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1 Useful approximations

This papercanbeclassi�ed asappliedmathematicssinceevery equationwe'll discusshasapplications
to usefulphysicalobjects,suchastelescopes,cameras,prisms,eyeglassesandsoon. As is thecasewith
almostany applicationof mathematicsto therealworld, we will bemakingcertainapproximationsto be
ableto solve theequations.For thatreasonwe realizethatoursolutionswill ususallybeslightly in error,
but that theerrorscanbemadequitesmall. Themain job of anengineerwho is designinga realoptical
systemis to createaphysicalsituationthatreducesthesizeof theseerrorsto anacceptablelevel.

As an example,we'll talk aboutthe “thin lens” approximation,wherewe will assumethat the lens is
in�nitely thin. Obviously no real lensis in�nitely thin, but aslong asthe thicknessof the lensis small
enoughcomparedto the distancesto the objectsbeingviewed andimaged,this approximationmay be
goodenough.We'll make furtherassumptionsaboutthenatureof light, abouttheperfectionof our lens
material,andso on. When it' s important,we'll point out placeswheretheseassumptionsmay cause
troublein a realphysicalsystem.
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Figure1: TrigonometricApproximations

We will make a coupleof mathematicalapproximationsfrom time to time aswell. Themostimportant
onesconcernthecalculationsof anglesandof thetrigonometicfunctionsof thoseangles.Wewill always
measureanglesin radiansratherthandegrees.

Considertheangle6 AOB in Figure1. If thelengthOA = OB = 1, thenthelengthof thearcAB is the
measureof theangle� measuredin radians.(If the lengthof OA happensnot to be1, thenthemeasure
of � in radiansis the lengthof thearcAB dividedby the lengthof OA.) Similarly, if OA = OB = 1,
thensin � = B X=OB = B X , sinceOB = 1. It shouldbeobviousfrom the�gure, andit canbeproven
mathematically, thatasthesizeof theangle� getssmallerandsmaller, thelengthB X is closerandcloser
to thelengthof thearcAB . In fact,we canwrite this mathmaticallyas:

lim
� ! 0

B X
AB

= lim
� ! 0

sin �
�

= 1:

If wemultiply throughby � , thenwecanseethatfor verysmallvaluesof � , sin � � � , andfor thatreason,
whenwedodealwith verysmallangles,wewill oftenreplaceinstancesof sin � by � in thecalculations.
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It shouldalsobeobviousfrom the�gure (andcan,again,berigorouslyprovenmathematically)that the
lenghof theline segmentAB andthelengthof thearcAB arealsoverysimilar. Thusif OA = OB = 1,
we canapproximatetheangle� asthelengthof theline segmentAB , or, if OA happensnot to be1, we
canapproximate� by AB =OB .

We will usethetwo approximationsaboverepeatedlyin whatfollows.

2 Imagesand Virtual Images

This paperwill considerpropertiesof lenses,wheretheword ”lens” is usedin a generalsense.We are
goingto examinehow light is bentasit passesthroughdifferentmaterials.Obviously, themostcommon
exampleis thebendingof light throughthelensesof cameras,binocularsor microscopesthatform images
on �lm or on theretinaof youreye.

Themostimportantfeatureof lensesis thatthey areableto form ”images”of objectsin theworld. As an
example,considerwhathappenswhenyou usea camerato take a photo. Let's consideroneof themost
boringpossiblephotos:it is pitch-blackin a roomexceptthat thereis a point-sizedlight sourceandthe
camerais pointedata thatsource.Yourgoalis to produceanimageon the�lm thatis pitch-blackexcept
for asingledotwherethelight from thepoint-sourcearrivesonyour �lm.
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Figure2: ObjectandImage

