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Summary

These are notes for the PreDesigner utility - a free Windows tool to
help assess the fundamental optical parameters for an optical
system with rotational symmetry. PreDesigner does not require
requiring a specific lens design. We assume that the user has a very
modest knowledge of optics

The manual is divided into the following sections:
Chapter 1: purpose of Pre-Designer

Chapter 2: basic operations [paraxial mode]

Chapter 3: other features [paraxial mode]

Chapter 4: Gaussian beam mode

Chapter 5: basic optics

Chapter 6: developing the design and other resources
v27 new features [May 2013]

e mouse drag edit of key features in lens drawing

v26 new features. [April 2012]
e Laser diode [rectangular beam] Gaussian analysis
e Beam circularisation for laser diodes

v25 new features. [May 2011]
e Fixed detector plane option for Gaussian Beam analysis

v24 Gaussian Beam analysis. [April 2011]

e Appropriate key beam parameters

e plot of beam profile thru system

e table showing key values

e Beam Propagation Factor, M?, effects in plot & table
e Depth of Focus calculations

e list of suggested Qioptiq stock components that match the
requirements.

[PreDesigner was a LINOS Photonics product. LINOS became part of
the Qioptiq group in 2007, and was renamed in 2010]

Copyright © 2018 Qioptiq Photonics. All rights reserved.
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1 Introduction
What does Pre-Designer do?

New features: v27

You can now drag key features in the lens drawing using the
mouse: object [size & distance], image[size & distance], focal
points, aperture.

The key parameters may change to match and the table &
drawing will update as you drag.

"Science is a wonderful thing if one does not have to earn one's living from it."

Albert Einstein

Pre-Designer 5



Chapter 1: Introduction

Pre-Designer is a simple utility from Qioptiq Photonics. It is designed
to help you with the very simple but fundamental stage of pre-
design of optical imaging systems.

As of v24, you may now analysis the system in
e Standard paraxial mode
e Gaussian beam mode [laser engineering]

1.1 Paraxial Mode

Optics users often want to make a preliminary assessment of a task,
before any actual design is undertaken. We may know a few key
values, and will need to find out the others, so we can understand -
in broad brush terms - how the required system will behave, its field
of view, magnification etc.

The paraxial mode is the simplest, lowest possible level of dealing
with lenses. Diffraction and aberrations are completely ignored.

At this level you can treat a complex multi-element system as a
simple two surface construction of the same focal length. Then with
this model, you can use the simple lens equation to relate object
and image distances [conjugates] and heights.

These calculations are simple enough to be done by pencil and
paper, but these can be tedious, especially if you have an unusual
set of circumstances or wish to answer take 'what if' questions.

PreDesigner will perform the necessary paraxial calculations, and
allow you to see the impact of value changes in real time.

More specifically, PreDesigner, given any three conjugate and field
requirements (e.g. focal length, object/image distance,
magnification, object/image height), can calculate the other
dependant parameters.

For example, if you know that your optical system must have a focal
length of f, a magnification of m’ and an object height of h, Pre-
Designer will draw the system paraxial layout and calculate the
related object/image distances, magnification throw, image height
and angles.

However you are not limited to that particular combination of
parameters. You may select the key parameters from a
comprehensive list to match your circumstances, and then enter the
required values. Pre-Designer will work through the appropriate
sums for you, and display the results.

You may also select an aperture parameter, such as stop radius, or f-
number. If you do then the drawing will also show aperture rays, and
other aperture related parameters will be found and displayed.

Once parameters are chosen, sliders are available for real time
changes to any of the values of the parameters.

Pre-Designer Manual 6



Chapter 1: Introduction

Finally, some special features are available for handling some
particular situations or requirements. These include:

object at infinity

standard image formats [film & CCD]

principal plane separation

non unity index object or image media

custom symbols [useful for teaching purposes]

option to draw cardinal points [focal, principal and nodal points]
option to switch between lens & mirror system

option to display depth of focus/depth of field values [v21]
option to display interactive aperture v field plot, with suggested
lens systems to match requirements. [v22]

As always, Pre-Designer will take these into account, displaying
results in the standard format.

1.2 Gaussian Beam mode [v24]

The paraxial mode is a good starting point, especially for
conventional imaging systems, such as cameras & microscopes.

However, in some cases, the location of the 'image plane' etc will be
quite different from that predicted by paraxial equations.

In particular, if using a laser, whose output is well modelled by a
gaussian beam, diffraction effects can vastly change the system
behaviour. Fortunately, these changes can also be modelled fairly
easily - at least at the PreDesigner level!

For Gaussian beams, the key elements are the laser beam waists -
their locations, sizes, Rayleigh ranges, magnification etc.

One key difference is that the image side beam waist can be located
far from the paraxial image plane. Therefore it is essential to select
the proper parameters when defining the task.

When the PreDesigner Gaussian beam mode is enabled, the interface
is changed to make to offer these options and to display the
Gaussian effects - such as the beam profile in object and image
space.

One final note - if the lens aperture is closed down, so that the beam
is significantly truncated, then the behaviour becomes more like that
suggested by the paraxial model.

1.3 Potential users

This program is designed to be of use to:

e lecturers & students in optics courses

e optical designers

e laser systems engineers

e optical engineers

e optics sales engineers

in fact, any one who has an interest in optics.
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2 Using Pre-Designer [paraxial mode]

This chapter demonstrates the basic functioning of Pre-Designer
with a series of screen shots.
e The basics:
- selecting the key conjugate & field parameters
- specifying the values for the key conjugate & field
parameters
Optional aperture parameter
Using sliders for rapid changes
Construction ray option [v21]
Depth of focus/field option [v21]
Interactive aperture v field plot [v22]

"Nothing tends so much to the advancement of knowledge as the
application of a new instrument. The native intellectual powers of men
in different times are not so much the causes of the different success
of their labours, as the peculiar nature of the means and artificial
resources in their possession."

Pre-Designer 9



Startup screen

Chapter 2: Using Pre-Designer

In this chapter we will walk through Pre-Designer. We will cover:

e The essentials:

cIoPTIO

- selecting the key conjugate & field parameters
- specifying the values for the key conjugate & field

parameters

Using sliders to make rapid changes
Construction ray option

2.1 The basics
On first start up of PreDesigner, you will see:

Selecting/specifying an optional aperture parameter

Depth of focus/depth of field calculations option

Sit= Qioptiq: System PreDesigner126.1 [lens mode] Paraiial Calculations

Key Parameters | Sliders [quick adjustment] | Advanced aptions |

Coniugate aptians: Eisld aptions: Aperture aptians [optional]

I~ Focal length: ™ Stop radius

I Magnification: i | [ Objectheight u [~ Object angle: w

I~ Image distance: &' [ Total rack: t I Imagsheight v [ Imageangle:w' | [ F rumber infiniy]

I™ Obiect distance: a
r

[User defined image height || T M& Mumerical aperture - abigct]

™ MA' [Numerical aperture - image]

B8 Bl x|

About,
Help..

Bevsem
I Boam  |Mino mode K AR A

Show exta information e

Frint ‘ Unds ‘ End ‘
Draw constuction 1ays
Becall Custom symbals

You MUST select three conjugate/field options [by checking the

boxes], either:
- two conjugate & one field
- one conjugate & two field

As you make selections, so text boxes will appear to allow you to

enter the values for the selections:

“if= Qioptiq: System PreDesigner126.1 [lens mode] Paraxial Calculations

Kep Parameters | Siiders [quick adjustment] | Advanced aptions |

S B ||

Selecting conjugate &

field parameters |

[essential]

Conjugate options:
W Focallenaih

I Image distance: &

¥ Magrification: m'

[~ Total track:

Field options:
I™ Obiect height: u

I~ Image height; u'

I™ Object angle: w

I Image angle: w'

Aperture options [optional]
[™ Stop radius

™ F rumber infinily]

[~ Object distance: a [ver defved image eight ]| T NA IHumsrical apsiture - bisci]
n [~ MA' [Mumerical aperturs - image]
[ Focallength |

About,
Help..

[ Maanification m

Bauissian
I Beam  |Minor mode £ g ugq Eint ‘

Draw constiuction rays
Show extra information

Undo ‘ End ‘
Clear ‘ Recall ‘ Cuistom syrbals

Pre-Designer Manual

10



Example values
Focal length: 100mm
Magnification: -0.5

Object Height: 75mm

Entering values for
field and conjugate
parameters.

Chapter 2: Using Pre-Designer

cIoPTIO

When you have made all three selections, then more detail will

appear:

2 Qioptig: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations

Key Parameters | Sliders [quick adjustment] 1 Advanced options ]

LConiju

Field options:
v &

v Wagnification: m' [ Obiject height u

[7 Image distance: @' [ Total track: t [ Image height: u'

[” Object angle: w

[ Image angle: w'

™ Object distance: a
=

|Ussr defined image height

=

Aperture options [optional]
[ Stop radius

™ F rumber [infirity]
[ NA [Numerical aperture - object]

[ NA! [Numerical aperture - image]

| Focallength: * [

| Magrification: m' |

| Dbject height u [

Focal length:
Object distance: a
Image distance: a'
Magnification: m'
Total track: t
Object height: u
Object angle: w
Image height: u'
Image angle: w'
Stop radius

F number [infinity]
F number [effective]

M [object space]
MNA' image space]

[use with care]

Show extra information

q haciy Gaussian FM_ 3
Diffraction limit radius r Beem Whinar mode w@... \ﬁ agq Erint ‘ Undo | End |
MTF Cut off
Draw constiuction rays
| Clear ‘ Recall | Custom symbals

Now enter the values into the text boxes [at middle left]. When all
three values have been defined, the system data is calculated, the
system drawing will appear, and the table of data values [focal

length, etc, etc] will be filled:

2 Qioptig: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations
Key Parameters | Sliders [quick adjustment] 1 Advanced options ]
LConjugate options:
v Focal length: f

Field options:

v Wagnification: m' [ Obiject height u

[” Object angle:

W

Aperture options [optional]
[ Stop radius

= e

About...

Note that this is for a
lens system.

[graphics only appear
when all three are
defined]

Help...
I Image distance: &' [ Totalhack: t 7 Image height: u' [~ Image angle: w' [~ F number [infirity] g
[” Object distance: a |L|sar defined image: height J [ NA [Numerical aperture - object]
I [ NA' [Numerical aperture - image]
| Focallength: ' [100.0mm
| Magrification: my [-0.50x
»>
| Object height u |75.0mm
Facal length: f' 100.0rmm
Object distance: a -300.0mm
Image distance: &' 150.0mm o
Magnification: m' -0.50x o T
Total track: t 450.0mm
Object height: u 75.0nam
Object angle: w -14.036deg
Image height; u' -37.5mm
Image angle: w' -14.036deq
Stop radius
F number [infinity]
F number [effective]
M [object space]
MNA' image space]
[uze with care) G .
Diffraction it radiue r B::;S\aﬂ Mirmar mode wﬁw vﬁ ugq Brint ‘ sty | End |
MTF Cut off
Draw construction rays
Show extra information Clear Becal Custom symbols

You can change any of these values directly by typing. After any
change the drawing and results table will update immediately.

Pre-Designer Manual
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Entering a values for
an aperture
parameter.
[optional]

In the example we
select the 'stop radius'
and enter a value of
30mm

Chapter 2: Using Pre-Designer

2.2 Aperture variable

If you want you can also select one aperture parameter, in just the
same way. However this is optional.

