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1 Usefulapproximations

This papercanbeclassi ed asappliedmathematicsinceevery equationwe'll discuss
hasapplicationsto usefulphysicalobjects,suchastelescopesgamerasprisms,eye-

glassesindsoon. As is thecasewith almostary applicationof mathematicso thereal

world, we will be makingcertainapproximationsgo beableto solve theequationsFor

thatreasorwe realizethat our solutionswill ususallybe slightly in error, but thatthe

errorscanbe madequite small. The mainjob of anengineemwho is designinga real

opticalsystemis to createa physicalsituationthatreduceghessizeof theseerrorsto an

acceptabléevel.

As anexample,we'll talk aboutthe “thin lens” approximationwherewe will assume
thatthe lensis in nitely thin. Obviously no real lensis in nitely thin, but aslong
asthethicknessof the lensis small enoughcomparedo the distancego the objects
beingviewedandimaged thisapproximatiormaybegoodenoughWe'll makefurther
assumptionaboutthe natureof light, aboutthe perfectionof ourlensmaterial,andso
on. Whenit's important,we'll point out placeswheretheseassumptionsnay cause
troublein arealphysicalsystem.

Figurel: TrigonometricApproximations

Wewill make acoupleof mathematicahpproximationgrom timeto time aswell. The
mostimportantonesconcernthe calculationsof anglesand of the trigonometicfunc-
tionsof thoseangles We will alwaysmeasurenglesn radiansratherthandegrees.



Considertheangles AOB in Figurel. If thelengthOA = OB = 1, thenthelength
of the arc AB is the measureof the angle measuredn radians. (If the length of
OA happensiotto be 1, thenthe measureof in radiansis thelengthof the arc AB
dividedby thelengthof OA.) Similarly, if OA = OB = 1, thensin = BX=0B =
BX, sinceOB = 1. It shouldbe obvious from the gure, andit canbe proven
mathematicallythatasthe sizeof theangle getssmallerandsmallerthelengthB X
is closerandcloserto thelengthof thearcAB . In fact,we canwrite thismathmatically

as: )
B X sin

im — = Im — = 1.
1 o AB 1o

If we multiply throughby , thenwe canseethatfor very smallvaluesof , sin .

andfor that reasonwhenwe do dealwith very small angles,we will often replace

instance®f sin by in thecalculations.

It shouldalsobe obviousfrom the gure (andcan,again,berigorouslyproven math-
ematically)that the lengh of the line sggmentAB andthe lengthof the arc AB are
alsovery similar. Thusif OA = OB = 1, we canapproximatethe angle asthe
lengthof theline segmentAB, or, if OA happensiotto be 1, we canapproximate
by AB =0B.

We will usethetwo approximationgbove repeatedlyn whatfollows.

2 Imagesand Virtual Images

This papermwill considempropertiesof lenseswheretheword "lens” is usedin a gen-
eral sense.We are going to examinehow light is bentasit passeshroughdifferent
materials. Obviously, the mostcommonexampleis the bendingof light throughthe
lensesf camerasbinocularsor microscopeshatformimageson Im or ontheretina
of youreye.

The mostimportantfeatureof lensess thatthey areableto form "images” of objects
in theworld. As an example,considerwhat happenavhenyou usea camerato take
a photo. Let's considerone of the mostboring possiblephotos:it is pitch-blackin a
roomexceptthatthereis a point-sizedight sourceandthe cameras pointedat a that
source. Your goalis to produceanimageon the Im thatis pitch-blackexceptfor a
singledotwherethelight from the point-sourcearriveson your Im.