The tiny light sendsoff photonsin all directions,so �rst imaginewhat would happenif therewereno
lens,but ratherthat the �lm werepointedat the light andexposed.Photonswould arrive moreor less
uniformly acrossthesurfaceandthewholeareaof the �lm would beuniformly exposed.With the lens,
however, somecollectionof thephotonswill happento hit thecircularlensonyourcamera,andwhatwe
would like thelensto do is to bendall of thosephotonsbacksothatthey hit asinglepoint on the�lm, as
shown in Figure2. ThepointO is thelocationof the“object”–in thiscase,thelight source.Thepoint I is
the“image”–theplacewherethelight from theobjectis focused.If the�lm happensto lie atpoint I , the
point sourcewill producea point image,but if the �lm happensto bea little in front of or behindpoint
I , the light from thesourcewill producea circle of light on the�lm–in otherwords,a blurredimage.If
the�lm is closeto I , theblurring will besmall,andif it' s far away, therewill bea lot of blur. Whenyou
focusa camera,you arebasicallychangingthedistancebetweenthe lensandthe�lm sothat theobject
youareinterestedin makespoint sourcesof theobjectfocusto point imageson the�lm.

Figure2 shows theeffectsof the lenson a singlesourceof light; in reality, a perfectlenswill focusan
entireplaneof point sourcesontothe�lm planeat thesametime,sothatanentireplanein therealworld
is in perfectfocuson the �lm. For real lenses,however, nothingis perfect,so theworld-planethat's in
perfectfocuswill not, in fact,be a perfectplane,but will be somecurvedsurfacein 3-space.And the
focuswill neverbeexact,either, but with expensivelenses,theerrorscanbemadeto bequitesmall.
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Figure3: ObjectandVirtual Image

2.1 Virtual Images

The lensillustratedin Figure2 bendsthe light from the sourceso that it forms a real imagewherethe
photonsdiverging from thesourcemeetagain,hopefullyon the �lm or on your retina. Otherlenses,or
locationsof the object, like the one illustratedin Figure3, may causethe photonsfrom the sourceto
divergeinsteadof converge.In this case,thedivergingphotonswill divergeforever, andwill nevermeet,
but if sucha lenswereperfect,thosediverging lines would appearto be diverging from a singlepoint,
labeledI v in theimage.This is nota true,or realimage,but thepoint is calleda “virtual image”.

A lensthat forms a virtual imagemay at �rst seemuseless,but imaginethat it is a part of a seriesof
lenses.Thenext lensalongwould seethelight from thesourceat O notasif it werecomingfrom O, but
asif it weredivergingfrom thepoint I v . Thedottedlinesin the�gure simply indicatethedirectionof the
diverginglines;thesolid linesrepresentthetruepathsof thephotons.

2.2 Depth of Field

A camerawith a perfectlenswill focusevery point on somefocusplanein front of it to a point on the
�lm planethatlies within thecamera.Onlypointson thefocusplanewill befocusedperfectly. Pointsin
theworld in front of or behindtheplaneof perfectfocuswill not form point imagesonthe�lm, but rather
will form smallcircles.

Thebestway to visualizethis is to think of thephotonsthatcomethroughthelensandarebentbackto
a point aslying insidea coneof light. If thetip of theconeis at the�lm plane,we getperfectfocus,but
if thetip is a little in front of or behindthe�lm plane,thenphotonsfrom theobjectlie in a circle on the
�lm. Thefartherthetip of theconeis from the�lm plane,thelargerthecircle. In a camera,this circle is
sometimescalledthe“circle of confusion”.

Humaneyesarenot perfecteither, andif thecircle of confusionis small enough,we will still consider
thefocusto beperfect,soobjectsnearthefocusplanealsoform imagesthatarealmostin focus.Camera
lensmanufacturersde�ne a conceptcalled”depthof �eld” which indicatestheerrorallowablefrom the
focalplanethatstill producesimagesthataregoodenoughto seemperfectto humans.