If you do, then the graphic will change somewhat [‘aperture’ or
‘marginal’ rays will also be drawn], and some more results will
appear in the data list.

i Qioptic: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations EI@
Key Parameters 1 Sliders [quick. adjustment] 1 Advanced options ]
LConjugate options: Field options: Aperture options [optional] .
ot...
¥ Focal length: F ¥ Magnification: m' ¥ Obiject height: u ™ Object angle: w V¥ Stop radius
Help...
[ Image distance: @' [~ Totalhack: t ™ Image height: u' [™ Image angle: w' ™ F number [infirity] y
[ Object distance: & |User defined image height J [~ MA [Mumerical aperture - object]
= [ NA! [Numerical aperture - image]
| Focallength: [100.0mm
| Magrification: m'  |-0.50x
| Objectheight u  [75.0mm
[ Stop radius [20.0mm
Focal length: I 100.0mm
Object distance: a -300. 0
Image distance: a' 150.0mm o
Magnification: m' -0.50x o
Total track: t 450.0rnm
Object height: u 75.0mm
Object angle: w -14.036deq
Image height: u' -37.5mam
Image angle: w' -14.036deg
Stop radius 30.0nam
F number [infinity] 1.6667
F number [effective] 25
Ma [object space] 10,0995~
Ma' [mage space] 01961
[uze with care) B
Diffraction limit radius | 0.001 7mm [546nmp T Bea:;s\an Wfitar mode w@M ﬁ agq Eint ‘ Undo | End |
MTF Cut off T 32cydmm®
Draw constuction rays ol Becal
Show extra information cear ecd Custom symbals
Note:

The real aperture values [NA, diffraction radius and MTF cutoff] are
estimated values only.

These have been included to give a feel for the performance of the
equivalent ‘real’ lens system [diffraction limited performance - no
aberrations!]. They are shown under the doted line in the parameters
list at lower left of the screen.

If the NA is greater than 0.2 then you must be careful in interpreting
these values.

Note: not all paraxial solutions of an optical problem can be
converted into real systems with the suggested performance,
especially if the aperture or field angle is large.

Note [v2]1]: Rays drawn.

In the example shown above you can see the chief [or principle ray],
and its marginal rays [all in black], along with the marginal ray [in
red] from the axial object point. These rays are very important in full
optical design.

However, it is possible to draw another set of rays - the construction
rays - which are of interest when analysing the system layout.

These construction rays are discussed in more detail in section 2.4.

Pre-Designer Manual 12




Chapter 2: Using Pre-Designer

Note [v2]1] F numbers
We show both F#[infinity] & F#[effective]. These are defined as
follows:

F#[infinity] = focal length/aperture diameter
F#[effective] = image distance/aperture diameter

The two are related by:
F#[effective] = F#[infinity]*(1-magnification)

Pre-Designer Manual 13



Using sliders to make
rapid changes.
[optional]

Chapter 2: Using Pre-Designer

2.3 Sliders [for rapid adjustments]

So far we have seen that you can change parameter values by direct
typing into the text boxes.

To make rapid changes through a range of values, you may use
sliders.

Click on the tab marked ‘Sliders’.

You will see;

Efk Qioptig: System PreDesigner1.26.1  [lens mode] Paraxial Calculations EI@
Key P £ Sliders Inviek, adiustment] | Advanced options |
Focal length; f' Object height: u AbaLt.
0.0rmm 1 | 1w £7.5mm 4] | |628mm e
elp...
Magrification: m* Stop radius
= K| | |45 27 O A | [330mm

| Focallength: [100.0mm

| Magrification: m'  |-0.50x

| Objectheight u  [75.0mm

[ Stop radius [20.0mm

Focal length; f' 100.0mm

Object distance: a -300.0rmm

Image distance: &' 150.0mm o
Magnification: m' -0.50x o

Total track: ¢ 450 Orm

Object height: u 75.0mm

Object angle: w 14.036deg

Image height: u' -37.Bmm

Image angle: w' -14.036deg

Stop radius 30.0mm

F number [infinity] 1.B6E7

F number [effective] 25

M [object space] 0.0935¢

Ma' [image space] 01961

_[use wwlh_ C:EIE] X Gaussian i
EAI;FrFaEm rllrrrnt radius %Uzﬂgymmﬁdﬁnm}“ ™ Boam M w@.., ﬁ qu Brint ‘ Undo | Erd |
Draw construction rays
Show extra information Clear Becal Custom symbols

There is one slider for each of the three/four parameters.

As you drag a slider, so the value will be altered and the graph/table
updated in real time.

By default, the range of values for each slider is set when you first
type a value for parameter into the text boxes. However you may

alter these ranges by typing into the text boxes which display the
upper and lower limits of the ranges.

Finally, if you defined a complete system, you have the option to
save this on exit. When you restart the program, this will be
reloaded. You also have the option to recall that data at any point by
clicking the ‘Recall’ button.
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Drawing showing
the construction
rays [v21]
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2.4 Construction rays [optional]

So far the illustrations have shown the ‘chief ray’and the ‘marginal’
rays, connecting the object and image. These rays are critical in full
lens design.

However, these may not be the best rays to use when first thinking
about optics in general or a specific system in particular. We can
draw many different rays to connect object and image. One useful
set is known as the construction rays.

This set of rays is very useful when doing a first layout of the
system. Indeed, they can be drawn with pen and paper to find the
image for a given object, without need for any calculation [provided
the focal length is known]!

To show the construction rays, instead of the chief/marginal rays,
simply check the ‘Construction rays’ box beneath the lens drawing.
Here we see the equivalent construction rays for the system shown
in previous sections.

Etn Qioptig: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations EI@

Key Parameters  Sliders [quick adjustment] ] Advanced options ]

Focal length: Object height: u About...
30, Oren 4] i | [ &7 5mm 4] | | a2 8mm o

M agnification: m* Stop radius

P [ e fom o fow Al [ fEewm

| Focallength: * [100.0mm

| Magnification: m* ‘—D A0

| Dbject height u [75.0mm

| Stop radius |20.0mm

Focal length: 100.0mm

Object distance: a -300. 0

Image distance: a' 150.0mm o

Magnification: m' -0.50x o

Total track: t 450.0rnm

Object height: u 75.0mm

Object angle: w -14.036deq

Image height: u' -37.5mm

Image angle: w' -14.036deq

Stop radius 30.0mm

F number [infinity] 1.BEET

F number [effective] 25

M [object space] 0.0935*

MNA' image space] 0.1961*

luse it care] Gouan [T .

Diftasionfraods | 00017 S6Y [ oo™ [ivrmoce L8 e | e | e |
w/| Draw constiuction rays
| Show extra information (Gee ‘ (atzedl) | Custom symbals

The two main rays used in construction can be defined as follows:
[1 - red] The ray from the top of the object, parallel to the optical
axis in object space, will pass through the rear focal point in image
space.

[2 - blue] The ray from the top of the object, passing through the
focal point in object space, will be parallel to the optical axis in
image space.

Where these two rays intersect in image space is the ‘top’ of the
image. This neatly gives both size & location of the image.

Pre-Designer Manual 15




Chapter 2: Using Pre-Designer

[3 - green] A third ray can be drawn. This starts at the top of the
object, passes through the first principle point', P, and emerges at
the second principle point P’, with the same angle in object & image
space. This will pass through the ‘top’ of the image, as defined by
the first two rays.

e construction rays are totally independent of the aperture size.

o if object (image) is at infinity, then only rays [2][3] ([1]1[3]) are
shown.

e in case of a mirror the same rules can be used but the system is
folded in the mirror plane and can in principle also be unfolded
and replaced by a lens system.

"It actually passes through the Nodal points, but in lens systems,
unless object and image space media are different, the nodal and
principle points are identical.
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Chapter 2: Using Pre-Designer

2.5 Interactive aperture v field plot [optional] [v22]

One useful new option is the aperture [f/nos] v field plot [semi field
angle]. This is often used in the industry as an aid to selecting
suitable systems to meet specific requirements.

It has been found over the years that different examples of lenses
from the same basic configuration cluster together in distinct
regions of this plot. For example, fisheye lenses have a very wide
field, and low-medium aperture range. By contrast microscope
objectives have a small field of view, but medium to high aperture.

As a reasonable approximation, these regions are indicated by a
number of ellipses [see plot below]. So given a particular
requirement, it is easy to see what lens configurations might be
suitable - if any. Thus an +90 field at F/1 is probably impossible -
unless you can accept a very very poor performance!

Obviously these must be taken as a rough guide only!!

Stz Qioptiqy System PreDesigner 1261 [lens mode] Paraxial Calculations =[BT

Key Parameters  Sliders [quick adjustment] ] Advanced options ]

Focal length: Object height: u About...
i | [ &7 5mm 4] | | a2 8mm =
elp.

Stop radius

0554 4] -0.45x 27.0mm 4] i RE
| Focallength: * |100.0mm g X
| Magnification: m [-050x h
| Dbject height u [75.0mm . G
3
| Stop radius |30, 0mm E‘O 0_ W]
Focal length: f 100 Orm =z 3 lemiplarlyr
Object distance: a -300.0rnm e ’C""“
Image distance: &' 150.0mm T 0= ieroIz o
Magnification: m' 050 27 },_ h
\ Total track: ¢ 450.0mm . G ) s T[T lﬁ
L Object height: u 75.0mm 1
OB L -14.036deq 1
Image height: U -37.5mm 01—
Image angle: w' - ' o g
Stop radius 30.0mm 50 Fr\umbsero[mrir\ity] w0
F number [infinity] 1.BEET
F number [effective] 25 —u [FE2
Depth of f
NA[cbiect spacs] | 0335 —Systems | Do offocs |
MNA' image space] 0.1961*
e i care) Gousin [T .
Pd';ff;éﬁﬂof“fm't radius %ﬂzﬂ':;"nmxlﬁ“ﬁﬂml” ™ Beam Mitror mode w@n. \ﬁ qu Eint ‘ iy | o |

Draw constiuction rays
> W/ Show exdra information

Custom symbols

Clear ‘ Recall |

To View: check the ‘Show extra information’ values’ option in the
list at middle bottom of PreDesigner. As shown in the diagram
above, the drawing shrinks to the right hand side, revealing a
tabbed section of extra information in the center. The aperture field
is held in the first tab.

This graph is interactive:

100.0~

e Move mouse over the plot and the
family[s] under the mouse will be
highlighted in green - and their
name[s] will appear.

e Click on the plot, and the current
system parameters will alter to
match that new pair of aperture -
field coordinates.

2
E=)
ool

Ohject angle [semi field]

Cia Microscope Objective
| P

s 'st’ ' ''%"us | e undo changes using the button
S e dedicated to this display.

Systemns | Depth of focus
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Example systems
[no rays] from
regions that
match the current
‘design’.
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This plot is very small - this is the maximum size possible on the
main form. However you can get a larger version [which has the
same interactive features, by simply clicking on the zoom button].
The zoomed aperture v field plot offers several benefits over its
main form equivalent:

e Larger - you can resize this form as desired.

e More detailed lens names

e Drawings of example systems from regions that match the
current parameters [indicated by red cursor]. In the screen dump
below, the current system lies within two groups; retro-focus and
double-gauss.

Drawings of example systems as the mouse is moved over the
plot. In the example below, the mouse is over the junction of the
microscope objective and the HALO [high aperture laser
objective] groups.

Ef Aperture v Field o e ]

Example lens for current design:

Diouble Gauss ann=
. £0.0-
B0.0—
40.0-
N A
Diouble Gaus:

Fetaval

Tefsar

QF/

15 it triplet |

Fetaual )
.“‘h_.

Example systems

[with rays] from \jﬁi?’ﬁlif.?féiﬁiﬁf"°s'“°”:
regions that match ” B
the location of the -
mouse. VAR it

o=
ig: Hemiplanar
30—
20—

10— —.

Object angle [semi fel

i

crpseope Objective

06— (’

05— Achromatic Doublet HALD Q tical Disk Objective
04-

03- \

[

! ! | | ! [ ! ! [ T N T B |
50 25 15 10 7O B0 40 30 20 15 12 10 08070605
F number [infinity]

F#1.9272 Fleff)/2.8308 NAT01704 Stopradiug25.94mm  0.829deq oK

These systems are purely for illustration only, to show a typical
example of that type, with typical aperture - field parameters for
that type. These are pure bitmaps - there is no raytracing being
performed! The aperture/fields from these drawings will probably
not match the values at the mouse location.
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2.6 Depth of Focus/depth of Field [optional]

In some areas, such as photography, knowledge of depth of
focus/depth of field is useful.