Thetiny light sendsoff photonsin all directions,so rst imaginewhatwould happen
if therewere no lens, but ratherthatthe Im were pointedat the light and exposed.
Photonswould arrive moreor lessuniformly acrosshe surfaceandthe whole areaof
the Im would be uniformly exposed.With the lens,however, somecollectionof the
photonswill happento hit the circularlenson your cameraandwhatwe would like
thelensto dois to bendall of thosephotonsbacksothatthey hit a singlepoint onthe
Im, asshown in Figure2. The point O is the locationof the “object™-in this case,
thelight source.Thepointl is the“image”-theplacewherethe light from the object
is focused.If the Im happendo lie at point |, the point sourcewill producea point
image,but if the Im happengo bealittle in front of or behindpoint !, thelight from



Figure2: Objectandimage

the sourcewill producea circle of light on the Im—in otherwords,a blurredimage.
If the Im is closeto |, theblurring will be small,andif it's far away, therewill bea
lot of blur. Whenyou focusa camerayou arebasicallychanginghe distancebetween
thelensandthe Im sothatthe objectyou areinterestedn makespoint sourcef the
objectfocusto pointimagesonthe Im.

Figure 2 shaws the effectsof the lenson a single sourceof light; in reality, a perfect
lenswill focusan entireplaneof point sourcesontothe Im planeat the sametime,
sothatanentireplanein therealworld is in perfectfocusonthe Im. For reallenses,
however, nothingis perfect,sothe world-planethat's in perfectfocuswill not,in fact,
bea perfectplane but will besomecurvedsurfacein 3-space And thefocuswill never
be exact,either, but with expensve lensesthe errorscanbe madeto be quite small.

2.1 Virtual Images

Figure3: ObjectandVirtual Image

Thelensillustratedin Figure2 bendsthe light from the sourcesothatit formsareal
imagewherethe photonsdiverging from the sourcemeetagain,hopefullyonthe Im
or on your retina. Otherlenses,or locationsof the object, like the oneillustratedin



Figure 3, may causethe photonsfrom the sourceto diverge insteadof corverge. In
this case the diverging photonswill divergeforever, andwill never meet,but if such
a lenswereperfect,thosediverging lines would appeatrto be diverging from a single
point,labeledl, in theimage.Thisis notatrue,or realimage,but thepointis calleda
“virtual image”.

A lensthatformsavirtual imagemayat rst seemuselessbutimaginethatit is a part
of aseriesof lenses.The next lensalongwould seethelight from the sourceat O not
asif it werecomingfrom O, but asif it werediverging from the pointl, . Thedotted
linesin the gure simply indicatethe directionof the diverging lines; the solid lines
representhetrue pathsof the photons.

2.2 Conesof Light

If you examineeitherof the gures 2 or 3 you seea pattern: light is emittedin all
directionsfrom the object,but the partof interestis thecollectionof photonghatstrike
thecircularlens.Thislight lls acone-shapedolumeof space.

When the light in the conestrikes a lens, the light coming out may have changed
direction somevhat but it now ts inside anothercone-shapegieceof space. The

conemay point in the oppositedirection,asin gure 2 or it may point in the same
directionbut with a differentangle,asin gure 3. Thusin a systemof lensesgevery

timethelight arrivesatthenext lens,it is in theform of a cone eithergettinglargeror

smaller(or, if thebeamshapperto beparallel,it'slike anin nite coneor cylinder).

What every perfectlensdoesis to take light comingfrom onesidein a cone-shaped
volumeandemitit on the othersidein a differentcone-shapegolume. If we know
how to calculatethe new coneshapefrom the old one,we cantracethelight through
lensafterlensto nd the resultantconeshapeafter passingthrougharny numberof
lenses.

In fact, it's not lensesthat changethe coneshapesit's lenssurfaces soto gure out
how asimpletwo-sidedensworks,we'll merelyneedio gure outhow theconeshape
is changedy eachof thetwo surfaces.

Sincethisis ashortpaperwewill only doonesamplecalculationfor eachexample but

theformulaswe derive will bevery generalin the following senseWe'll assumehat

the objectis on onesideof the lensandthe imageis on the otherandwe'll call those
distancego thelenso andi for the objectandimagedistanceslf theimagehappens
to lie onthe samesideasthe object(asin the caseof thevirtual imagein gure 3) the

sameequationswill work, but they will give anegativevaluefor i. Similarly, whenwe

work out just haw alensgroundwith a certainradiusr affectsthe light, we'll obtain

anequationandif thelenssurfacehappendo be concae insteadof corvex, thesame
equationwill work, but you'll needto putin anegative valuefor r to obtainthecorrect
result.