Finally, noticethat fat conesof light will allow lesserror thanskinny cones,andtheconesof light can
be madeskinnierby restrictingthe amountof the lens that is usedto be a small part nearthe center.
The“diaphragm”of thecameraperformsthis function,soby having a smaller“aperture”throughwhich
the light cantravel, a photographercanobtaina larger depthof �eld, which may or may not be good,
dependingon thegoalof thephoto.

Pinholecameras,in fact,canbebuilt thathave no lensat all, but just usea tiny hole in placeof a lens.
If the hole could be madearbitrarily small, a pinholecameracould form arbitrarily goodimages.The
problemis that light only approximatelyfollows straightlines and is bentslightly at the edgesof the
diaphragmor hole in a pinholecameradueto a propertycalled“dif fraction”, so thereis a limit to how
goodevena pinholecameracanbe.
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3 Index of Refraction and Snell's Law

Photonsof light travelling througha vacuummove in a straightline at thespeedof light, which is about
300; 000kilometers/secondwhich physicistsoftendenoteby theletterc. Eachphotoncanbethoughtof
asa wavepacketwith somewavelength.

Light travelling throughany othermaterial,like water, plasticor glass,doesnot move with velocity c,
but somewhat slower, andthe ratio of c to the true speedof light in the materialis calledthe index of
refractionof thatmaterial.Herearetheindicesof refractionfor a few commonmaterials:

Material Refractive index
Vacuum 1:0

Air 1:0003
Water 1:33

Glass(zinccrown) 1:51
Glass(heaviest�int) 1:89

Diamond 2:42

Thismeans,for example,thatlight passingthroughavacuumtravels1:33timesasfastasit doesthrough
water. Therearemany differenttypesof glasswhich allows lensmakersto constructlenseswith very
differentproperties.As we shallseeshortly, the index of refractionis closelyrelatedto how muchlight
bendswhenit entersor leavesa material,andtheextremelyhigh index of refractionfor diamondoffers
someclueasto why thosepreciousstonesaresointerestingto look at–it is verydifferentfrom glassand
producesverydifferentvisualeffects.

3.1 Snell's Law
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Figure4: Snell'sLaw

Simplyby knowing therelativespeedsof light throughthetwo materialsandknowing thatlight is awave
phenomenon,we cancalculatethe amountby which it will be bentas it movesacrossa surfacefrom
onematerialto another. Considerastraightline interfacebetweentwo differentmaterialsasillustratedin
�gure 4.

Theline CC0 is theinterfacebetweenthematerials.Thetwo lineswith arrowsonthemindicatethatlight
is comingin from the left andleaving on theright at a slightly differentangle.The line AA 0 is is called
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the surfacenormaland is perpendicularto the surface-surfaceinterfaceandthe regularly-spacedlines
perpendicularto the linesOB andOB 0 indicatethecrestsof thewavesof themoving light. Thelength
� 1 = OB , for example,is thewavelengthof thelight arriving from theleft, andthelength� 2 = OB 0 is
thewavelengthof thelight leaving theinterfaceto theright.

Theanglesof incidenceandrefraction,� 1 = 6 B OA and� 2 = 6 B 0OA0, respectively, aremeasuredfrom
thesurfacenormalAA 0.

It is easyto seethat 6 OCB = � 1 and that 6 OC0B 0 = � 2. Sincethe waves are uniformly spaced,
OC = OC0 = d, andsimpletrigonometrygivesus: sin � 1 = � 1=dandsin� 2 = � 2=d. Combiningthese
lasttwo yields:

sin � 1

� 1
=

sin � 2

� 2
: (1)

Sinceit requiresthesameamountof time for eachwave crestto passin eithermaterial,� 1n1 = � 2n2.
We canusethis in combinationwith equation1 to obtainSnell'sLaw:

n1 sin � 1 = n2 sin � 2: (2)

3.2 Total Inter nal Re�ection

Imaginethatwe havethesamesituationasin the�rst examplein thesection3 wheretwo materialsmeet
alongastraightline. If thelight is comingfrom thesidewith a largerindex of refraction,werecallthatas
it entersthelessdensemedium,thelight speedsup andis bentaway from thenormalvectorby a certain
amount,dependingon therelativesizesof theindicesof refraction.For someincidenceangle,this angle
of refractionwill equal90� which meansthat the refractedlight doesnot evenenterthematerialandif
light strikesat this angleor greater, no light entersthe othermaterial. This angleis calledthe critical
angle.