This and the associated items, such as hyperfocal distance &
near/far sharp distances, are defined in section 5.5. In this section
we simply show how to display these values.

Efk Qioptig: System PreDesigner1.26.1  [lens mode] Paraxial Calculations EI@

Key Parameters  Sliders [quick. adjustment] l Advanced options ]

Focal length; f' Object height: u AbaLt.
0.0rmm 4] i | 1w £7.5mm 4] i | |628mm T

Magrification: m* Stop radius

o ! R 7R Y ! W—

| Focal length: I ‘1 00.0mm Depth of focus/field caloulations

Check this box to
show the extra info
tab

| Magnification: m'— [.0.50¢ Circle of confusion [CofCl: | 0.025mm

[ ToeeleEst [75.0mm Circle of confusion 0.025mm

[ Gtop radius [30.0mm Depth of focus +0.0625mm
: Depth of figld 0.500mm

Focal length: 100.0mm Distance near sharp | -299.75mm

Object distance: a -300. Ornrn Distance far sharp -300.25mm

Image distance: & 150 Ornm Hyperfocal distance | -240100mm o
Magnification: m' -0.50x o

Total track: t 450 Ornm l&l
Object height: u 75.0mm

Object angle: w -14.036deg
Image height: u' -37.Bmm
Image angle: w' -14.036deg
Stop radius 30.0mm
F number [infinity] 1.B6E7
F number [effective] 25

Syt i
M [obiect space] 095" _Svstems ; Depth of focus ;
Ma' [image space] 01961

[uze with care) B .
Dttty | OCTE ™ Boam ’Mmm mode EEEL oo ‘ Undo | Erd |

Draw construction rays
» |~/ Show extra information Clear ‘ Becal | Custom symbols

To View: check the ‘Show extra information’ values’ option in the
list at middle bottom of PreDesigner. As shown in the diagram
above, the drawing shrinks to the right hand side, revealing a
tabbed section of extra information in the center. The depth of field
[DOF] data is held in the second tab.

These values depend upon:

e System aperture

e System focal length

e Object distance

e Size of circle of confusion

The first three are taken from the values already displayed, while
you may enter the last in the text box at the head of this area.
Please note - the size of the circle of confusion is determined by the
detector resolution (e.g. eye, CCD or photographic film). As noted
above this is discussed in more detail in section 5.5.

The DOF calculations are automatically updated whenever any of
these items are changed [whether directly or indirectly, e.g. if
magnification is altered].

Since the size of the circle of confusion must be a physically
possible value, you will not be able to enter a number less than or
equal to zero. Moreover you will see a clear warning if the circle of
confusion is less than the diffraction limit radius for the current
system. These values are included in the printout.
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3 Special features [paraxial mode]

This chapter covers some extra features in the standard paraxial
mode of operation.

e Object at infinity

Standard image formats

Custom symbols

Mirror systems

Advanced options

"There are many examples of old, incorrect theories that stubbornly
persisted, sustained only by the prestige of foolish but well-connected
scientists. ... Many of these theories have been killed off only when
some decisive experiment exposed their incorrectness. .. Thus the
yeoman work in any science, and especially physics, is done by the
experimentalist, who must keep the theoreticians honest."
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Rule of thumb.

Some designers would
say that an object is
‘at infinity’ if the
object distance is
greater then 30x focal

Be careful.

This list contains
typical sensor sizes.
Actual sensor sizes
can differ from these
values.

In particular, CCD
formats vary from
maker to maker.
Please check carefully

Chapter 3: Special features

In this section we will review some additional features that you may
find useful in specific circumstances.

e Object at infinity

Standard image formats

Standard camera Fstop settings

Custom symbols

Mirror systems

Advanced options

3.1 Object at infinity

Many systems have an object distance much larger than the focal
length (>30x). Here the object distance may be set to infinity. To do
this select ‘object distance’ as a key parameter and then check the
‘object at infinity’ option.

i Qioptic: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations EI@
Key Parameters 1 Sliders [quick. adjustment] 1 Advanced optiorns ]
LConjugate options: Field options: Aperture options [optional] .
ot...
¥ Focal length: F r I ™ Object angle: w V¥ Stop radius
Help...
™ Image distance: & [ ¥ Image height: u' ™ Image angle: w' ™ F rumber [infinity] y
¥ Object distance: & |User defined image height ﬂ r
[ [Object at infinity] [ NA! [Numerical aperture - image]
| Focallength: f [100.0mm o [at irfirily]
| Object distance: a ‘Al infirity
| Image height: ' |-37 Bmm
[ Stop radius [20.0mm
Focal length: I 100.0mm
Object distance: a At infinity
Image distance: a' 100.0mm
Magnification: m' Zeio
Total track: t
Object height: u
Object angle: w -20556deq
Image height: u' -37.5mam
Image angle: w' -20.556deg o
Stop radius 30.0nam
F number [infinity] 1.6667
F number [effective] 1.BEET
Ma [object space] 0.0+
Ma' [mage space] 0.2873
[uze with care) B
Diffraction limit radius | 0.001Tmm [546nmp | Bea:;s\an Wfitar mode wﬁm \ﬁ aﬁq Eint ‘ Undo | End |
MTF Cut off 1099y mnm*

Draw constuction rays
Show extra information

Clear ‘ Becall |

Custam symbals

3.2 Standard image formats

Many optical systems are required to image onto a film or CCD.

There are many possible standard formats. These have rectangular
Field aptions: sections, so the image height is
- ™ Object angle: w defined by the semi diagonal of

the rectangle.
v Image height: u' I Image angle: w'

| User defired image height ~] To save you having to work out
Llzer defined image height - the appropriate dlmen5|on, these
Micrafim [1.0 1.0 0. 7mm - are available in a drop down list

— Super-S-FiIm _[4.2 % 5.7] 3.55mm he “field . y . £
16 rm cine film [7.5 = 10.3] £.35 on the ‘tield options’ section o
35 mm cine fim [15 2.6mm the ‘key parameters’ tab

0 mm cine filn [23 = 53] 28.85mm yp
tinoe-Film [8 % 11] 6.8mm

Pocket-Film [13 % 17 10.7mm i
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3.3 Standard camera F-stop settings

If your chosen aperture variable is ‘F number’, then you can’ if you
wish’ select from a list of standard camera aperture settings [F-
stops].

A small button will appear in the right side of the aperture text box.
Click on this button, and you will see a popup window containing a
list of standard stop and half-stop settings [F1, F1.2, F1.4, F2, F2.5,
F2.8.... F64]. Simply click on one of these and the F-stop value will
appear in the aperture text box.

F_n”mber for F_Stop Efk Qioptig: System PreDesigner1.26.1  [lens mode] Paraxial Calculations EI@
tt . Key Parameters 1 Sliders [quick adjustment] 1 Advanced options ]
Se ,ngs' LConjugate options: Eield options: Aperture options [optional] About
ol
v Focal length: ™ Magnification: m' ™ Obiject height: u ™ Object angle: w [ Stop radius
. . Help...
[only available if F- [ Imags distance: ' [~ Total hack: | W Image height o [ Image anglesw' | ¥ F umber [infinity] __tee |
number I'S the Chose” ¥ Object distance: a |L|sar defined image: height j ™ NA [Numerical aperture - object]
: [ [Object at infinity] [ NA! [Numerical aperture - image]
aperture variable]
| Focallength: [100.0mm
CI . k h . b [ Object distance:a  [-300.0mm & Standard camera F-Stops [l
ICK this putton to [ Tmage hewght |37 6mm 7i Fiis Pz
H = F/.2 F/5E Fi27
popup list b ol — 05 Pl || e Fer R
Focal length [ 100.0mm F/16 P68 P38 ==
e, ok —
. . . Image distance: &' 150.0mm .
LISt Of Settll’lgS. CIICk Magnification: m' 0,505 F/25 Fa1 F/54 &
. Tatal tack: t 450.0mm /a8 F13
to select the desired E-—oecbe. % e pis B Cancol
b . I . Object angle: w -14.036deg /4 FA3 -
Image height: u' -37.Bmm
numboer in ISt' Image angle: w' -14.036deg
Stop radius 30.0mm
F number [infinity] 1.B6E7
F number [effective] 25
M [object space] 0.0935¢
Ma' [image space] 01961
[uze with care) G .
Difsion mkadius | 00017 [S4Grm o % w@ﬂ v@ qu Print ‘ Undo | End |
ut o ‘Cy i
Draw construction rays
Show extra information Clear Becal Custom symbols

For various reasons [space and historical], the labels shown on the
camera are not precisely the actual F number. Thus the F-stop ‘f/11’
corresponds to a true F number of f/11.31371. This needs some
more explanation.

The standard photographic ‘stops’ are defined so the aperture area
halves [and hence the amount of light also halves] when going from
one ‘stop’ to the next higher. Therefore the aperture diameter [and
hence F-number] must fall by exactly V2.

Thus the first stop [F/1] is (¥2)° . The following stops are defined by
(\V2), where k=0,1,2,3. Frequently ‘half-stops’ are used, where
k=0.5, 1.5, 2.5 etc. Obviously many of these are not ‘nice’ numbers
- suitable for display in limited space, so over the years a convenient
short hand naming system has developed.
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In the following table we show the conventional stop ‘names’ used
on cameras and the equivalent actual f-number.

F# Setting k F# Setting

[on [on

lens] lens]
0.0 1 1.0 6.0 8 8.0
0.5 1.189 1.2 6.5 9.514 9.5
1.0 1.414 1.4 7.0 11.314 11
1.5 1.682 1.7 7.5 13.454 13
2.0 2 2.0 8.0 16 16
2.5 2.378 2.4 8.5 19.027 19
3.0 2.828 2.8 9.0 22.627 23
3.5 3.364 3.4 9.5 26.909 27
4.0 4 4.0 10.0 32 32
4.5 4.757 4.8 10.5 38.055 38
5.0 5.657 5.7 11.0 45,255 45
5.5 6.727 6.8 11.5 53.817 54
12.0 64 64

In the popup, we have also included a couple of other settings which
are commonly used for CCD’s.
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These options are saved
in the INI file,
PreDesigner.INI.

If using Pre-Designer
for teaching, simply
select custom symbols,
as noted here, on a
master PC.

Then copy the INI file to
the students machine.

Select ‘mirror mode’ in
this list, to model a

Chapter 3: Special features

3.4 Custom symbols

Qioptiq Photonics has a set of standard symbols used for the various
conjugate & field parameters, such as m’ for magnification etc.
These are the program defaults.

However it may be easier or more appropriate for you to use your
own symbols. Simply select ‘Custom symbols’ from the list at the
bottom right of Pre-Designer. Then click the ‘... button next to it.
You will see the dialog shown below.

s ——— - Each symbol is made up
[ Fosna P | T from one or more
. Ot datance: n Cibwact angier [w econd precpsl poek P CharaCterS.
Imags dstaece 9 Image heght [u frant bocal pone
| | Mogritcation: [ Iimage ange W re focal port F
ol fa = S N: You may either:
— . o e type in the character
PRrbiRril iy e manually
i 8 1 A n BV J 3 | ‘you i the charactess deectly and/or
SRS EEEETEE FEET e drag & drop the
S I R B I character from the list.
I S h [ - — R .
EREE FrpbBEc Gl If you drag & drop it will

replace the existing
character(s].

When satisfied, click OK. Pre-Designer will remember your choices
and use them until altered.

3.5 Mirror systems

By default, PreDesigner assumes that you are modelling a lens
system. However, you may also model a single mirror system.
Simply click on the ‘Mirror mode’ option in the list at mid bottom of
the program.

mirror system.