2.3 Depth of Field

A camerawith a perfectlenswill focusevery point on somefocusplanein front of it
to apointonthe Im planethatlies within the camera Only pointson thefocusplane
will befocusedperfectly Pointsin theworld in front of or behindthe planeof perfect
focuswill notform pointimagesonthe Im, but ratherwill form smallcircles.

Thebestwayto visualizethis is to think of the photonghatcomethroughthelensand
arebentbackto a pointaslying insidea coneof light. If thetip of the coneis at the
Im plane,we getperfectfocus,but if thetip is alittle in front of or behindthe Im
plane thenphotonsfrom theobjectlie in acircleonthe Im. Thefartherthetip of the
coneis from the Im plane,thelargerthecircle. In a camerathis circle is sometimes
calledthe*“circle of confusion”.

Humaneyesarenot perfecteither andif the circle of confusionis small enoughwe
will still considerthe focusto be perfect,so objectsnearthe focus planealso form
imagesthat are almostin focus. Cameralens manufcturersde ne a conceptcalled
"depthof eld” whichindicateshe errorallowablefrom thefocal planethatstill pro-
ducesmageghataregoodenoughto seemperfectto humans.

Finally, noticethatfat conesof light will allow lesserrorthanskinny cones,andthe
conesf light canbemadeskinnierby restrictingthe amountof thelensthatis usedto
beasmallpartnearthecenter The“diaphragm”of the camergerformsthis function,
so by having a smaller“aperture”throughwhich the light cantravel, a photographer
canobtaina largerdepthof eld, which may or may not be good, dependingon the
goalof the photo.

Pinholecamerasin fact,canbe built thathave nolensatall, but justuseatiny holein
placeof alens.If theholecouldbemadearbitrarily small,a pinholecameracouldform
arbitrarily goodimages.The problemis thatlight only approximatelyfollows straight
linesandis bentslightly attheedge=f thediaphragnor holein a pinholecameradue
to apropertycalled“diffraction”, sothereis alimit to how goodevenapinholecamera
canbe.

3 Index of Refraction and Snell's Law

Photonsof light travelling througha vacuummove in a straightline at the speedof
light, which is about300; 000 kilometers/secondhich physicistsoftendenoteby the
letterc. Eachphotoncanbethoughtof asa wave pacletwith somewavelength.

Light travelling throughary othermaterial like water, plasticor glass,doesnot move
with velocity ¢, but somavhat slower, andthe ratio of c to the true speedof light in
the materialis calledthe index of refractionof that material. Here arethe indicesof
refractionfor afew commonmaterials:



Material Refractve index
Vacuum 1.0
Air 1:0003
Water 1:33
Glass(zinc crown) 1.51
Glass(hewaiest int) 1:89
Diamond 2:42

This meansfor example thatlight passinghroughavacuunmtravels1:33timesasfast
asit doesthroughwater Thereare mary differenttypesof glasswhich allows lens
makersto constructlenseswith very differentproperties.As we shall seeshortly, the
index of refractionis closelyrelatedto how muchlight bendswhenit entersor leaves
amaterial,andthe extremelyhigh index of refractionfor diamondofferssomeclue as
to why thosepreciousstonesaresointerestingo look at—itis verydifferentfrom glass
andproducesrery differentvisual effects.

3.1 Snell'sLaw
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Figure4: Snell's Law

Simply by knowing therelative speed®f light throughthe two materialsandknowing
thatlight is awave phenomenonye cancalculatetheamountby whichit will bebent
asit movesacrossa surfacefrom one materialto another Considera straightline
interfacebetweertwo differentmaterialsasillustratedin gure 4.

