OPTI1-502 Optical Design and Instrumentation I John E. Greivenkamp
Final Exam - In Class Page 1/12 Fall, 2017

Name SOLUTIONS

Closed book; closed notes. Time limit: 120 minutes.

An equation sheet is attached and can be removed. Spare raytrace sheets are attached.

Use the back sides if required.

Assume thin lenses in air if not specified.

If a method of solution is specified in the problem, that method must be used.

Raytraces must be done on the raytrace form. Be sure to indicate the initial conditions
for your rays.

You must show your work and/or method of solution in order to receive
credit or partial credit for your answer.

Provide your answers in a neat and orderly fashion. No credit if it can’t be read/followed.

Use a ruler or straight edge!

Only a basic scientific calculator may be used. This calculator must not have
programming or graphing capabilities. An acceptable example is the TI-30
calculator. Each student is responsible for obtaining their own calculator.

Note: On some quantities, only the magnitude of the quantity is provided. The proper
sign conventions and reference definitions must be applied.

Distance Students: Please return the original exam only; do not scan/FAX/email an
additional copy. Your proctor should keep a copy of the completed exam.

1) (10 points) Design a Galilean telescope constructed out of two thin lenses in air. The
telescope must have a magnifying power of 3X and a length of 75 mm.

The Galilean telescope consists of a positive lens followed by a negative lens.
The MP is positive.

f
MP = ——2 =3 fom =3 feve

fEYE

t=75mm= fOBJ + fEYE =-3 fEYE + fEYE =-2 fEYE

feye =—37.5mm fog; =112.5mm

fOBJ = 112.5 mm fEYE = -37.5 mm
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2) (15 points) Design a spectacle lens for a patient with corneal astigmatism. The patient
requires a lens that has powers of -4 D and -6 D in orthogonal meridians on the lens. The
lens has an index of 1.5, and the shape of this thin lens in air is a meniscus. The concave
spherical surface of the lens has a radius of curvature of 80 mm. The convex surface of
the lens is toroidal producing the required power variation.

a) Determine the two principal radii of curvature for the convex surface of the lens.

b) What is the surface sag difference of the concave surface along the two principal
meridians? Determine this sag at a radius of 20 mm from the surface vertex.

a) Required Radii:
¢ =—4D=-4/m=-0.004/mm ¢, =—6D=-6/m=-0.006/mm
For a thin lens, assuming the concave surface is the second surface of the lens:

Rec =80mm n=1.5

¢51=—0.004/mm:(n—1)[ ! —L] ¢2=—O.OO6/mm=(n—1)( 1 _LJ
Revi Rec Rovs  Ree

Revi =222.2mm Rev, =2000mm

Alternate Solution:

b=y + o b == _0.00625/mm
RCC
¢ =-0.004/mm =g, + & @, =—0.006/mm =g, + dc
n-1 n-1
Py, =0.00225/ mm = Pey, =0.00025/ mm =
RCXI RCXZ
Ry, =222.2mm Rev, =2000mm
b) Sag Difference at 20 mm: y =20mm
2 2
Sag, -y Sag, = y
2RCVl 2RCV2
Sag, =0.900mm Sag, =0.100mm ASag = 0.800mm

Rl1=_ 2222 mm R2= 2000 mm ASag= 0.800 mm
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3) (15 points) As shown below, a 100 mm focal length thin lens is used to image an
object at infinity. The lens has a diameter of 40 mm. The sensor used with the lens has a
width of 10 mm (+ 5 mm). The system stop is at the lens.

A right angle prism is to be inserted between the lens and the sensor. The exit face of the
prism must be spaced 20 mm from sensor. The prism has an index of refraction of 1.5.

What is the smallest prism that can be used in the system with no vignetting? In other
words, the system is unvignetted over the full width of the sensor.

Let H be the width of the face of the prism. You may consider this to be a one-
dimensional problem and consider vignetting only in the plane of the paper.

