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Introduction
= |n this section, we will see a method for producing fast paraxial ray tracing on
the system containing thin (and thick) lenses. The method is called the y-u trace.

= |n ay-u trace, we will assume that the rays always propagate from left to right
through the optical system. Also, the clock-wise (cw) direction for the angles is

positive (ccw direction is negative).

For details and derivations, see Chapter 2 of the book
D.C. O'Shea, Elements of Modern Optical Design, John Wiley & Sons Inc.
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Thin Lens Ray Tracing (y-u method)
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Using paraxial rays (tanu ~ u) in Figure the ray transfer equation from one
lens to another is given by:
Yk+1 = Yk + url (5.1)
slope angle equation can be obtained from
U1 = Uk — Yp+1Pk+1 (5.2)
and ray position along z-axis:
Zk+1 = 2k + Tk (5.3)

Starting with an initial ray position (zg,yo,ug), this iterative procedure is used to

obtain final ray position (2. Un. Un). Sayfa 4



Here

— k=0,1,2,--- . n

— 1 = ray height at k*® lens (surface)

— uy, = ray slope (angle in radian) at & lens (surface)

— t;, = distance between k™ and (k + 1)t lens (surface)

— 2z, = z-position of the k" lens (surface). Usually we start with 2y = 0.

— pr = 1/fi is the power of the k! lens whose focal length is f;,. Note that for
object (OBJ) and image (IMG) planes p = 0.
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Focal Length and Magnification

By using a ray which is parallel to optical axis, namely (zp, yo, uo) = (0, yp,0), the effective
focal length and back focal length of the optical system can be obtained from:

offl — f — _initial ray height _ W (7.3)
final ray angle Uy
and final 1 { height
b — nal lens surface ray height _ yy_ (7.4)
final ray angle Un
Also, for parallel incident rays, the magnification may be defined as:
m =" (7.5)

Yo
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Example

Figure shows a simple telephoto lens. Calculate effective focal length and back focal length of the
system using y-u trace.

' 2nd principle
| plane
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Solution

Summary of y-u trace:

Yk+1 = Yk + UiLg

Uk+1 = Uk — Yk+1Pk+1 Z Y
Given: £, = 20, £, = -10, t, = 14 0.0000 1.0000
Po =0, p, = 1/20, p, = -1/10, p; = 0 1.0000 1.0000

Let’s start with y, =1, y,=0, t, =1

Y:
u, =

Yo
u, =

Ys
u; =

BFL
EFFL

Yo
U,

Y:
u,

Yo
u,

+ upt,
- yi/£;

+ u;t,;
- v/,

+ u,t,
- Y3/f3

~y,/uz =
-yo/u; =

15.0000 0.3000

14+ (0)(1) = 1.0 29.0000  0.0000
0 - 1/20 = -0.05

1 + (-0.05) (14) = 0.3

-0.05 - 0.3/(-10) = -0.02

0.3 + (-0.02) (t,) 0.0 =>t, = 15

-0.02 - 0.10/(-inf)= -0.02

-0.3/-0.02 = 15 mm
-1.0/-0.02 = 50 mm

Telephoto ratio

= EFFL/ (t,+t,) = 50/ (14+15)

I
=

.7
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Thick Lens Ray Tracing (y-nu method)
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As in the y-u trace, the ray transfer equation 1s as follows:

J"jd-'l

Yk+1 = Yk + upty (7.1)

Then, the slope angle (or refraction) equation is given by:

Yk+1
NE41Uk+1 = Npug — (k41 — k) R:l (7.2)
Tt

n = index of refraction
R = radius of curvature
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EXAMPLE: EFFL of a Single Lens

Using y-nu method for (y,, Upy) = (1, 0), calculate the effective focal length for a lens of
crown glass (n = 1.517) of a thickness of 4 mm, with radii of curvatures, R; = 40 mm
and R, =-120 mm. Assume that the lens is in air.

Ro :
R1=40 mm Ry / R3
Ry =-120 mm /
t; =4 mm (

f=?