Energydoesn't justdisappear–it hasto gosomewhere–andwhathappensis thatinsteadof passingthrough
the surface,all of the light is simply re�ected from the surface. This doesn't happenall of a sudden,
however. Whatreally occursis thatastheincidenceanglegetsshallower andshallower, moreandmore
light is re�ected.

If youshineda laserbeamatasurface,for example,andstartedhaving it pointat90� to theinterface,but
thengraduallytilted it, youwould �nd thatthemoreit wastilted, theclosertherefractedbeamwould be
to beingparallelto thesurfaceinterface,andat thesametime, themorelight would bere�ected rather
thanpassingthrough. Whenthe angle�nally reachedthe critical angle,all of the laserlight would be
re�ected.

At whatangledoesthisoccur?To �nd out,all weneedto dois to set� 2 to 90� in Snell'sLaw (equation2):

sin � 1 = n2=n1:

Sincematerial2 hasa lower index of refraction,n2 < n1, so this hasa solution. If the light is coming
from the sideof the interfacewith a higherindex of refractiontherecanbe no solution,sincethe sine
functioncanneverbelargerthan1.

3.3 Prismsand Spectra

With real light, of course,thesituationis a bit morecomplicted.It turnsout that thespeedof light in a
materialdependson thewavelength(whichcorrespondsto thecolor)of thelight. Higherenergy photons
travel faster, sothe index of refractionfor blue light is lessthanthe index of refractionfor red light, for
example.(Blue light hashigherenergy photonsthanredlight.)

Becauseof this variationof index of refractionwith wavelength,if a beamof white light (which is a
mixtureof all wavelengths)hits thesurfaceof a prism,eachdifferentcolor of light is bentby a different
amount,andtheresultis aspectrum.
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4 Focusthr ough a Surface
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Figure5: Focusdistances

Let usconsiderthesituationillustratedin Figure5 wherelight is emittedfrom thepoint O (theobject)
andthenpassesthroughasphericallenssurfaceof radiusr andis focusedat thepoint I (theimage).The
lengtho is thedistancefrom theobjectto thesurfaceof theglassatpointV andthelengthi is thedistance
from thesurfaceof theglassto thepoint I wheretheimageis focused.

In this example,we assumethat everythingto the left of the lenssurfaceis onematerial(sayair) and
everythingto the right is another(sayglass),so in this situation,we assumethat the imageis actually
formedinsidea giant lens. Later we'll usethe resultshereto show how normallenseswork wherethe
focusis in theair on theothersideof the lens. But thesituationabove is general,andall thatwe really
requireis that the index of refractionis thesamefor all pointson the left of theglasssurfaceandis the
sameon all pointsto theright. We'll let n1 bethe index of refractionon the left andn2 bethe index of
refractionon theright.

Considerany rayof light emittedfrom pointO thatstrikesthelenssurfaceatpointA. Dueto thedifferent
indicesof refractiononbothsidesof thelenssurface,thelight will bebentandmayfocusat apoint I on
theothersideof thesurface,forming thevariousanglesandlengthsindicatedin Figure5.