D =40mm Prism face matches ray bundle limit

lens

D =10 mm

Sensor

S
20mm
f=100 mm
Determine the ray bundle limit for no vignetting (dashed line):
U=DSenSO,I/Z= Smm 005 u=_DLENS/2= 20mm _
f 100mm f 100mm
yY(z)=1uz Y(z) =D gys / 2—Uz = 20mm —uz

Ray Bundle Limit =|y|+|y| = 20mm —uz + 0z = 20mm —0.15z

Continues...
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The Tunnel Diagram and the Reduced Tunnel Diagram for the Right Angle Prism:

H H/n

Place the reduced tunnel diagram on the ray drawing and scale so that the size of the front
prism face matches the ray bundle limit. The prism must be spaced 20 mm from the
detector. The location of the front face of the prism:

z, =100mm-20mm-H /n=80mm-H /n n=1.5

The vignetting condition will be met when the ray bundle limit equals H/2 at zp:

Ray Bundle Limit = |y|+|y|=20mm-0.15z

H/2=20mm-0.15(80mm—H /1.5)

Solve for the prism size H:

H/2=20mm-0.15(80mm—H /1.5)
0.5H =20mm-12mm+0.1H

H =20mm

A similar method of solution was used in the design of the Porro-Prism Binoculars in the
Homework.

Minimum Prism Size H=__20 mm
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4) (25 points) The following diagram shows the design of an objective that is comprised
of two thin lenses in air. The system stop is located between the two lenses.

The system operates at f/4.
The object is at infinity.
The maximum image size is +/- 30 mm.

Stop
f; =-200 mm Dia = ?2?77?°? f, = 100 mm Image
Plane
ﬂ (+/- 30 mm)
40 mm 40 mm

v
v

This is a reverse
telephoto objective

Determine the following: BFD > f
- Entrance pupil and exit pupil locations and sizes.

- System focal length and back focal distance.
- Stop diameter.

- Angular field of view (in object space).

- Required diameters for the two lenses for the system to be unvignetted over the
specified maximum image size.

NOTE: This problem is to be worked using raytrace methods only. All answers must be determined
directly from the rays you trace; for example, the FOV must be determined from a raytrace.
Raytraces must be done on the raytrace form. Be sure to clearly label your rays on the raytrace
form. A method of solution explaining your procedure and calculations must be provided.
Calculations may NOT be done in the margins of the raytrace sheet. Gaussian imaging methods may
not be used for any portion of this problem.

Entrance Pupil: = 33.33 mmtothe R ofthe firstlens. Dgp=_27.78 mm
Exit Pupil: _ 66.67 mmtothe L  of the second lens. Dxp=__55.56 mm
System Focal Length=__111.11 _ mm Back Focal Distance = 155.56 mm
Stop Diameter=__ 33.33  mm FOV =+/- 15.1 deg in object space

Lens I Diameter= __ 45.78 mm Lens 2 Diameter= 569 mm
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-
Object EP L1 Stop L2 XP Image
Surface 0 1 2 3 4 5 6
f -200 100
~6 0.005 -0.01
t | ’-33333 ) 40 | 40 ( -66.67 ) 22222 |
Potential Chief Ray
v | o | 40 [ o | 40 | o | |
] | [ o12 | o1 | o1 | o006 | |
Potential Marginal Ray @
y | 1+ | 1+ | 1+ [ 12 | 14 | 20 [ o |
i | o | o | ooos5 | 0005 | -0.009 | -0.009 |

Potential Chief Ray - Extended

| | o [ 40 | o | 40 [ o | 1333 |
| [ 112 | o1 | o1 | o006 | o006 |

cl <

Marginal Ray — Scale Factor= 13.89

| 1389 | 1389 | 1389 | 1667 | 1945 | 2778 | o |
| o | o | ooe95 | 00695 | -0.125 | -0.125 |

<

c

Chief Ray — Scale Factor=2.25
| | o [ ©0 | o | 90 [ o | 30 |
| | 0270 | 0225 [ 0225 | 0135 | 0.135 |

| <

* Arbitrary

Continues...
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Provide Method of Solution:

EP/XP Location:

Trace a potential chief ray that starts at the center of the stop. The pupils are located
where this ray crossed the axis in object/image space.

L, > EP =33.33mm (Right of L1)
L, —> XP =-66.67mm (Left of L2)

Focal Length:

Trace a potential marginal ray parallel to the axis in object space ( Y, =1). The rear focal

point is located where this ray crossed the axis.