Efta Qioptig: System PreDesigner1.26.1  [mirror mode]  Paraxial Calculations EI@
Key Parameters | Sliders [quick adjustment] 1 Advanced options ]
Lonjugate options: Field options: Aperture options [optional] -
W Focal length: ™ Magrification: m' | [ Object height: u [ Object angle: w IV Stop radius Qau
Hel
[ Image distance: &' I Totalliack: t ¥ Image height ' [ Image anglesw' | [ F rumber [infinity] y
W Object distance: a |Ussr defined image height ﬂ [~ M [Mumenical aperture - object]
™ [Object at infinity] [ NA! [Numerical aperture - image]
| Focallength: * |-100.0mm
| Object distance: a ‘—BDD Qi
| Image height: ' [75.0mm
| Stop radius [[20.0mm
Focal length: -100.0mm
Mirrar radius -200.0mm  [Concave:
Object distance: a -300.0mm a
Image distance: &' -150.0mm o
Magnification: m' -0.50x
Total track: t 150.0mm
Object height: u -150.0mm
Object angle: w 26.565deq
Image height: u' 75.0nam
Image angle: w' -26.565deg
Stop radius 30.0mm
F number [infinity] 1.B6E7
F number [effective] 25
M [object space] 0.0935¢
Ma' [image space] 01961
i core] p [ sien [t e &8 € e | o | |
Diffraction limit radius 0,001 Frarm [Sdﬁnm]*'
MTF Cut off T32oydmm* Draw constiuction rays cl Becal
Show extra information S== \geed Custom symbals

Here we see an example of a concave mirror i.e. center of curvature
is to the left of the mirror, i.e. -ve focal length. The real object is
beyond, more -ve, than the focal length, so we have a real image.
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If a convex mirror had been used, then the focal length would be
+ve. With the same radius of curvature and object distance, this
would give a virtual image.

Because a mirror has a single surface only, the focal length is
determined completely by the radius of curvature of the mirror
(f=r/2). Therefore, the necessary radius of curvature is also shown
in the data table at the left.
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Advanced options will
only be applied while
the ‘Apply advanced
options’ check box is
ticked.

Chapter 3: Special features

3.6 Advanced options

To edit the advanced options, click the ‘Advanced options’ tab and
tick the ‘apply advanced options’ check box at top left.

Etn Qioptig: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations EI@
ey Parameters I Sliders [quick adjustment]  Advanced options
v Use advanced option values —--> Distance between principal planes: (] [default = 0.0mm] About,
[ Hide remote’ conjugates [cases with high mag] Refractive index for object space 1.0000 [default = 1.0] Help.
[¥ Show focal, principal & nodal points Refractive index in image space: 1.0000 [default = 1.0] Standard
[ &llow positive [vitual] object distance “Wavelength [for diffraction limit] 546nm [default = 546 1nm]
| Focallength: * [100.0mm
| Object distance: a ‘—BDD Qi
| Image height: ' [75.0mm
| Stop radius |20.0mm
Focal length: 100.0mm
Object distance: a -300. 0
Image distance: a' 150.0mm 5
Magnification: m' -0.50x F = = o
Total track: t 500, 0rnm I
Object height: u -150.0mm
Object angle: w 26.565deq
Image height: u' 75.0mm
Image angle: w' 26.565deq
Stop radius 30.0mm
F number [infinity] 1.BEET
F number [effective] 25
M [object space] 0.0935*
MNA' image space] 0.1961*
luse it care] Gouan [T .
Diftasionfraods | 00017 S6Y [ oo™ [ivrmoce L8 e | e | e |
Draw constiuction rays C Recal
Show extra information S== \geed Custom symbals

You will be able to alter:

e principal plane separation

e object space refractive index
e image space refractive index
e wavelength

3.6.1 Principal plane separation

This has a default value of 0.0 mm. However, a significant space
between the two principal planes can occur in real “thick” lenses or
lens systems consisting of two or more components.

When modelling an existing system the principal plane separation
will be known. Enter the known value here.
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3.6.2 Object space refractive index

This has a default value of 1 [air]. However in some circumstances
the object space media might be quite different e.g. water or even
glass. In such a case enter a value for the object space refractive
index in the appropriate text box.

If object and image space indices, n and n’, differ then the object
and image focal lengths are different [n’/f’ = - n/f]. The two values
will then be shown in the results list.

i Qioptic: System PreDesigner 1.26.1  [lens mode] Paraxial Calculations EI@
Key Parameters I Sliders [quick adjustment] Advanced options
¥ Use advanced option values > Distance between principal planes: 0o [default = 0.0mm] About,
[~ Hide remate’ conjugates [cases with high mag] Refractive index for object space 1 5000 [default = 1.0] Help.
Iv' Show focal, principal & nodal points Refractive index in image space: 1.0000 [default = 1.0] Standard
[ Allow positive [vitual] object distance ‘wWavelength [for diffraction limit] 546nm [default = 545 1nm)]
| Focallength: [100.0mm
| Object distance: & {-300.0mm
| Image height: v [75.0mm
[ Stop radius [20.0mm
Focal length: F 100.0mm
Facal length [obi] : f -150.0mm
Modal point 1 MP -50.0mm a
Modal paint 2 H'F -B0.0mm i D T '
Object distance: a -300. 0 F H i F N
Image distance: a' 200.0mm
Magnification: m' -1.00x
Total track: t 500.0rnm
Object height: u -75.0mm
Object angle: w 14.036deq
Image height: u' 75.0mm
Image angle: w' 20.556deg
Stop radius 30.0nam
F number [infinity] 1.6667
F number [effective] 33333
M [object space] 0.1493+
Ma' [image space] 01483 B
Diffraction limit radius | 0.0022mm [546nmp | Bea:;s\an Wfitar mode w@M ﬁ agq Eint ‘ Undo | End |
MTF Cut off BdScydmm®
Draw constuction rays ol Becal
Show extra information cear aeal Custom symbals

3.6.3 Image space refractive index

This has a default value of 1 [air]. However in some circumstances
the image space media might be quite different e.g. oil for
immersion microscopes. Enter a value for the image space refractive
index in the appropriate text box.

If object and image space indices differ then the object and image
focal lengths are different [n’/f’ = - n/f]. The two values will then be
shown in the results list.

3.6.4 Wavelength

This has a default value of 546.1 nm [mercury e-line]. The system
paraxial quantities are wavelength independent. However the
diffraction limit radius and the MTF cut-off are both wavelength
dependent. Change this parameter to see the impact on the
predicted values.

As noted earlier these two parameters are estimated only and are

shown to give a feel for the performance of the equivalent ‘real’
aberration free system.
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3.6.5 Drawing cardinal points

You may choose to show the cardinal points [focal, principal & nodal
points] on the drawing, by ticking the check box on this tab. Note
that the nodal points are coincident with the principal points unless
the object & image refractive indexes are different.

3.6.6 Allow virtual object.

Normally you will work with a real object. By convention this is to the
left of the optical system, and therefore corresponds with a negative
object distance [distance from the system to the object]. By default
PreDesigner will not let you use a positive object distance [virtual
object]. However, if you really need this option, then check the
‘Allow positive [virtual] object distance’ check box.
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4 Gaussian Beam mode [v24]

This chapter discusses the Gaussian beam mode in PreDesigner.
Introduction to Gaussian beam theory

Key parameter options

Starting Gaussian beam mode

The Gaussian beam plot

Extra options:

- Fixed detector distance ***

- Beam Propagation Factor M?

- Depth of focus

- Qioptiqg components

"..One may conceive light to spread successively, by spherical waves."

- Christiaan Huygens
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In this chapter we will look at the Gaussian beam mode within
PreDesigner [new in v24]. We will start with a very brief overview of
the relevant theory, before covering program specifics.

4.1 Introduction to gaussian beam theory.

Gaussian beams are so called because they have a gaussian intensity
profile. Some lasers, such as HeNe devices, emit beams which are
very nearly pure gaussian beams. The output of most lasers can be
modelled by a gaussian beam or a simple variant thereof - especially
when dealing with first order properties.

Typically we plot a gaussian beam profile at the 1/e? value [where
the intensity drops to a factor of 1/e?]. This is commonly known as
the beam radius.

The beam has a minimum radius, ry, at the beam waist [which is
inside or at one end of the laser cavity]. As it travels a distance z,
away from the beam waist the beam expands or diverges, so:

1) =ro[1 +(z/ o)1 egn 4.1

Once a reasonable distance away from the waist, the divergence has
a constant angle, w.

It turns out that the radius, divergence and laser wavelength are
intimately connected by the simple equation:

fro.wW=A/T egn 4.2

This hold true in any space. There is a further useful quantity which
is known as the Rayleigh range, z.. This is the distance over which
the beam radius expands by 2'2. The Rayleigh range is given by the
simple equation:

Z, =Ty /W egn 4.3

These 3 parameters define the Gaussian beam. In a given space,
once one is set, then the others are automatically defined.

Of particular note is the fact that the Rayleigh range of the beam
emitted by the laser is defined by the curvature of the cavity mirrors
and their separation.

When a Gaussian beam intersects a lens, it is refracted. It still
emerges as a Gaussian, but with different parameters. Typically, the
beam converges to a new waist before diverging again.

It can be shown?, that the location of the beam waists is related by
the equation:

1/[s+z/(s-Dl + 1/s" = 1/f egn 4.4

where s is the distance from the 'object' beam waist to the lens
and s' is the distance from the lens to the image beam waist.

2 Self S. A., Applied Optics, vol 22, March 1983 provides a clear and
simple exposition of the subject.
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Note that in the laser world, s is positive - cf the standard optical
definition where real objects are at negative distances!

Clearly, if the Rayleigh range is reduced to zero, then eqn 4.4
reduces to the standard lens equation! However in regimes where z,
is significant, then the behaviour is quite different.

The ratio of the beam diameters in image space/object space is
defined as the magnification.

Matters that are of great significance to the paraxial model, such as
object and image sizes, are not of immediate import to gaussian
beams, since lasers tend to be used on axis.

4.2 Key parameter options

A gaussian beam/lens system can be defined with three parameters,
but these may be quite different from the options in paraxial mode.
There are split into three groups shown in the table below.

A: General

B: Beam
object space

C: Beam
image space

Focal length, f
Object distance, s
Image distance, s'

Beam waist rad, r
Divergence, w
Rayleigh Range, z,

Beam waist rad, r'

Divergence, w'
Rayleigh Range, z,'

Magnification, m

You may choose, as independent parameters.
1) one item from A, B & C.

2) two items from A and one from B

3) two items from A and one from C

One typical combination is the lens focal length, the object distance
and the laser [object] divergence. From these you can calculate the
beam diameter in image space.

However you are not limited to that particular combination.

4.3 Starting Gaussian beam mode
Gaussian beam mode is engaged by checking the box in the lower

part of the main form. z

rOcal lengen; 1 UM = e \\ -

Object distance: a -250.Orarn 5 105 G

Irmage diztance: &' 1BE.E7mm = AL s o

Magnification: m' -0.6EEEEE 7 @ ¥ 0 b

Total track: t 416.67mm

Object height: u 50.0mm 01

Obiject angle: w -11.31deg | \ Vo g

Image height: u' -33.33mm 50 . :-0[_ e o o8

Image angle: w' -11.31de nurmier [infinity,

5 t0|§l radit?s 10.0mm ? EI_‘ Fi26.23 [effective]

F riurnber [infinity] 5.0 .

F rumber [effective] | 83333 Systeryd| L

MA, [qbiect zpace] 0.04=

Na! [image space] 0.0533 - Gaussian o=t = F
; Beam imar mode WinLons| Wideo | Bioptia -
[use with care)

Diffraction limit radius 0.0056mm [S46n Draw construction raps C

MTF Cut off EIL | Show extra infarmation B
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Once checked, then the user interface will change significantly. Here
we show the starting interface with no selected key parameters.