Theline CCPis the interfacebetweenthe materials. The two lines with arrons on
themindicatethatlight is comingin from theleft andleaving on theright ata slightly



differentangle.Theline AA %is is calledthe surfacenormalandis perpendiculato the
surface-suriiceinterfaceandtheregularly-spacedines perpendiculato the lines OB
andOB Cindicatethe crestsof thewavesof themoving light. Thelength ; = OB, for
example is thewavelengthof thelight arriving from theleft, andthelength , = OB°
is thewavelengthof thelight leaving the interfaceto the right.

Theanglesof incidenceandrefraction, ; = 6 BOA and , = 6 BY%OADC, respectiely,
aremeasuredrom the surfacenormalAA °,

It is easyto seethat6 OCB = ; andthate OC’B° = ,. Sincethe waves are
uniformly spacedOC = OCP= d, andsimpletrigonometrygivesus:sin ; = ;=d
andsin , = ,=d. Combiningtheseasttwo yields:

sin 1 _ sin »

: 1)
1 2
Sinceit requireghe sameamountof time for eachwave crestto pasdn eithermaterial,
11 = 2n,. We canusethisin combinationwith equationl to obtainSnell's Law:

nisin { = nysin 5: (2)

3.2 Total Inter nal Re ection

Imaginethatwe have the samesituationasin the rst examplein the section3 where
two materialsmeetalonga straightline. If the light is comingfrom the sidewith a
largerindex of refraction,we recallthatasit entersthe lessdensemedium,the light
speedsip andis bentaway from the normalvectorby a certainamountdependingpn
therelative sizesof the indicesof refraction. For someincidenceangle,this angleof
refractionwill equal90 which meansghatthe refractedlight doesnot evenenterthe
materialandif light strikesat this angleor greater no light entersthe othermaterial.
Thisangleis calledthecritical angle.

Enegy doesnt justdisappearit hasto go somaevhere—andvhathappenss thatinstead
of passinghroughthesurface all of thelight is simply re ectedfrom the surface.This
doesnt happenall of a suddenhowever. Whatreally occursis that asthe incidence
anglegetsshallaver andshallover, moreandmorelight is re ected.

If you shineda laserbeamat a surface,for example,andstartechaving it pointat 90
to theinterface,but thengraduallytilted it, you would nd thatthe moreit wastilted,
the closerthe refractedbeamwould be to being parallelto the surfaceinterface,and
atthe sametime, the morelight would bere ected ratherthanpassinghrough.When
theangle nally reachedhecritical angle,all of thelaserlight would bere ected.

At whatangledoesthis occur? To nd out, all we needto dois to set , t0 90 in
Snell'sLaw (equation?):
sin 1 = ny=ny:

Sincematerial2 hasalower index of refraction,n, < nq, sothis hasasolution.If the
light is comingfrom thesideof theinterfacewith ahigherindex of refractiontherecan
beno solution,sincethesinefunctioncanneverbelargerthanl.



3.3 Prismsand Spectra

With real light, of course,the situationis a bit more complicted. It turns out that
the speedof light in a materialdependsn the wavelength(which correspondso the
color) of thelight. Higherenepgy photonstravel faster sothe index of refractionfor
bluelight is lessthantheindex of refractionfor redlight, for example.(Blue light has
higherenegy photonghanredlight.)

Becauseof this variationof index of refractionwith wavelength,if a beamof white
light (whichis a mixture of all wavelengthshits the surfaceof a prism,eachdifferent
color of light is bentby a differentamount,andtheresultis aspectrum.

4 Focusthrougha Surface

Figure5: Focusdistances

Let us considerthe situationillustratedin Figure 5 wherelight is emittedfrom the
point O (the object)andthenpasseshrougha sphericalenssurfaceof radiusr andis
focusedat the point| (theimage). Thelengtho is the distancefrom the objectto the
surfaceof the glassat pointV andthelengthi is the distancefrom the surfaceof the
glassto thepointl wheretheimageis focused.