XP — F'=222.22mm

BFD =(L, » XP)+(XP — F') =—-66.67mm +222.22mm = 155.56mm
BFD =155.56mm
p=——  G'=-0.009 y =1
¢ =0.009/mm

f :lzlll.llmm
¢

Extend the potential chief ray to the image plane F'

Entrance Pupil:

f/#=1f/4=1/Dg

_1I1.11mm

Dep =27.4mm

Continues...
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Provide Method of Solution:
Pupil/Stop Sizes: I'p = Dgp /2=13.89mm
Scale the marginal ray to the proper I, :

13.89mm

Scale Factor = —————=13.89
1.0mm
Isrop =16.67Mm e =27.78mm
Dgrop =33.33mm Dy, =55.56mm

John E. Greivenkamp
Fall, 2017

FOV: Scale the potential chief ray to the desired image height of 30.0 mm (from the

current or potential chief ray value of 13.33mm)

Scale Factor = 30.0mm_ _ 2.25
33mm
Object Space Chief Ray:
U, =0.270

HFOV = tan™ (0.270) =15.1°

FOV =30.2° or +£15.1°

Vignetting:
L1: y, =13.89mm  y, =-9.0mm
a, =|y,|+|v|=22.89mm
D, =45.78mm
L2: y, =19.45mm  y, =9.0mm

a, =|y,|+|7,| = 28.45mm

D, =56.9mm
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5) (10 points) An optical system is comprised of two elements separating indices of
refraction nj, n, and n3;. Subscript 1 designates element 1, subscript 2 designates
element 2, and quantities without subscripts (EP, XP, P and P’) are associated with the
total system.

XP I EP

» U

Circle the index of refraction (and therefore the corresponding optical space) associated
with each of the following:

EP: @ n n3 XP: m n @
P: @ n, n3 P: n @ n3

P: @ ny n3 P: n ny @

For any two element system, the details of the system do not matter. The above diagram
is unnecessary!

P and EP are always in object space (n;).
P’" and XP are always in image space (n3).
P; is always in the object space of the element.

P;’ is always in the image space of the element.
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6) (15 points) A doubly telecentric system is constructed out of two thin lenses in air.
The spacing between the lenses is 250 mm, and the magnitude of the magnification |m|
is 1/4.

a) Design and sketch the layout of the system. Provide the required focal lengths.

A doubly telecentric system must be afocal (two positive lenses) with the stop at the
common focal point. The system magnification must be negative.

t=f + f, =250mm

f,=4f, =200mm f, =50mm

| STOP
F “ F
@ & =Z
I:1 U FZ
> > »r—>
f, =200mm f,=200mm f, =50mm f, =50mm
fi = 200 mm f, = 50 mm

Continue to Part b...
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b) A 12 mm high object is located 100 mm to the left of the first lens of this system.
Determine the location and size of the image.

Cascaded imaging may not be used (you may not image through one lens and then
use this image as an object for the other lens).

Raytrace methods may not be used for this problem.

h STOP
5 | n
{ = F h
L2
F U Lz
1 I:2
> < —
Za > > > > Za
f, =200mm f,=200mm f,=50mm f, =50mm
s’ g

For imaging, use the longitudinal magnification with the focal points as the reference
points.

4 h=12mm

, 1 h'=mh=-3.0mm

The object is 100 mm to the left of the first lens:

s=-100mm z, =100mm
z, =Mz, =6.25mm
s'=f,+2z, =50mm+6.25mm =56.25mm

The image is to the right of the second lens.

The imageis 56.25 mmtothe R ofL2. The image heightis -3.0 mm.
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7) (10 points) Prove the unlikely result that for a general optical system, the distance
from the rear nodal point of the system to the rear focal point of the system (N T ’) is

equal to minus the front focal length of the system (— fe ) )

Prove NF'=—f.  fora general optical system.

A general system:

n n
F tP N P’ Nj FooZ
fe — —» T .
PN P'N'

PN=P'N'=f_+f;

fr=PF =P'N'+NF’
fo="f-+f+NF’

NF'=—f,

In a similar fashion: F

_fR’