“t= Qioptig: System PreDesigner 1261 Gaussian Beam Calculations [=n =R ==
Key Parameters | Sliders [auick adjustment] | Advanced options |

Conjugate aptions [aussian Beam] Beam [abject space] Beam [image space] T

o
[ Focsl langth: [ Beam waist s 1 I B wist v ¢
Hel

[~ 'Object waist distance: s [ Beam divergence: w I Beam divergence: v #
I Image’ waist distance: 3 I Rapleigh Range: 21 I Riapleigh Range: ¢

I~ Magnification: m 6328nm .| Dwavelengtn]

o Gaussian & Print | Undo ‘ End ‘
eam | Wi o

Sho Extra Information & Options 0 E
‘ Clear Becal ‘ Custom spmbols

At the top are the three groups of options

Key Parameters l Sliders [quick adjustment] ] Advanced options I

Conjugate options [Gaussian Beam]: Beam [object space] Beam [image space]

™ Focal length: I ™ Beam waist radius: r ™ Beam waist radius: r*
™ 'Object’ waist distance: s ™ Beam divergence: w ™ Beam divergence: w'
™ Image’ waist distance: ' ™ Rayleigh Range: zr ™ Rayleigh Range: zr'

I~ Magnification: m 532-3"; J ['w/avelength]

Note that you can set the wavelength for the beam here. If you click
on the button beside the text box, you will see a list of predefined

laser and spectral lines. These are well labelled and accurate. Click
to select.

Once you have selected the parameters suitable for your task, then
the interface will display text boxes to allow you to enter values for
the parameters. /

“i2 Qioptiq: System PreDesigner 1361 Gaussian Beam Cfculations [l

Key Parameters | Siiders [aquick adjustment] | Advanced opfians |

Conjugate options [Gaussian Bsam] Beanfobisct space] Beam [image space]

About.
¥ Focallength: IV /fEieam waist radius: 1 I Beam waist adius.
Hel
Beam divergence: w [~ Beam divergence: w' 4"

I Rayleigh Rangs: zr I~ Raylsigh Range: =

6328nm | pwavelsngth]

¥ ‘Object’ waist distance: s
[~ ‘Image’ waist distance: <'
I~ Maanification: m

Focal length: I

| Dbject distance: s |

[ Beamiadinkr |

Giaussian -
W g Pint | Undo ‘ End ‘

Custom symbols

Minkare| Widso | Bioptia

Show Extra Information & Options & | Recal ‘
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This follows the pattern used in the standard paraxial mode, so you
should be very familiar with this by now.

Once you have entered the vales for the three parameters, then the
system will calculate & show the dependant parameters values.

“ft= Qioptig: System PreDesigner 1261 Gaussian Beam Calculations = R (==
Key Parameters | Sliders [quick adiustment] | Advanced options |

Conjugate options [Gaussian Bsam] Beam [object space] Beam [image space] T

..
¥ Focal length: f ¥ Beam waist radius; 1 I™ Beam waist radius:
Hel

¥ 'Dbiect’ waist distance. s [ Beam divergence: w I~ Beam divergence. ' $
[~ ‘Image’ waist distance: <' I Rayleigh Rangs: zr I~ Raylsigh Range: =

I~ Maanification: m 6328nm | pwavelsngth]
| Focallength: ' [100.0mm !
| Dbject distance: s [200.0mm !
| Beamradinkr  [01mm

Singls Mode .
Focal length ' 100.0mm :
Object distance: = 200.0mm F PP 13 T
Image distance: 5 180.23mm L — -

Parax image distance: | 200.0mm B
Magnification m 0.8557+ - [A]

Wiaist o waist: | 380.23mm o m

Beam rad[in]: 1 04w [B] r—— fﬂ;‘ dc
Bream divfin], e 20T4miad o s
Rayleighlin: zr 49.65mm

Beam rad lens] 0.415mm

Beam radfout] ¢ 0.0856mm

Beam rad [detectar} Ac |-
Aty disk rack 1B 0.185mm G

Rayleighlou] 2 39.83mm
Riatio s/t 20 Shaow Ertra Infomation & Dptions
Fistio 58 T snzees Llear Becal Custarn spnbols

The results are shown in two areas:
[A] a plot of the beam profile - along with sub plots of interest

[B] a table of results, showing the parameter values and other useful
items.

As always, when you change a parameter value, then the graph and
the table are updated instantly.

If you hover your mouse over the beam profile, then you will see a
cursor moving with the mouse and the values of the beam radius,
radius of curvature and distance from the beam waist.

The sliders are also operative and will reflect your parameter choice.

L= Qioptig: System PreDesigner 1261 Gaussian Beam Calculations

Key Porameters  Siders [quick. adiustment] | Advanced options |

Focallength: I Beam rad(in]: 1 Abaut.
90.0rm | il | [1100mm 0.03rm k| ] | [0rtmm =
Elp.
Object distance: s

[ w— —— T

[~ Fosallength f [100.0mm !
| Dbject distance: s [200.0mm :
[ Beamradinlr  [07mm

Single Mode

Focal length; f 100.0mm

Object distance: s

200 s F PE F
Image distances &

10023mm .

As always, when you move a slider, then the parameter value will
change and the graph and table is updated immediately. This
provides a nice over view of the effect & interrelations of the key
parameters.
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4.4 The Gaussian beam plot

The beam graphic consists of three parts:
e Main beam profile

e Sub plot of s/f v s/f'

e Subplotofs/fvm

Main beam profile

laser beam image beam
waist walist
+ | |
[

2 lens [

The optical axis is the horizontal line that runs from left [laser] to
right [image], with the lens [vertical] in the middle. The horizontal
axis represents distances along the axis from the beam waist.

The vertical axis represents the beam width and is scaled to fit the
space, so usually the heights [radii] are grossly exaggerated!

Underneath the optical axis, we see two horizontal bars representing
the Rayleigh range for the laser and the image waists respectively.

The axis is always marked with s & s'. You may choose to label the
front and rear paraxial focii of the lens.

Of interest is the value s,,. For a given lens and object beam this
represents the maximum possible beam waist distance.

sm="f+ /2.2, egn 4.5
In the paraxial case the maximum image position is at infinity!

NB if the fixed detector plane option is checked, then the image side
curve will be extended to the detector plane [if appropriate]

s/f v s'/f sub plot

This interesting plot gives a good
representation of the system
behaviour as the position of the laser

beam is changed relative to the lens.
— | -
o It compares the object distance

[normalised by focal length] to the
image distance [similarly normalised]

s/f

The faint grey curve shows the
paraxial behaviour. Note in particular,
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how the image position moves to infinity as the object moves toward
the front focus.

The red curve represents the Gaussian beam behaviour.
The blue circle shows the current system 'location".

Note that the shape of the red curve will change as the beam
parameters alter. Thus as zg increases, relative to the focal length,
so the curve will flatten more and more - giving an almost constant
image side beam waist location relative to the laser position!

In effect diffraction effects have completely dominated the simple
'ray' based approximations. However, as mentioned before, if the
lens aperture significantly truncates the beam leaving a more
rectangular profile - this effect will be reduced or even become
negligible.

Note also that the maximum image beam waist distance occurs
when the laser side waist lies at f'+ z, - in contrast to the paraxial
behaviour.

Using the sliders on the key parameters gives a nice illustration of
the different type of effects that they have. Changing the object
position merely alters the system location. Changing a beam
property alters the shape of the red curve, whilst changing the focal
length alters both.

s/f v m sub plot

This sub plot gives a alternative
m representation of the system

behaviour as the position of the laser
beam is changed relative to the lens.
,_—o——‘j//x\
s

This time we are looking at the
magnification change [s'/s] as the
object position changes.

As before the faint grey curve is the
paraxial behaviour, and bold red
curve is the behaviour of the current
system. For both axes the units are intervals of 1.
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4.5 Extra options

If you check the 'show extra information' option in the options box
at bottom middle...

then the graphic is shifted to
the left and a tabbed 'options'

Beam wﬁ.\, vﬁ G!ii&;:iq -
Shiaw E&alnformatinn area is revealed.

On different tabs, you can:
e select drawing scales, select a fixed detector distance” & Beam
Propagation Factor
e see a depth of focus calculation
e see a list of Qioptig components with suitable focal length

Gaussian
v

em PreDesigner1.26.1 Gaussian Beam Calculations EI@

e | Slders [ouick adfustment] | advanced options |
Conjugate options [Gaussian Beam]: Beam [object space] Beam [image space] About
ol
v Focal length: ¥ Beam waist radius: 1 ™ Beam waist radius: '
Help...
v 'Object' waist distance: 5 [ Beam divergence: w [ Beam divergence: w' g
I 'Image’ waist distance: ' [ Rayleigh Range: zr [ Rayleigh Range: 2r'
[~ Magnification: m 632.8nm avelength]
[ Focallength:  [100.0rmm - - N !
= ptions for drawing scales, detectar ‘
| Object distance: = ‘ZUU Omm distance & Beam Propagation factor
| Beamradinkr  [01mm
‘Fmed length from obiject waist ﬂ
Single Mode Scale length: 400. Ornrn
Focal length: 100.0mm H
Object distance: < 200.0mm 3 F FF F 5
Image dilance: & | 180.22mm Fised Detectar Plane i :
Parax image distance: | 200.0mm Show detector [~ |210.0mm =
Magrification: m 0.8957x o ™
W aist to waist: 380.23mm Beam Prapagation Factor [M2]
Beam radfin]: r 0.1mm Shaw effect [ |40 - =
Beam div[in]. w 207 dmrad sdf f
Rayleighfin]: zr 43 B5mm
Beam rad [lens] 0.418mm Options | Digde Laser| DOF | Lenses
Beam radlout]: it 0.0836mm
Beam rad [detectar]: Re |~
Airy disk rad: 14 0.186mm Gaussian . | | |
Beam div{out]: w' 2.249mrad d Beam Hinkore| Wideo | ioptia Erint Undo End
Rayleigh[out]: zr' 39.83mm
Fiatio 3/ 20 rv Show Extra Information & Options Clear | Fecal | o ]
Fiatio 5'/f 1802265 = - Hsiom spmbls

4 5.1 Fixed detector distance

For some laser engineering purposes, the engineer is more
concerned with the beam diameter at a fixed distance from the lens,
rather then at the beam waist itself.

If you choose to ‘define’ a fixed detector plane [middle of ‘options’

tab], then the following changes occur

e Detector plane is drawn in image space [green dotted vertical]

e Beam is drawn out to the detector plane - if it is ‘beyond’ the
beam waist

e Beam radius on detector plane is noted in the data table, under
the beam waist radius value

4.5.2 Beam Propagation Factor, M?

The M? factor allows you to obtain some idea of real world laser
beam behaviour, as opposed to an ideal gaussian beam.

For various reasons most lasers do not emit pure circular gaussian
beams [sometimes referred to as TEMOO mode]. Instead they will
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emit a combination of TEM0O and higher order modes, which still
satisfy the wave equation.

These higher order modes don’t effect the beam waist locations or
Rayleigh ranges, but do alter the beam waists and divergences.

It can be shown that the real beam can be reasonably well
represented as a broader Gaussian beam, where

Fom = M.rg & Wom = M.wjg eqn 4.6
We refer to the M? factor, since the beam area is proportional to M2

Given this representation, we can plot both the pure TEMOO mode,
and the mixed order beam quite simply.

Naturally, this is only a simple approximation and tells you very little
about the final beam profile which can look very un gaussian indeed!