In this example we assumehateverythingto theleft of thelenssurfaceis onematerial
(say air) and everythingto the right is another(say glass),so in this situation, we
assumehattheimageis actuallyformedinsideagiantlens.Laterwe'll usetheresults
hereto shav how normallenseswork wherethe focusis in the air on the otherside
of thelens. But the situationabove is generalandall thatwe really requireis thatthe
index of refractionis the samefor all pointson the left of the glasssurfaceandis the
sameon all pointsto theright. We'll let n; betheindex of refractionontheleft andn,
betheindex of refractionon theright.

Considerary ray of light emittedfrom point O thatstrikesthelenssurfaceat pointA.
Dueto thedifferentindicesof refractionon bothsidesof thelenssurface thelight will

bebentandmayfocusatapoint| ontheothersideof thesurface formingthevarious
anglesandlengthsindicatedin Figure5.

SimpleEuclideangeometrygivesthe rst two equationdelonr andSnell's Law yields



thethird:

1 = +
= 2 +
ny{sin 1 = nasin »

Sincewe're goingto assumehatpoint A is quite closeto pointV sosin 1 1 and
sin » 2, we canreplacethe equationdueto Snell's Law with:

Ny 1 N2 2!
With alittle algebrawe caneliminate ; and , from theabove equationsandobtain:
(n2 n1) nai+ ny 3)

Finally, we candenoteby h the length of the sgmentAV and substitutethe small-
angleapproximations: h=0, h=r and h=i into equation3 whereall the
instance®f h cancelto obtain:

nz n ng . n
2 N M N

r 0o |

Equationd relateghedistancdrom theobjectto theimagegiventherelative indicesof
refractionin thetwo mediaon bothsidesof the surface.Althoughwe have notworked
out all the casesthis equationis true for concare or corvex lensegwherea concae
lenswould beindicatedby a hegative valueof r), andwherethe distanceof theimage
from the lenssurfacemay be negative (on the sameside of the surfaceasthe object,
meaninghatit is avirtual image).

5 LensFormulas

In section2 we notedthataslight passeshroughperfectlensesthe emittedphotons
always appearto be diverging toward a point or corverging to a point. Thusif we
considerthe resultof passinglight througha seriesof lens surfaces,at eachsurface
we cansimply calculatehow thediverging or converginglight will berefocusedy the
new surface.Thusthecalculationaboreis sufcient, for perfectiensesto work outthe
charactertistic®f any optical systemcomposedf sphericallensessimply by tracing
thelight throughonesurfaceatatime.

In this sectionwe will do exactlythat—wewill considerasinglelenswherelight enters
from air (or a vacuum),passeghrougha lens, both of whosesurfacesare spherical,
andentersair (or a vacuum)on the otherside. We will do soby usingtheresultfrom
the previoussectionaswe tracethe pathof light from a source througha surfaceinto
glassthroughthe glass,andthenout thoughthe oppositeenssurface.

In gure 6 we will assumehatthe objectis at the point O andthatthe light passes
througha lenshaving two surfacesof radiusr; andr, centerecat C; andC,, respec-
tively, andthatthe surfacesareadistancd apart.



Figure6: FatLenswith Two Surfaces

Light from pointO passeshroughthe rst surfacewhichis adistancen; awvay andthe
beamsarebentto form animage(or in the caseof this gure, avirtual image)at the
point| °whichis atadistanceof i; from theoriginal surface.

Now we just assumehatthe light is emittedfrom | © asif it werea new source,and
seehow thatlight will beaffectedasit passeshroughtheothersurface.Thelight will
nally corvergeata pointl, andwe wantto nd arelationshipbetweenthe various
distancesindtheradii of thetwo differentlenssurfaces.

To simplify things slightly, we'll assumethat the lensis glassand hasan index of
refractionn andthatthe materialoutsidethe lensis a vacuumwith index of refraction
1. (Air hasanindex of refractionof about1:0003soif thelensis usedin air insteadof
in avacuumtheerrorswill beveryslight.)

