701 0.02668 -0.32655 0.43092 0.07437 -0.01394

ELEMENT NO. 2: SURFACES 3 TO 4; POAER =  0.112445E-01 STRAIN = 0. 359384E+01
-0.20131 -0.61540 -1.59659 -0.65551 -0.18497 -0.05895 0.13721 0.09551
-0.01768 -0.01500 ~-0.15428 -0.08199 -0.27335 -0.05073 0.14314 0.03651

ELEMENT NO. 3: SURFACES 5 TO 6; POAER =  0.229770E-01 STRAIN = 0. 261783E+02
-1.90199 -2.57218 -1.58389 -0.80464 -0.41502 -0.05458 0.17760 0.17678
-0.59989 -1.18520 -2.92694 -0.87751 -1.05790 0.45093 0.35367 0. 03666

ELEMENT NO. 4: SURFACES 7 TO 8; POAER = -0.218990E-01 STRAIN = 0. 386763E+02
2.08456  3.54522 1.77769  0.79973 0.31074 0.02899 -0.28987 -0.26753
0.61104 1.31688  3.32415 0.99267 1.72357 -0.64364 -0.42549 -0.02762

SYNCPSYS Al >

The poor performance shown by the rayfans plot esiggwhy optimizing on a set of rays has troublkeemting it: the
large error at the left end of the tangential flistthe program to bring the ray down. But thsids to bring the
neighboring rays down as well, including those eltisthe end that are alredsigfow the axis. Those, of course, should
go up, not down. The problem is analogous todlhatbtracting two large numbers that are almosakqThis is never
a good idea, especially when, as in lens optinopawith finite-difference derivatives, the precisiis not perfect. One
can put a target in the merit function to reduaedtnain, but there is another use for this infdiroma



In the above listing, we see that the last elerhastthe largest strain, so this is the element fikady to benefit if we
split it into two elements. Carrying out this stémes indeed improve the image, and then repetitengrocedure a
second time yields the lens in Figure 11.
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Figure 11. Configuration resulting from the metluddeducing strain given in the text.

This is a substantial improvement, and finding tlasfiguration involved little more than evaluatingnd reducing —
the strain, which went from a value of 38.67 beftoe3.37 (now largest on the first element). Tbid can go the other
way as well: if an element shows very low straiand low power — one can very likely remove thatredat from the
lens entirely. This tool, therefore, is a guidatthelps you decide how best to alter the constnuctf your lens.

6. CONCLUSIONS

We have shown in these examples how longstandffigutiies encountered by lens designers can becguhed by
finding new uses for information that has long beweailable, but then discarded. The new tools naa@éable with
this information can significantly reduce the effarquired to design excellent lenses.

1 H.A. BuchdahlOptical Aberration Coefficients, Dover, 1968.
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