SIMG-712

Solutions to Midterm Exam

1. A lens system is composed of two thin lenses separated by a variable distance t that
will be used in air. The prescriptions for the surfaces of the two lenses are:
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(a) Find the focal lengths of the two lenses.
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(b) Find the focal length of these two lenses if in contact.
power of a thin-lens system:
'4 Y1 12 ¥P1¥P2 fl f2 f1f2
t=0 = f= ! ! 71:f = 20 mm =~ -222.22mm
—6662mm ' —3331 mm ikl 9 '

lensmaker’s equation for lens in air:




(c) Characterize the image of an object that is 20mm tall and 2mm “deep” (di-
mension along the direction of the optical axis. The object is located such that

OV = 250 mm.
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(d) Find the separation ¢ such that the power of the lens system is 0 diopters. Sketch
the system including a ray entering parallel to the optical axis.
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BUT: a separation with a negative distance has no meaning! This would imply
that the first element is behind the second element! In short:

| You Can’t Make a Telescope from Two Negative Lenses! ‘

(no need to make a drawing, but I'll do it anyway for illustration. If you assumed
that t = —1000 mm means that lens 2 is in front of lens 1 (as many of you did),
do the sketch:
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Where does the ray out of the second lens (“Ly” since the order of the lenses was
reversed)? Direction B is where you want it to go if the system is to have infinite
focal length, but this would require the lens to make the rays converge rather than
diverge, as a negative lens would do. To make the ray go in the direction C would
require that the focal length of Ly be positive but even shorter (more powerful lens)
than to get ray B. The ray must diverge from a megative, thus the only choice is
direction A.

Had the lenses been placed in the original order, the same situation would result.
The image-space focal point of a system created from two negative lenses is virtual,
the power is negative. This demonstrates that you can’t make a telescope from two
negative lenses.
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2. A reflective sphere (imagine a ball bearing) with diameter 50 mm acts as a spherical
mirror that can be used to image objects:

(a) Determine the focal length of the “system.”
Draw the picture and use the reflection law (0 — —0)

CV=2VF =f=R/2

d = 50mm = R=25mm
= paraxial focal length | f = —% = —12.5mm

which can be inferred from the sketch (this is a recurring theme f‘ MAKE A SKETCH! |

(b) Sketch the “system,” including the location of the image-space focal and principal
points.

The focal point is shown above. What about the image-space principal point? It’s
the point that is one focal length away from the image-space focal point. From
the drawing you can see that H' coincides with V. This makes sense because it
1s the location of the image point if the transverse magnification is My = +1. By
analogy with the thin lens (where the principal points coincide with 'V and V',
the principal points of the mirror coincide with V' (and thus with V).

(c) Determine the location of the input object that produces a paraxial image at the
center of the sphere.
Again, Draw the Picture!!! Since it is a mirror system, the image will be virtual.

The incoming rays must be “aimed” at the center of the sphere to appear to emerge
from the center of the sphere.



The distance can also be evaluated from the Gaussian imaging equation with
OV =—-R=-25mm:
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which also is at the center of the sphere!

Determine the location of the input object such that the paraxial image is located
at the vertex of the mirror.

Here the paraxial object is located at the objects-space principal pointH, which
coincides with V, V', and H'. Again, the relationship between the angles of in-
cidence and reflection for the parazxial ray shows that the rays appear to emerge
from the same location.

You have a bit of a problem evaluating this image distance from the imaging equa-
tion because s = 0, but you can solve it if you just plow through it:
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Determine the transverse magnification for the object-image combination in part

(d).
The transverse magnification “appears to be”
20
S 0
but what this really means is that the object and tmage are located at the object-
space and 1mage-space principal points,which coincide with each other and with

the vertices, Therefore
Sketch the object, system, and image in the configuration in part (d).

done in part (d)



3. A mercury thermometer is constructed from a cylindrical glass tube (n = 1.5). The
outer diameter is % larger than the inner diameter of the tube. The outer diameter is
much smaller than the viewing distance, which means that the rays reaching the eye
are approximately parallel. Determine the apparent diameter of the mercury column
(i.e., the inner tube diameter) relative to the apparent outside diameter. HINT: sketch
the entire “system” first.
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n=15 = 15-sin[f] =1-sin[f] = sin[#'] =1.5-sin [0]
From sketch:
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Because the “half angle” 0’ = g, the “full angle” is T,

so the image of the column fills the outer tube

The observed diameter D of the column is equal to the diameter of the larger tube.




4. The magnitude of the electric field for spherical electromagnetic waves emanating from
a point source at the origin may be written

E
E [, 1] = = cos [kor — wot]
r

where Fj is a constant and r is the radial coordinate. With a short calculation based
on the definition of the Poynting vector, show that £ MUST vary as r~.

We know that energy must be conserved, so the flux of energy per unit time flowing
across any spherical surface centered at the source must be the same.

ener
9y = constant

time

The energy flux per unit area per unit time is the time average of the Poynting vector
S:

enerqy

unit area, unit time

= (ls]) = /h _— (|s|) ® dA. = b (a constant)
spherical surtace

The vector s is constant across the surface and parallel to A, so its time average may
be extracted from the integral:
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5. Regardless of the polarization, the reflectance of a material at an interface is just
the square of the amplitude reflectance coefficient, but the transmission at the inter-
face includes an additional multiplicative factor than just the square of the amplitude
transmittance coefficient.

(a) Explain why this is so and illustrate your answer with sketches.

The refraction at the interface changes the “width” of the beam in one direction,
so that the area of the transmitted beam is different from that of the incident beam.
This is illustrated in the figure for a case with ny > no:
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(b) Derive the additional multiplicative factor.

The area of the transmitted beam changes in proportion to the dimension along
the x-axis in this case, which allows us to see that:

A wy sin[5-0]  cosloy
A wy sin[Z—6]  cos[f]

which leads to the final expression for the transmission at the interface:

T — <n2 cos[&d) 2

n1 cos|fo]

But this is in terms of four variables: two in the “input” medium (ni,60) and
two in the “output” medium (ng,0;). However, Snell’s law gives us another rela-
tionship so that we can evaluate this expression based on variables in the “input”
medium only:

nysin [fg] = ngsin[f;] = sin[h;] = n_ sin [0y

2
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Thus we can write down the transmittance T in terms of the refractive indices

and the incident angle:
T— \/n2 n3 sin® (o] 2
ny cos [0o]




6. The index of refraction can be approximately represented by Cauchy’s equation:

B
~ A+

where )\ is the wavelength in vacuum. For a particular material at A\g = 500 nm, the
coefficients are:

A = 15
B = 3-10*nm?

Find the phase and modulation (“group”) velocities of light in this material at this
wavelength.

SOLUTION:
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(500 nm)?

k dn
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S0 V¢ >Vmod (normal dispersion) exists if Z—Z > 0, which means that % < 0. We can
convert this to an expression in terms of Ao by appropriate substitution:
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At N\ = 500 nm

Vinod =V (1= S50 ) ~ 0.85v, = 1.57 x 10°2

sec

Vmod < Vp = |n07"mal dispersi0n|

You could have inferred that the dispersion is normal from the expression for n, and
you receiwed partial credit if you did that without calculating Vioq.-

Statistics: = 58.5,0 = 9, max = 82, min = 49

77\“!‘!‘!“\!\1\!‘1\!\1\!\1\‘\!\!\!“\!\7

Population

o Lilinlviviviviai,
0 10 20 30 40 50 60 70 80 90 100

Score

10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