SimpleEuclideangeometrygivesthe�rst two equationsbelow andSnell'sLaw yieldsthethird:

� 1 = � + �

� = � 2 + 


n1 sin � 1 = n2 sin � 2

Sincewe'regoingto assumethatpointA is quitecloseto pointV sosin � 1 � � 1 andsin � 2 � � 2, wecan
replacetheequationdueto Snell'sLaw with:

n1� 1 � n2� 2:

With a little algebra,we caneliminate� 1 and� 2 from theaboveequations,andobtain:

� (n2 � n1) � �n 1 + 
 n2: (3)

Finally, wecandenoteby h thelengthof thesegmentAV andsubstitutethesmall-angleapproximations:
� � h=o, � � h=r and
 � h=i into equation3 whereall theinstancesof h cancelto obtain:

n2 � n1

r
�

n1

o
+

n2

i
: (4)

Equation4 relatesthedistancefrom theobjectto theimagegiventherelative indicesof refractionin the
two mediaon bothsidesof thesurface.Althoughwe have not workedout all thecases,this equationis
truefor concaveor convex lenses(whereaconcavelenswouldbeindicatedby anegativevalueof r ), and
wherethedistanceof theimagefrom thelenssurfacemaybenegative(on thesamesideof thesurfaceas
theobject,meaningthatit is avirtual image).
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5 Lens Formulas

In section2 wenotedthataslight passesthroughperfectlenses,theemittedphotonsalwaysappearto be
divergingtowardapointor convergingto apoint. Thusif weconsidertheresultof passinglight througha
seriesof lenssurfaces,ateachsurfacewecansimplycalculatehow thedivergingor converginglight will
berefocusedby thenew surface.Thusthecalculationabove is suf�cient, for perfectlenses,to work out
thecharactertisticsof any opticalsystemcomposedof sphericallensessimplyby tracingthelight through
onesurfaceat a time.

o1o1 r1r1 r2r2 i2i2

lli1i1

C1C1v1v1 C2C2 v2v2I' = O'I' = O' OO II

Figure6: FatLenswith Two Surfaces

In this sectionwe will do exactly that–wewill considera single lenswherelight entersfrom air (or a
vacuum),passesthrougha lens,bothof whosesurfacesarespherical,andentersair (or avacuum)on the
otherside.We will do soby usingtheresultfrom theprevioussectionaswe tracethepathof light from
a source,throughasurfaceinto glass,throughtheglass,andthenout thoughtheoppositelenssurface.

In �gure 6 we will assumethattheobjectis at thepoint O andthatthelight passesthrougha lenshaving
two surfacesof radiusr 1 andr2 centeredatC1 andC2, respectively, andthatthesurfacesareadistancel
apart.

Light from point O passesthroughthe �rst surfacewhich is a distanceo1 away andthebeamsarebent
to form animage(or in thecaseof this �gure, a virtual image)at thepoint I 0 which is at a distanceof i i

from theoriginal surface.

Now we just assumethat the light is emittedfrom I 0 asif it werea new source,andseehow that light
will beaffectedasit passesthroughtheothersurface.Thelight will �nally convergeat apoint I , andwe
wantto �nd a relationshipbetweenthevariousdistancesandtheradii of thetwo differentlenssurfaces.

To simplify thingsslightly, we'll assumethatthelensis glassandhasanindex of refractionn andthatthe
materialoutsidethelensis a vacuumwith index of refraction1. (Air hasanindex of refractionof about
1:0003soif thelensis usedin air insteadof in a vacuum,theerrorswill beveryslight.)

Usingtheformulafrom section4, andundertheassumptionthat the�rst imageis virtual (andtherefore
thatI 0 is to theleft of v1) we obtain1:

1
o1

�
n
i i

=
n � 1

r1
: (5)

If we analyzelight assumedto be emanatingfrom I 0 and passingthroughthe secondsurface(so its

1It worksout �ne if the�rst surfaceformsa real imageto theright of thelenssurface,sincethatwill �ip thesignon thesecond
fractionbelow, but will measurei 1 in theoppositedirection,effectively negatingit.
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distanceto thatsurfaceis i 1 + l) usingthesamemethod,we obtaina secondequation:

n
i 1 + l

+
1
i 2

=
1 � n

r2
: (6)