Center thickness of the lens is given by 1 = 4 mm. The values of g and #2 can
be selected arbitrarily. Let

thickness vector: ¢ = [to, t1,t2] = [1,4, 1]
radius vector: R = [Ryp, R1, Ra, R3| = |00, 40, —120, co]
index vector: n = [ng.nq,n9| = [1,1.517, 1]
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EXAMPLE: Solution

y1 = yo + uptp = 1 + (0)(1) = 1.0000
u1 = (nouo—(n1 — no)y1/R1)/n1 = ((1)(0) — (1.517 — 1)1/40)/1.517 = —0.0085

y2 = y1 + w1ty = 0.9660
ug = (n1u1 — (n2 — n1)y2/R2)/n2 = —0.0171

y3 = y2 + usgto = 0.9575
ug = (n1ug — (n2 — n1)ye/Rs)/ng = —0.0171

The result is summarized below:

k 2k Yk U
0 0.0000 1.0000 0.0000
1 1.0000 1.0000 —0.0085
2 5.0000 0.9660 —0.0171
3 7.0000 0.9575 —0.0171
Hence, EFFL 1 f = :LZO = ;‘ZO = _0;)1171 — [ f = 4+58.4795 mm |
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y-nu Trace with Reflecting Surfaces

Between interfaces, from surface k to surface k + 1, so far, we have used
only refracting surfaces. How is a refecting surface handled in a paraxial ray
trace? To account for a large number of possible sign changes, all
conventions in terms of height and angles can be preserved if only two things
are changed. After a reflection, the signs of

= all refractive indices (n,) are reversed
= all spacing and thicknesses (t,) are reversed.

Therefore, after one reflection, all distances and surface separations, are negative.
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Exact Ray Tracing

Paraxial theory demonstrates perfect imagery by optical systems since all of rays
each point on the object combine same image point. In fact, the paraxial image is
not a true representation of the object.

Real rays will not intersect at same point at image plane.
Therefore, real ray tracing reveal aberration in an image.
Accordingly, image will be blurred or distorted - Aberrations
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Exact Ray Tracing
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Exact Ray Tracing

= Ray transfer equation:

Yk+1 = Yr + tanug (2541 — 21)

=  Apply Snell’s law of refraction at each surface. For example, for the first surface:

) Y41
sina = Ik+
Rkﬂ
I = wup+«
a = I'—upsq

Ngp+1 sinl’ = ny sin(ug + «)
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Single Ray Tracing in Zemax

EE | @ bd =

NEX

a2

Programming Help

File Setup Analyze Optimize Telerance Part Designer
> e+~ @ EMNI |
Cross-Secticn Shaded Rays & | Aberrations Wa'.refmnt PSF  MTF
1'-"IEWEF Model spots - = = =
System Viewers Q| -.;: Single Ray Trace Duality
< | Ray Aberration
Update: All Windows - . . Single Ray Trace
ot | Standard Spot Diagram

Aperture
Fields
Wavelengths
Environment
Palarization
Advanced

Ray Aiming
Material Catalogs
Title/Motes
Filez

Units

Cost Estimator

. S . .

i o 1 -

B E
T
-

<@ 3=

Footprint Diagram

Through Focus Spot Diagranm
Full Field Spot Diagram
Matrix Spot Diagram
Configuration Matrix Spot Di

Cardinal Points
Y-¥Ybar Drawing

Vignetting Plot

Incident Angle vs. Image Height

RMS En-::lc:sed Extended Scene
= Energy ~

Analysis =

Physical Beam FI|E
WViewer E

Laser anc

-~

@ m——

N

Trace a single specified ray and
show real and paraxial data on every
surface

Shortcut Key: Ctrl+Y

Sayfa 16



Example: Real Ray Tracing

Consider the zemax sample file Double Gauss 28 degree field saved at:
C:\<Zemax>\Samples\Sequential\Objectives
Using Zemayx, investigate ray tracing (both paraxial and real) for top maginal ray for F, d and C lines.

O>1:Layout vy -0 X
visetings ¢ Galpldm /0 / =AM QA 2 BH=0
Line Thickness ~ @

H = 126.3879, V = -38.112375

50 mm

23 Zemax
Sxinl Length: 132 98842 ma Gaziantep Univeristy

Double Causs I8 degres f1eld.zmx
Configuration 1 of 1
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