Using the formula from section4, and underthe assumptiorthat the rst imageis
virtual (andthereforethatl is to theleft of v;) we obtain':

1 n_n 1

o i r

(5)

If we analyzelight assumedo be emanatingrom | ° andpassinghroughthe second
surface(soits distanceto thatsurfaceis i; + |) usingthe samemethod,we obtaina
seconckquation:

n 1 1 n
T + — = .
ip+ 1 P ro

(6)

Combiningequation$ and6, andlettingl = 0 (thisis the“thin lens” approximation),

11t worksout ne if the rst surfaceformsarealimageto theright of thelenssurface,sincethatwill ip
thesignonthe secondractionbelow, but will measure 1 in the oppositedirection,effectively negatingit.
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we obtain: 1 1
—+—==(Nn 1) — —: (7
r

The “focal length” of a lensis de ned to be the distanceof the focusfrom the lens
assumingthat the incoming light is parallel, which is equivalentto statingthat the
sourceis in nitely faraway. If we seto; to 1 in equation7 we obtainwhatis known
asthe“lens maker's equation” wheref is thefocallengthof thelens:

1 1 1
f——(n 1)a o (8)

Thusif you know the two radii of thelenssurfacesandthe index of refractionof the
glassyou're using, you can calculateto fairly goodaccurag the focal length of the
lensproducedn the equationabore, we make theassumptiorthattheradii r; andr,
aremeasuredrom centerghatlie to the right of the surface. If the centerlies to the
left, theradiuswill benegative. For thedouble-corex lensin gure 6, for example,r
is positive andr ; is negative (soin this caseboth fractionsto theright of the equality
signswill bepositive).

If you arenotalensmaler, but just purchasealenswith x edsurfaceradii andglass
with a x edindex of refractionthenthetermontheright of bothequation& and8is a
constantandequatior8 tells usthatthe constants 1 dividedby thefocallengthof the
lens.Keepingthisin mind, we have derivedwhatis known asthe “thin lensequation”
wherei ando arethe distancef objectandimageon oppositesidesof anin nitely
thinlens:

6 Consequencesfthe Thin Lens Equation

Equation5 containsa hugeamountof information. Light emittedfrom a focuspoint
will leave the oppositesideof thelensin parallel. Light arriving in parallelwill focus
atadistancef from thelenson the otherside. Light emittedfrom a point f =2 from
onesideof thelenswill focusatthe samedistanceontheotherside.As theobjectgets
closerto the lens,theimagemovesaway from the lensuntil the objectis closerthan
thefocal lengthin which casethelensfails to corvergethelight anda virtual imageis
formedon the samesideof the lensasthe object(andhencehasa negative distanceo
thelens).

An interestingfeatureof lenseds their magni cation. Themagni cationis simply the
ratio of the sizeof theimageto the sizeof the original object. If theimageis twice as
big asthe object,we saythatthe magni cationis 2. Givenalenswith focal lengthf ,
how canwe calculatethe magni cation of an objectplacedat a distanceo from that
lens?

See gure 7. Fromthethin lensequationwe know thatthe only way to obtainareal
image(asopposedo a virtual image)is to have the object(andhenceimage)farther
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Figure7: Magni cation

away from the lensthanthe focal length. Supposehe objecthasheighty andis x
beyondthefocallength. Thiswill form animageof heighty® a distancex® beyondthe
focallengthontheothersideof thelens.

To measureghe magni cation of this setup,y®=y, we needto gure out how big y°is,
comparedoy. If we cantraceary two raysfrom thetop of the objectto theimage ,we
candetermingheheighty® of theimage.But we know thatraysarriving parallelto the
axisof thelensmustpassthroughthe focus,andrayspassinghroughthefocusof the
lensmustleave parallelto the axis,andthosetwo raysaredravn in gure 7. Simple
geometryof similartrianglesyieldstheequationsy®x°= y=f andy=x = y%f. Thus
themagni cationy®=y is givenby:

o

yO
v_

x|
—h|><

We cancross-multiplythe nal equalityaboveto obtainxx®= f 2.