Combiningequations5 and6, andletting l = 0 (this is the“thin lens”approximation),weobtain:

1
o1

+
1
i 2

= (n � 1)
� 1

r1
�

1
r2

�
: (7)

The “focal length” of a lensis de�ned to be the distanceof the focusfrom the lensassumingthat the
incominglight is parallel,which is equivalentto statingthatthesourceis in�nitely far away. If weseto1

to 1 in equation7 we obtainwhat is known asthe“lens maker's equation”,wheref is thefocal length
of thelens:

1
f

= (n � 1)
� 1

r1
�

1
r2

�
: (8)

Thusif you know thetwo radii of thelenssurfacesandtheindex of refractionof theglassyou'reusing,
you cancalculateto fairly goodaccuracy the focal lengthof the lensproduced.In theequationabove,
we make the assumptionthat the radii r 1 andr2 aremeasuredfrom centersthat lie to the right of the
surface.If thecenterlies to theleft, theradiuswill benegative.For thedouble-convex lensin �gure 6, for
example,r 1 is positive andr 2 is negative (so in this casebothfractionsto theright of theequalitysigns
will bepositive).

If you arenot a lensmaker, but just purchasea lenswith �x edsurfaceradii andglasswith a �x edindex
of refractionthenthetermontheright of bothequations7 and8 is aconstant,andequation8 tellsusthat
theconstantis 1 dividedby the focal lengthof the lens. Keepingthis in mind, we have derivedwhat is
known asthe“thin lensequation”wherei ando arethedistancesof objectandimageon oppositesides
of anin�nitely thin lens:

1
o

+
1
i

=
1
f

:

6 Consequencesof the Thin Lens Equation

Equation5 containsa hugeamountof information. Light emittedfrom a focus point will leave the
oppositesideof thelensin parallel.Light arriving in parallelwill focusat a distancef from thelenson
theotherside.Light emittedfrom apoint f =2 from onesideof thelenswill focusat thesamedistanceon
theotherside.As theobjectgetscloserto thelens,theimagemovesawayfrom thelensuntil theobjectis
closerthanthefocal lengthin whichcasethelensfails to convergethelight andavirtual imageis formed
on thesamesideof thelensastheobject(andhencehasa negativedistanceto thelens).

An interestingfeatureof lensesis their magni�cation. Themagni�cation is simply the ratio of thesize
of the imageto thesizeof theoriginal object. If the imageis twice asbig astheobject,we saythat the
magni�cation is 2. Givena lenswith focal lengthf , how canwe calculatethemagni�cationof anobject
placedat a distanceo from thatlens?

See�gure 7. Fromthethin lensequation,weknow thattheonly wayto obtainarealimage(asopposedto
a virtual image)is to have theobject(andhenceimage)fartheraway from thelensthanthefocal length.
Supposetheobjecthasheighty andis x beyondthefocal length.This will form animageof heighty0 a
distancex0 beyondthefocal lengthon theothersideof thelens.

To measurethemagni�cationof this setup,y0=y, we needto �gure out how big y0 is, comparedto y. If
we cantraceany two raysfrom thetop of theobjectto theimage,we candeterminetheheighty0 of the
image. But we know that raysarriving parallelto theaxis of the lensmustpassthroughthe focus,and
rayspassingthroughthefocusof thelensmustleaveparallelto theaxis,andthosetwo raysaredrawn in
�gure 7. Simplegeometryof similar trianglesyieldstheequations:y0=x0 = y=f andy=x = y0=f . Thus
themagni�cationy0=y is givenby:

y0

y
=

f
x

=
x0

f
:
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Figure7: Magni�cation

We cancross-multiplythe�nal equalityaboveto obtainxx 0 = f 2.