Options for drawing scales, detector
diztance & Beam Propagation factar

|Fi>:e-:| length from object waist ﬂ

Scale length: 400, Orirn

Fized Detector Plane:

Show detector [~ |210.0mm

2 m
Eeam Propagation Factor [M2]:
i 5 [0 I— ){L /\G}___
a/f w/f
Dptiots | Diode LEISBIJ Q¢FJ I__enses]
v Gaussian ﬁ ﬁ ﬁ Print | Undo | End

Beam WinLone| Yideo | Bioptig

Default symbols
Cusztarn sumbols

v Show Extrjlnformatmn & Options Clear | Recal |

|
If you tick the 'Show effect' checkbox, then both results table and
the graph are updated.

The plot now show two curves - the inner or lower curve [bold
read/blue] represents the TEMOO mode, while the outer or upper
[faint red/blue] shows the higher mode profile.

The sub plots are unchanged, since neither s, s' or m alter.

The table will show the radii & divergences of the mixed mode
beam, unless the checkbox is un ticked, in which case it shows the
TEMOO values.

You should enter the value M? that is appropriate for your system.
For a pure gaussian M? will be 1. For high quality lower power
HeNe's this may be just over 1, but other lasers may have a value of
10 or even more.
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4.5.3 Diode Laser [rectangular beam] v26

Many laser beams have a circular symmetry about the optical axis.
This is not even approximately true for diode lasers where the
rectangular chip shape leads to a highly rectangular beam profile.

This can now be modelled in PreDesigner. Simply tick the ‘Diode
laser [rectangular beam] checkbox at top of the ‘Diode laser’ tab.

i Qioptic: System PreDesigner 1.26.1  Gaussian Beam Calculations Diode EI@
Key Parameters 1 Sliders [quick. adjustment] I Advanced options ]
Conjugate options [Gaussian Beam]: Beam [object space] Beam [image space] .
ot...
¥ Focal length: F V¥ Beam waist radius: 1 ™ Beam waist radius: '
Help...
v 'Dbject’ waist distance: s [ Beamdivergence: w [” Beam divergence: w' y

™ 'Image’ waist distance: s

[~ Magnification: m

™ Rayleigh Fange: zr

6328mm .| [wavelengty

™ Rayleigh Range: zr'

Focal length: * 100,01 ! !
| g ‘ o Laser dindes have differery/beam | |
| Object distance: s [200 Omm propeties in & sectiol
| Beamradfin} r [31mm

Iv Diode laser [rectangle beam /
HEam OoErT Spaee patameter - | section:
Single Mode H i
Focal length £ 100.0 [100.0m p2mm  =— 1 ‘
Obiject distance: = 200.0 [200.0]mm T FFF F 5 5 F FF Fa'm
Image distance: ' 18023 (120 23mm M [in y section] .0 o [ S [
Parax image distance: 200.0rmm 2 =@
Magnification: m 0.8957 [0.4438]x [~ Circularise beam [crossed cylinders]
‘whaist to waist: t 380,23 [320.23]mm
|Maximum beam waist distance J
Beam radin]. r 0.7 [0.2Jmm T 7
Beam divfin]: w 2014 [1.007 wrad N m s B m
Rayleighlin] zr 49,65 [198.58]mm v v v oy
Beam rad [lens] 0.415 [0.284]mm Options  Digde Laser -QEIF Lenses
Beam radlout]: it 0.0836 [0.09]mm
Beam rad [detectar]: Re |~
Ay disk rad: 18 0.186mm [ 0.27 2mm]n Gaussian .
Beam diviou] v 22432 Pjnrad | ™ Beam £ e Uﬁq Lt s (e
Ea{\elgﬁ;{out}: = 3%83 [FTep w| Show Extra Information & Options
a0 s, " Clear Becal Custom symbols
Ratio '/ 1.802265

PreDesigner will now model two Gaussian beams. The main [X
section] uses the parameters as defined normally, so the values will
be the same as for a Gaussian beam.

The parameters for the second [Y section] are defined as follows:
e Object side beam waist location is same for both sections

e Focal length of lens is same for both sections

e Third parameter is the same type as for the X section, but the

value can be independently set in this text box
Thus if you have set the object side divergence to 2mrad for the X
section, you could set the Y section divergence to 4mrad.

You may also set an independent beam propagation factor. M?, for
the Y section. Obviously, this must be enabled in the ‘Options’ tab.

Changes made to display rectangular beam results:

e Table. now shows a pair of results for each cross section. The
left hand pair is for the default section - which we will arbitrarily
call the X section. The bracketed values are the data for the Y
section.

e Graph. Now contains two sets of graphics - one for each section.
As shown here they are side by side, but if you resize
PreDesigner, then they can be overlapped or even vertically
arranged if the form is made ‘deeper’.
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4.5.3.1 Beam circularisation mode v26

One common task when working with diode laser’s is to circularise
the beam. There are several ways of doing this:

e passing beam through a fiber

e passing beam through anamorphic prisms

e passing beam through crossed cylinders of different power

In PreDesigner, we model the crossed cylinders method only.

Choosing this option can make quite a difference to your parameter
selection, and will dramatically reduce the number of key parameter
options, as we shall see.

Ideally we would make both beams sections have same image beam
waist radius and divergence with the beam waists at the same
location in space. That would mean that the beam would be truly
circular throughout image space.

Using crossed cylinders, the best that we can achieve is that the
beam waists have the same diameter and divergence. However the
beam waists will be at different locations, so the image side beam
will only be truly circular at one point in space along the axis -
elsewhere it will be more or less elliptical. But, by collimating the
image side beams, the region of near circularity will be increased.

For Gaussian beam, OShea notes that there are two common
definitions for autocollimation:
e minimise image divergence [object distance = focal length]
e maximise image beam waist distance [object distance = focal
length + Rayleigh range)

This means that we must control focal length and object distance as
2 of the key parameters. PreDesigner does this automatically, and
in this mode, will prevent you from choosing other options. The
choice of the third parameter is limited to the object space options:

&4~ Qioptiq: System PreDesigner 1261 Gaussian Beam Calculations Diode [circularised - min divergence] oo =
Key Parameters | Sliders [quick adustment] | Advanced optiors |

Conjugate options [Gaussian Beam] Beam [object space] Beam [image space] sbout

ou
rd I~ Beam waist radius: 1 |
Help...

= ¥ Beam divergence: w r g
| I Rayleigh Range: zr |

r E328m | [wavslsnati]

Focallength: F [50.0
‘ =0 {5000 Caser dinidss haave diferert beam
[ Object distance: s [50.0mm propeities in X & Y sections.
| Besmdivfinkw  [3.0miad
[V Diode laser [rectanale beam]

o Beam object space parameter - y section:

ingle Mode

Focal length: I 50,0 [30.0jmm s

Object distance: 50,0 [30.0mm

Image distance: s 50.0 [30.0jmm I [iny section] E.0

Para image distance: | Infinity

Magrificatior: m 22341 [37234]¢ [V Cicularise beam [crossed cylinders] -

wiaist o waist: t 100.0[E0.0jmm m s

Minimum beam diveigence

Beam rad]in]: 1 0.0671 [0.0403)mm

Bearn divlinf w 30 [5.0mad

Fiayleiohlin}. 2r 22,33 [8.05)mm

Beam rad [lens] 0164 [0.155]mm 77 m

Beam rad[out}: ¢ 015 0.15]mm qgk ﬁ\
Bean ad [detector] Ac |-

iy disk rad b 117618 [1. 242418 Bl SIF
Beam divlout]: w' 1.343[1. 343Jmrad

Fiapleighlout] 2 1117 [111.7Jmm

g/ i Options  Dindle Laser | DOF | Lenses

Wga““ia” & e & Print | Undo ‘ End |
eam

Vinkane| Vi | Biowia
] Show Etia Information & Options
Llear Becall Custom symbls
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In PreDesigner, you may choose either of the collimation modes.
Here we have chosen to show the graphics both section overlapped.

gF FFF
ar

T
s
T
af
El

Collimating for minimum beam
divergence:

S =EFL

This is applied to both sections
using the relation

EFL[X] = EFL[Y]*div[X]/div[Y]

Collimating for maximum beam
waist distance:

S =EFL + z,
The same relation between focal

lengths of the cylinders in the 2
sections applies here.

As you can see, in either case the actual beam radii will be the same,
i.e. circular profile, somewhere between the 2 image side beam

waist positions.

Note that focal length and object distance are now interdependent,
so if you change one, using a text box or slider, then the other

automatically updates.

NB Given that either mode will only yield an approximately circular
beam, one could use some other relation, e.g. s = EFL + k.zr to
define the lens power/separations [where k might be between 0 and

1] and still get satisfactory results.
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4.5.4 Depth of focus

The concept of depth of focus for a gaussian beam, is slightly
different from that in the paraxial case.

Here, it is the distance over

Drepth of focus for current spstem - bazed . .
upoh X increasze in beam radius relative to which th_e k_)eam rad'_us
image waist keeps within a certain

percent of the minimum
beam waist value.

Depth of focus can be
important when dealing
with highly focused beams
for laser processing. In

+12 752mm Depth of Focus some cases the depth may
be only a few microns.

We calculate the +distance
Options | DOF | I:enses] about the beam waist,
where the beam is
considered to be 'in focus'.

Note that the beam waist radius is already fixed, so the only option
is the percentage increase allowable. Here we offer a range of
values, though 5% is a commonly used value.

4.5.5 Qioptig components

Qioptiq is a world leader in the manufacture and supply of high
quality stock components - both singlets and doublets.

— . In this tab you will see a selection of
ist of Qioptiq components with close EFL.
Tuncation rao lens radfoeam ac] 1] i elements from the current catalogue that
ER0WN. . .
most nearly satisfy the requirements.
Component EFL T
1 [ _soommn  sss oor The table also shows the lens efl, and
2 311386000 100.03 0.07 H H
a0 1000 007 the truncation ratio [beam rad/lens rad]
4 3222883220 10009 003
5 | 2208000 10011 005 This feature is not available in paraxial
’gmf;ﬁ f=100125 mm mode because the Qioptiq catalogue
components are mainly singlets and
Options | DOF__Lenses | doublets, which are suitable for limited

fields of view of 1 or 2 degrees. Beyond
that the performance drops off. Therefore it would not be
appropriate to suggest a simple stock component when your task
may require fields of 20 or 40 degrees!

However, for laser engineering tasks, the beam is almost always
used on axis, so stock components are eminently suitable. Of
course, should you require a custom design, Qioptiq Photonics has
an excellent design and manufacture capability [see chapter 6.6]

If you are modelling circularising*®® a rectangular beam [section
4.5.3.1], then PreDesigner will show partcodes for 2 cylinders.

In either case, you should model the systems using WinLens3D
Gaussian beam capabilities.
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5 Optical term definitions

This chapter offers definitions of some of the terms used within Pre-
Designer.

e Introductory notes

Conjugate terms

Field terms

Aperture terms

Depth of focus/depth of field terms

"In all science, error precedes the truth, and it is better it should go
first than last."

- Hugh Walpole
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c is the curvature of the
optical surface [1/radius]

a is radius of the wavefront

Focal points
Principal points
Focal lengths

Chapter 5: Optical term definitions

In this chapter we will define some of the more common optical
terms used within Pre-Designer and provide a basic theoretical
understanding of paraxial optics.

5.1 Introductory notes

Pre-Designer is concerned almost exclusively with the paraxial
properties of an optical system. So first we need to understand the
paraxial or gaussian region. In this we follow the treatment of
Welford?.

Systems with an axis of rotational symmetry* are known as
symmetric systems. Any surface in the system may be treated as a
power series expansion about the optical axis, i.e.

z=05c(x*+y) + {0.125c(xX°+y)?*+ ...}

Paraxial optics is that region near to the optical axis where all higher
order terms in the expansion can be neglected and only the first
term [in r?] is retained.

Any wavefront, on or off axis, passing through the system can be
represented, at a given point, by a more general expansion. However
within this region, it can be shown that the wavefront expansion
reduces to:

z=05X+vy)/a

But this is indistinguishable from the remaining term in expansion
for a sphere within the approximation defined above. Therefore we
find that the wavefronts, passed by the system, are spherical and
therefore yield perfect imagery; there are no aberrations! This is
also known as an ideal optical system.