7 ReallLenses

Reallensesarenot in nitely thin, andhave plenty of othercharacteristicshat make
themnot quite obey the equationsve have derivedin this article. In ary reallensor
evenopticalsystemcomposeaf a seriesof lensestherearesomedeviationsfrom per
fectimagesandthegeneratermusedto describahis sortof erroris “lensabberation”.

Lensabberationsomein varioustypes;for example,“‘chromaticabberations™spher

ical abberations™;astigmatism”,“ eld curvature”,andsoon. Lensmakersusuallytry
to reduceall of theseat the sametime by meanof clever design.

The rst sortof errorencountereds thatreallensesggenerallyhave sphericalsurfaces
whichis notthe perfectshapeput is a shapethatis incredibly simpleto producevery
accurately It is possibletodayto purchasenon-sphericalensesfor speci ¢ applica-
tons,but they tendto be quite expensve. Thereasorthatsphericalensesaresoeasy
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to produceis thatif you rub two materialstogetheruntil they slide smoothlyin ary

direction, the surfacebetweenthemhasto be eithera planeor a portion of a sphere.
Lensexanbegroundby placinganabrasve materialbetweertwo piecesof glassand
rubbingthe glasspiecestogethelin every direction.

Figure8: Optical System

Whatyouwill nd in ary realopticalsystemwhereit is importantto reducetheabber

rationsis thatinsteadof usinga singlelens,a seriesof lenseds used,wherethe series
is arrangedn sucha way thatthe abberationsn onelenstendto be cancelledout by

another The glassin the differentlensescanbe madeof differentmaterialshaving

differentindicesof refraction,the lensesmay be of differentshapesandsoon. You

have probablyseenpicturesof suchlenssystemdik e the oneillustratedin gure 8in

adwertisement$or camerdensesegt cetera.

The rst thingto noticefor suchrealsystemss thatevenif youassumedhatthelenses
werein nitely thin, the combinationcertainlyis not. Thusyour formulasfor the thin
lensapproximatiorwill notwork well if you have to work with opticalsystemsnstead
of with singlelenses.

The following approximationis approximatelytrue, however. Therearetwo planes
in ary suchsystemperpendiculato the axis of the lensescalledthe principal planes,
andif youimaginethe spacebetweerthemasbeingsquashedown to zerowidth, the
resultingsystemwould behae like a singlethin lens. This is true for any systemof

lenseslignedalongtheir axis.

Whatthis meanss thatif you're not too worried aboutdistortion,you canattachto-
getherary sequencef lensesandit will behaelike asinglelens.Photographersake
adwantageof thisin mary ways: you canscrev a so-called‘diopter lens” on the front
of your normallensto turn it into a closeuplens. You canpushthe lensaway from
the camerabody with a hollow tube (calledan “extensiontube”) thatwill allow it to
focusmuchcloser You canputin atele-extenderbetweerthe camerebodyandatele-
photolensto multiply its focal lengthby somegivenamount(andthusturn atelephoto
lensinto asupertelephotdens,for example).You canreversealensandshootphotos
throughit backwards,which typically increasedts ability to take closeupshots. And
really, you areonly limited by your imagination.Of courseonly experimentwill tell
whetherthe amountof distortionintroducedis acceptableThelenscompaly goesto
agreatdealof troubleto make surethelenshaslow distortionin normaluse,but they
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probablydon't do the calculationsassuminghatthelensis turnedaround,or sitsthree
inchesfartherfrom the camerahanthelensmountwould indicate.

7.1 DesigningLens Systems

Ratherthando sophisticatednathematicatalculationghatwork out the detailsof the
abberationsf differentlensesmodernlensdesignis morelik e trial anderror. A setof
lenseds usedasastartingpoint,andthenacomputesimplytracesaysof light through
thelensedo evaluatethe nal image.If it's goodenoughthat's thedesign.If it's not
goodenough.atiny changeis madeandthe wholeray tracingexerciseis repeatedo
seeif the new systemis betterthantheold. If not, make a differentcorrectionandif
so,startfrom the new arrangemenandtry to improveit.
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