7 Real Lenses

Reallensesarenot in�nitely thin, andhaveplentyof othercharacteristicsthatmake themnot quiteobey
theequationswehavederivedin this article. In any reallensor evenopticalsystemcomposedof aseries
of lenses,therearesomedeviationsfrom perfectimages,andthegeneraltermusedto describethissortof
erroris “lensabberation”.Lensabberationscomein varioustypes;for example,“chromaticabberations”,
“sphericalabberations”,“astigmatism”,“�eld curvature”,andsoon. Lensmakersusuallytry to reduce
all of theseat thesametime by meansof cleverdesign.

The �rst sort of error encounteredis that real lensesgenerallyhave sphericalsurfaceswhich is not the
perfectshape,but is a shapethat is incrediblysimpleto producevery accurately. It is possibletodayto
purchasenon-sphericallensesfor speci�c applicatons,but they tendto bequiteexpensive.Thereasonthat
sphericallensesaresoeasyto produceis that if you rub two materialstogetheruntil they slidesmoothly
in any direction,thesurfacebetweenthemhasto beeitheraplaneor aportionof asphere.Lensescanbe
groundby placinganabrasivematerialbetweentwo piecesof glassandrubbingtheglasspiecestogether
in everydirection.

Figure8: OpticalSystem

What you will �nd in any real optical systemwhereit is importantto reducethe abberrationsis that
insteadof usinga singlelens,a seriesof lensesis used,wheretheseriesis arrangedin sucha way that
theabberationsin onelenstendto becancelledout by another. Theglassin thedifferentlensescanbe
madeof differentmaterialshaving differentindicesof refraction,the lensesmaybeof differentshapes,
andso on. You have probablyseenpicturesof suchlenssystemslike the oneillustratedin �gure 8 in
advertisementsfor cameralenses,et cetera.

The�rst thing to noticefor suchrealsystemsis thatevenif you assumedthat the lenseswerein�nitely
thin, thecombinationcertainlyis not. Thusyour formulasfor thethin lensapproximationwill not work

9



well if youhave to work with opticalsystemsinsteadof with singlelenses.

The following approximationis approximatelytrue,however. Therearetwo planesin any suchsystem
perpendicularto theaxisof the lensescalledtheprincipalplanes,andif you imaginethespacebetween
themasbeingsquasheddown to zerowidth, the resultingsystemwould behave like a singlethin lens.
This is truefor anysystemof lensesalignedalongtheir axis.

What this meansis that if you're not too worriedaboutdistortion,you canattachtogetherany sequence
of lenses,andit will behave like a singlelens. Photographerstake advantageof this in many ways: you
canscrew aso-called“diopter lens”onthefront of yournormallensto turn it into acloseuplens.Youcan
pushthelensaway from thecamerabodywith a hollow tube(calledan“extensiontube”) thatwill allow
it to focusmuchcloser. You canput in a tele-extenderbetweenthecamerabodyanda telephotolensto
multiply its focal lengthby somegivenamount(andthusturnatelephotolensinto asuper-telephotolens,
for example). You canreversea lensandshootphotosthroughit backwards,which typically increases
its ability to take closeupshots.And really, you areonly limited by your imagination.Of course,only
experimentwill tell whethertheamountof distortionintroducedis acceptable.Thelenscompany goesto
a greatdealof troubleto make surethelenshaslow distortionin normaluse,but they probablydon't do
thecalculationsassumingthatthelensis turnedaround,or sitsthreeinchesfartherfrom thecamerathan
thelensmountwould indicate.

7.1 DesigningLensSystems

Ratherthando sophisticatedmathematicalcalculationsthat work out the detailsof the abberationsof
differentlenses,modernlensdesignis morelike trial anderror. A setof lensesis usedasastartingpoint,
andthenacomputersimply tracesraysof light throughthelensesto evaluatethe�nal image.If it' sgood
enough,that'sthedesign.If it' snotgoodenough,atiny changeis madeandthewholeraytracingexercise
is repeatedto seeif thenew systemis betterthantheold. If not, make a differentcorrectionandif so,
startfrom thenew arrangementandtry to improveit.
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