Within the paraxial region, the properties of the system are
completely defined by a few simple terms.

5.2 Conjugate terms

There are a number of terms, which are related to the location of an
object point and its equivalent image point. These terms are
interdependent and are referred to within Pre-Designer as conjugate
terms.

Conjugates. For an object point anywhere along the optical axis,
there is a single equivalent image point. These are known as
conjugates.

The exact relation between an object and its image is determined by
the focal lengths of the system.

3W. T. Welford, ‘Aberrations of optical systems’, Adam Hilgar 1991,
ISBN 0-85274-654-8

* This therefore excludes systems with toroidal/cylindrical surfaces
and/or tilts and decenters.
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Focal lengths

Object & image
distances

Conjugate

Chapter 5: Optical term definitions
For a specific system, the focal length may be found by tracing a ray
from an axial object point at infinity, through to image space.

The ray hits the axis in image space, This image point is known as
the image space focal point F.

If we extend the object

Focal points: F.F' Principal Planes PP and image space
— | segments of the ray
[grey lines] and see
where they intersect,
F = P P these will define a
\ plane perpendicular to
the optical axis. This
i is know as a principal
frommmmmscoioood peeecieeooooioo e . )
i-focal length f'- focal length plane. The point P’,

where the principal
plane intersects the axis is known as the second principal point P’.
The image space focal length is defined as the distance P'F’

Similarly if a ray is traced backward from an image point at infinity
though to object space, we can define the object space focal point F,
the first principal point P, and the object space focal length PF.

It can be shown that the relationship between the two focal lengths
is:

n/f=-n/f

where n is the object space refractive index and n’ is the image
space refractive index. Normally, but not always, both media will be
air with a unity index. In this case both focal lengths have the same
magnitude.

Important point. When looking at basic system properties, instead
of dealing with specific system details, such as curvatures, glasses
etc, we can just represent the entire system by its principal planes
and by its focal lengths.

ohject principal planes image We can now clearly
define the object and
image positions and
o F P Foo obtain a simple the
relation between the
conjugates.

Let us define the object
conjugate relationships distance a, as the
distance OP, from
object point to the first principal point, and the image distance a’, as
the distance O’P’, from image point to the second principal plane.

The relationship between any conjugate pair [object and image
point] is then given by the simple expression:

ff/a+f/a=1
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When exploring a customer's requirements, the principal plane
separation is usually unknown. In such circumstances you can let
the principal points coincide.

The track length t, is defined as the distance from object point O to
image point O’. Sometimes a particular track length is required. For
a given object or image distance or focal length, this requires the
solution of a quadratic. There may be two, one or no solutions for
the required value. In the case of the two solutions, Pre-Designer
uses the smaller. If no solution is possible, Pre-Designer makes this
quite clear, with a red warning bar under the system drawing.

We can now also define the nodal points.

principal planes Two conjugate points
exist on the optical
axis, such that a ray

F P P e F' entering one nodal

M ! point at some angle w
Wy to the optical axis,
emerges from the other
nodal point at the same
angle.

ModalPoints M, M

It can be shown that the position, FN, of the first nodal point N, with
respect to the object focal point F, is simply the image focal length
f’. Similarly the position F’N’, of the second nodal point N’, with
respect to the image focal point F’, is the object focal length f.

If object and image media are equal, then the nodal points are
coincident with the principal points.

The system magnification links the conjugates. The magnification is
properly defined, in the next section, by the object and image
heights. However it can be shown that the magnification m, is given
by:

m=-af/af

One final note which is implicit in the drawings above. The principal
points are themselves a conjugate pair with unit magnification.
Therefore a ray hitting one plane at height h, will leave the other at
the same height.

5.3 Field terms

Having seen how the basic system conjugate parameters are
obtained, we now move on to the field terms, i.e. those relating to
the size of the object and image and their relationships.

The meaning of ‘object’ and ‘image height’ are clear, referring to the
maximum perpendicular distance from the axis to the edge of the
object or image.

When dealing with rectangular film or CCD formats, the image
height is the semi
ohject image diagonal dimension.
Thus a CCD of 6 x 8

o R F o

48

ohject and image height




Object & image
angles [as used
in Pre-Designer]

Warning: real
object and image
angles

Chapter 5: Optical term definitions

mm, implies an image ‘height’ of 5 mm.

The system magnification then also clearly defined as image
height/object height.

If the object is at infinity, the system has a magnification of zero.
For object not at infinity, systems with real images have negative
magnifications.

We now think about object and image angles. This is not nearly so
clearly defined!

object image:

For Pre-Designer, the
values chosen are
Q0 P_F o shown in the drawing to

N the right

For a system with equal
object and image space
refractive index, these

angles will be identical.

okject and image angle

A note of caution must be sounded here. When considering a real
system, the object and
space angles commonly
1L [_‘ used, are the extreme
. chief ray angles. The
chief ray . \ image | chief ray is the ray that
ohject ' passes from the object
through the center of
T the system stop. Now
typically the stop does
not coincide with a
principal plane, and
therefore the angles may be quite different!

Almost any combination of three conjugate and field terms will
completely define all others. Those impossible combinations may
not be selected within Pre-Designer
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5.4 Aperture terms

In Pre-Designer, for simplicity sake, we have chosen to represent a
whole complex optical system, by its principal planes, focal lengths
and the object-image points. This is very elegant, and means it is
simple to explore the interrelations between the various parameters,
to see what is required to meet the basic system space constraints.

However, as we start to look at more performance related issues, so
various issues become apparent. In particular, when we start to
consider the aperture of
the system. Light is
emitted by the axial
object point toward the
o lens. As it passes
through the system, so
the edges of the lenses
[special case or the mechanics
aperture stop &t vignette or truncate the
princioal Enel ] pencil of rays. There is

one edge which
determines the maximum beam diameter. This is known as the
aperture stop. The larger the aperture stop, the more light gets
through, but the worse are the aberrations.

aperture stop

marginal ray

Therefore quantifying the aperture size is an important activity.

In the drawing, the aperture stop is coincident with the principal
point P, but this is not generally true.

Given a specific system with a stop in particular location, entrance
and exit pupils may be
Exit puipil Entrance pupil defined. These are
images of the aperture
stop as seen from
object and image space
1 respectively.

In detail, the entrance
pupil is the image of the
aperture stop, in object
space, formed by the
portion of the lens on the object side of the stop. It may be found
where the object space segment of the paraxial chief ray intersects
the optical axis.

Similarly the exit pupil is the image of the aperture stop, in image
space, formed by the portion of the lens on the image side of the
stop. Both size and location of these pupils is important in imagery
considerations and the following definitions.

We now move on to those definitions used in Pre-Designer. The stop
radius r, is obvious - being half the aperture stop diameter.

The F-number [k or F/no or F/#] of a system is defined as:
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k=n-f/2r,

where r_ is the entrance pupil radius, and n is the object space
refractive index. This is more problematic, because we do not have
the system details in order to specify the stop location and therefore
to predict the entrance pupil location/size. However, we assume
that:

e The aperture stop is located on the first principle point.

e the entrance pupil is coincident with the aperture stop,

In this case then r_ is given by the stop radius.

The numerical aperture is often used as a measure of system
aperture, it is related to the marginal ray angle in object space ¢’ or
image space c’.

NA [object]=n - sinc
NA’ [image] =n’ - sinc’

For Pre-Designer, with the pupils located on the principal planes,
this can be calculated by:

NA [object] =n - sin(tan” r / a)
NA’ [image] = n’ - sin(tan' r / a’)

It must be emphasised that these equations are only fully correct in
this case. In general the previous equations must be used.

Finally we come to the diffraction limit radius and the MTF cut off.
These are useful quantities for a realised system- giving the ultimate
performance for that system. For the reasons discussed above, these
values, when displayed in Pre-Designer should be treated with
caution. Moreover, there is no guarantee that a real system, subject
to aberrations, will achieve anything like the values indicated.

Given that warning, the diffraction limit radius (Airy disk radius) .
for a system is defined as:

My = 1.22 2 k=0.61 L/ NA’
where:

A is the wavelength

k is the f-number

NA’ is the image space numerical aperture

Airy disk: The central maximum of a diffraction pattern of an
aberration free optical system with a circular aperture. The
Airy disc is limited by the first dark ring of the diffraction
pattern. The diameter is calculated by @Am:] 220/NA.
Similarly the MTF cut off is properly defined as:
MTF =2 NA'/2

MTF (Modulation transfer function): is a quantitative description
of the image forming power of an imaging system. In
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determining MTF, increasingly fine lines of known contrast
are imaged by the optical system and the image modulation
is measured in the image plane. The ratio of the image
modulation to the object modulation for different degrees of
fineness of lines and separations (spatial frequency) yields
the modulation factor.

5.5 Depth of focus/depth of field

We will finally discuss an area that is of interest to photographers -
‘depth of field’, and another quantity that may be confused with this
- ‘depth of focus’. We will ignore diffraction.

Consider a point object. With a perfect lens, we would get a point
image on the paraxial image plane. Now the eye can only resolve
details of a certain size. Therefore if we look at the image plane, we
will not be able to distinguish the perfect point from a slightly from
a slightly blurred equivalent; provided that the blurred spot has a
diameter smaller than some limit. This limit is known as the ‘circle
of confusion .

The depth of focus is the distance along the axis from the image
plane to the place where the size of the image of a point source has
reached the maximum acceptable value defined by the circle of
confusion.

We know that for a particular focal length lens, and a given object

plane, there is a single image plane.
Imagine a detector [film or CCD] lying

Object Lens

’ Deteckar

Image

r what happens if we move the Detector
detector either toward or away from
the lens. The more we move the

detector so the more the image will Burred

blurred.

on that image plane. For any point on
that object plane we will see a point
image on the detector [critically
focussed].

Let us
conside

CObject Lens

[
|

Image

Surprisingly, and within clearly defined limits, this may not actually

matter!

Object Lens

Circle of
confusion

~
| [ IJ

| |

—

Depth of
focus

Because the eye can only perceive
details of a certain size, small
displacements of the detector will
result in a spot, which cannot be
visually distinguished from the ideal
point image.

The allowable range of movement of
the detector, which keeps the spot

size less than the circle of confusion, is known as the ‘depth of

focus'.
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In some areas or work, such as lithography & microscopy, depth of
focus is crucial. But in general photography, depth of focus is not
that important.

Depth of field

This is defined as the range of object distances from a camera that
will be acceptably sharp in the finished picture. There are two key
distances - the near sharp plane, and the far sharp plane.

Now consider again our lens with the detector on the paraxial image
plane for a particular object. What about other objects at different
distances? These will be more or less blurred; the degree of blurring
increasing with distance from the main object plane.

Using what we have already learnt about the circle of confusion, we

Object Lens Imags can see that objects within a certain
et distance from the main object will still
be acceptably sharp. This distance is
‘ | longer
on the Object Lens Image
infinity |5
e \% |
and |
shorter on the camera side of the ‘
main object. So there are two
distances of interest, the ‘near sharp’

and the ‘far sharp’ distance.

The difference between the two is known as the ‘depth of field . In
some cases the ‘far sharp’ distance may actually be at infinity!
To summarise, depth of field is governed by three factors: aperture, lens focal

length and object distance. If we look at each in turn [and hold the other
factors constant], we find that:

e The smaller the aperture, the greater the depth of field, e.g. the
depth of field is larger at f/8 than at f/2.

e The shorter the lens focal length, the greater the depth of field,
e.g. depth of field is larger for a 28mm lens than a 50mm lens
[at same aperture and object distance].

e The greater the object distance, the greater the depth of field,
e.g. the depth of focus for an object at 10 meters is much larger
than the depth of focus for the same object at 1 meter.

Note: depth of field is larger in the background [infinity side] than in the
foreground [camera side].

Note also: sometimes, small changes in these parameters can have a very
large impact on the depth of field.

The hyperfocal distance is the location of the object point that
provides the greatest depth of field up to infinity for that lens,
f/stop, and film format. Everything from half the hyperfocal distance
to infinity will be in focus.
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Depth of focus/field equations

These equations can be found in various forms. In PreDesigner we

use the following.

Value

Equation

Depth of Focus

CofC * F#,,

Hyperfocal distance [Hyp]

EFL* / (F# * CofC)

Near sharp distance
[plane nearest camera which is still
sharp on the film plane]

ObjDist / (1 + (ObjDist - EFL) /

Hyp)

Far sharp distance
[plane nearest infinity which is still
sharp on the film plane]

ObjDist / (1 - (ObjDist - EFL) /

Hyp)

Depth of field

FarSharpDist - NearSharpDist

Where:

e F#is the f number [infinity]
F#_ is the f number [effective]
CofC is the circle of confusion

Pre-Designer Manual

EFL is the focal length of the lens
ObjDist is the distance from the object to the lens
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6 The way forward

This chapter discusses what to do next.
e Creating a design

e On-line resources

e Book recommendations

e Qioptiq contacts

Nature composes some of her loveliest poems for the microscope and
the telescope."

-Theodore Roszak
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Useful websites

www.winlens.de
updates etc to the Qioptiq
lens design software

www.opticalsoftware.net
video clips describing the
Qioptiq lens design
software- both
introductory and in-depth
discussions of specific
topics
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Chapter 6: The way forward

In this final chapter we make suggestions about transforming this
initial outline into a design and then into a working system.

We will also make some suggestions about optical design resources:
on-line, book based and taught courses.

6.1 Creating a design

Pre-Designer either determines the basic paraxial parameters for the
optical system that will meet your requirements, or shows that it is
impossible [hopefully this will not happen too often!]

Now comes the time to design a system, to specify the components,
the curvatures, separations and glasses. For this it is almost
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10bject Argle | [deg] 330 Zoom 4 » "
Title Zoomlens. 4.0/=23-95 rrn B % e oy
fiit il -
Ok current Z [1]: Glass Map: nd v Vd
n+0.5 waves
’ Slplslpc s
4 Surface by Surface (o= ==
Suface data | Titédecenter|
u|ayr‘ﬁlm|§v‘m Radus | Sepn Glass ‘ Maker n ‘ y ‘ Aps2 ‘Ap‘ ﬂ
18 0 [ nfirity air
111 s N7.% 855 GSKNE W Schott 166 5085 51.00 fires
%60 Vd 2 S 907,85 019/ air 47 51.00 fike:
o o e 3 5 25047 3,80 LAKS Schott 171 5381 46.00 fires
iectedpace{oonol epoco) I ot B 3 220 13.93(air 4500 e
=R e e = NS 25|LAK [ schot 12 24 B -
Geolf Adams bi | [ Defocus -1 [Undefined Skder =/ [Undefined Sider -1 [Undefined Skder =/ [Undsfined Sider ! [Undefined Skider
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essential to use an optical design package. WinlLens3D [see section
6.3] is the Qioptiq optical design package [and a key part of the
WinLens suite].

With WinLens, you can simply create a system with the required
paraxial properties, using Qioptiq components and/or your own
lenses.

WinlLens contains a Qioptiq components database. This can be
searched and sorted to find the component[s] you need. It is a
simple matter to drag and drop allows you to build up the chain of
components you need.

Alternatively, simple spreadsheets allow you to set up and edit
custom components. Glass data from all the major manufacturers is
held in a database: fresh updates are available for download from
the WinLens website. Sliders allow for rapid changes to user selected
variables over a range of values.
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WinLens3D allows you to apply a whole range of analysis tools to the
system and then optimise the system's performance.

6.2 Making the system

Once the design is complete, the next stage is the transfer to
manufacturing. The system must be toleranced, i.e. limits placed
upon the allowable errors in the system prescription. This is a
crucial activity, since a poorly toleranced system, will have many
failures when in production.

WinLens Tol [see section 5.3 below] is another program in the
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WinLens suite which is designed specifically for this task.

This offers sensitivity analyses, tolerance editors with statistical
feedback and Monte Carlo simulations of the impact of the current
set of tolerances upon the performance of a batch of lenses.

Once you have a properly toleranced design, you will then want to
implement the system in glass and metal. We are happy to offer the
following facilities:

Qioptig Photonics: component catalogue

We have an extensive catalogue of optical and opto-mechanical
components. Contact us for a copy or look on our website. In
addition, WinLens contains the data for most of our catalogue
lenses, achromats etc. Just type in the part number[s], build up an
optical system and see the performance. Whichever method you use,
you will find excellent components to suit your requirements

Qioptiq Photonics: OEM

Qioptiq is not just a supplier of off-the-shelf components. We have a
long history of working with customers to implement existing
designs. Alternatively, we are happy to take your basic requirements
and transform these into suitable designs & equipment. As a system
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partner and OEM supplier in the area of precision optics, mechanics
and laser technology, Qioptiqg is a one stop shop, from consulting
stage to complete production of your product. Right from the start
we make available to our OEM partners, the complete know-how of
our company. Qualified engineers and experienced practical
designers follow the product from planning through development to
the finished product. We use modern CNC techniques which can
handle quantities from single items to mass production. We
guarantee a high quality standard. Many OEM customers, in such
demanding industries as photolithography and telecoms, no longer
require an incoming inspection of Qioptiq parts because of our
proven quality track record. Finally, timely deliveries are assured
because of our up to date production methods and flexibility.

Qioptiq Photonics: PROMPT

Progressive Methods of Production Technology, established by
Qioptiq. For very rapid turn round of optical systems using the in
house optical & mechanical design and manufacture. Complete
systems can be produced within days from your specifications.

6.3 Qioptiq lens design software & On-line resources

Qioptiq offers the WinLens suite - an inexpensive but highly
functional set or programs composed of:

e WinLens3D: for optical design/optimisation

e WinLens Tol: for tolerancing

e Glass Manager: a powerful glass database

e Material Editor: create user defined materials for the

WinLens3D suite

Qioptiq is also pleased to provide the free programs:

e WinLens3DBasic [sub set of WinLens3D - no optimisation or
ghost analysis]

e PreDesigner [subject of this manual]

e MachVis [program to help select the optimum Qioptiq lens for a
machine vision project

The following web-pages contain useful data or programs for
downloading.

On-line shop for Qioptiq www.qioptiq.com/gioptig-qgshop.html
components
WinLens suite & PreDesigner www.winlens.de

downloads & updates

MachVis downloads www.gioptigq.com/request-machinevis-

software.html

Video clips about WinLens suite, www.opticalsoftware.net
PreDesigner, MachVis etc

Updates to the programs and the glass and component databases
can be downloaded free of charge.

A library of existing designs in WinLens format can be found on this
site and downloaded free of charge.

The Qioptig home page can be found at www.qioptiq.com.
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6.4 Book and paper recommendations

Papers.

e R. Schuhmann, G. Adams, ‘Low-cost analysis software for optical
design’, Proc. SPIE, 3780 (1999)

e R.Schuhmann, G. Adams, ‘Software for tolerance analysis of
optical systems’, Proc. SPIE, 4093 (2000)

e R. Schuhmann, G. Adams, ‘Enhancements to the optimisation
process in lens design (I)’, Proc. SPIE, 4441 (2001)

e G. Adams, R. Schuhmann, ‘Enhancements to the optimisation
process in lens design (Il)’, Proc. SPIE, 4441 (2001)

Encyclopedia:

e K. Mitze (Editor), ‘ABC der Optik’, Verlag Werner Dausien

e H. Paul (Editor), ‘Lexikon der Optik’, Spektrum Akademischer
Verlag Heidelberg

e G. Litfin, R. Schuhmann, ‘Optical components and systems’,
Encyclopedia of Applied Physics, Vol. 12 (1995), VCH Publishers

Introduction to Physical Optics.

e F. L. Pedrotti, L. S. Pedrotti, ‘Introduction to Optics’, Prentice-Hall
International

e H. Niedrig (Editor), ‘Bergmann, Schaefer, Lehrbuch der
Experimentalphysik’ Vol. lll, ‘Optik’, Verlag Walter De Gruyter

e M. Born, E. Wolf, ‘Principles of Optics’, Pergamon Press

Introduction to Optical Imaging/ Technical Optics.

e W.T. Welford, ‘Aberrations of optical systems’, Adam Hilgar

e A.E. Conrady, ‘Applied Optics & Optical Design’, Dover
Publications

e Chr. Hofmann, ‘Die optische Abbildung’, Akademische
Verlagsgesellschaft Geest & Portig, Leipzig

e H. Haferkorn, ‘Optik’, Verlag Harry Deutsch

e G. Schroder, ‘Technische Optik’, Vogel-Buchverlag Wiirzburg

e H. Naumann, G. Schroder, ‘Baulemente der Optik’, Carl Hanser
Verlag Miinchen Wien

e G. Litfin (Editor), ‘“Technische Optik in der Praxis’, Springer
Verlag

Introduction in Optical Desigrn.

e D. C. O’Shea, ‘Elements of Modern Optical Design’, John Wiley &
Sons

e M. Berek, ‘Grundlagen der praktischen Optik’, Verlag Walter de
Gruyter

e D. Malacara, Z. Malacara, ‘Handbook of Lens Design’, Marcel
Dekker

e M. Laikin, ‘Lens Design’, Marcel Dekker

e H. Haferkorn, W. Richter, ‘Synthese optischer Systeme’ VEB
Deutscher Verlag der Wissenschaften

e R.R.Shannon, ‘The Art and Science of Optical Design’,
Cambridge University Press

6.5 Journals and Periodicals:

‘Applied Optics’, Optical Society of America - OSA (Applied
Optics)
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e ‘EuroPhotonics’, Laurin Publishing (Europien Optics Scene, ,

Laser, Fibers, Imaging Optics, Electrooptics-Photonics)
‘F&M’ Carl Hanser Verlag (Optical Devices)
‘LASER’ b-Quadrat Verlags GmbH (Industrial Laser Technology)
‘Laser Focus World“, PennWell, (Photonics)
‘LaserOpto’, AT-Fachverlag GmbH (Industrial Laser Technology)
‘OPN - Optics & Photonics News’, Optical Society of America -

OSA (Photonics)

e ‘Optical Engineering’, International Society for Optical

Engineering - SPIE (Applied Optics)
e ‘Optik’ Urban & Fischer Verlag (Physical Optics)
e ‘Photonics’, Laurin Publishing (International Optics Scene, Laser,
Fibers, Imaging Optics, Electrooptics-Photonics)

6.6 Qioptiq offices

If you want to speak to someone then please feel free to contact the
main offices, whose addresses, phone numbers and other details are

given below.

Germany United Kingdom

Qioptig Photonics GmbH & Qioptig Photonics Ltd
Co. KG

(Corporate

Headquarters)

Koenigsallee 23 Mitchell Point

D-37081 Goettingen Ensign Way
Hamble
Hampshire
SO31 4RF

+49 (0) 551/69 35-0  +44/ 2380 744 500

+49 (0) 5 51/69 35-1 +44/ 2380 744 501

66

sales@qioptiq.de sales@qpl.qgioptiqg.co
m

Net: www.qioptig.com

United States

Qioptiq Inc

78 Schuyler Baldwin
Drive

Fairport

NY 14450

+1 585 223-2370
+1 585 223-1999

info@qioptiq.com

France

Qioptiq Photonics
SAS

90, avenue de
Lanessan

F-69410 Champagne
au Mont d'Or

+33 (0)4 725204 20
+33 (0)4 72 53 92 96

Info@qgioptiq.fr

Qioptiq Photonics also has representatives in many countries
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