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LICENSE AGREEMENT

The purchaser of OSLO is granted a license to use this product subject to the
following restrictions and limitations.

1. The license is to the original purchaser only, and is not transferable without
written permission of Lambda Research Corporation.

2. With a single-user license, only one copy of the software may be used on a
single computer at a time. The software may be transferred for use on
another computer, but the software may not be used simultaneously on more
than one computer unless additional licenses are purchased for each
multiple simultaneous use.

3. A network license may be used by one or more users, up to the number
purchased for the network license, on any computer connected to the license
server via the network. The license may be transferred to a different server
computer by moving the license key and installing the license server software
on the new server computer.

4. The original purchaser may make backup copies of the original software for
his own use only, subject to the use limitations of this license agreement.

5. The original purchaser may not engage in, or permit third parties to engage
in, any of the following:

a. Providing the use of the software in a computer service business,
network, or time-sharing use to users who are not individually licensed
by Lambda Research Corporation.

b. Making alterations or copies of any kind in the software except as
specifically permitted above.

c. Attempting to disassemble, decompile, or reverse engineer the software
in any way.

d. Attempting to defeat the license protection or license manager software.

6. You may not use or otherwise export or re-export the licensed product except
as authorized by United States law and the laws of the jurisdiction in which
the licensed product was obtained. In particular, but without limitation, the
licensed product may not be exported or re-exported (a) into any U.S.
embargoed countries or (b) to anyone on the U.S. Treasury Department's list
of Specially Designated Nationals or the U.S. Department of Commerce
Denied Person’s List or Entity List. By using the licensed product, you
represent and warrant that you are not located in any such country or on any
such list. You also agree that you will not use these products for any
purposes prohibited by United States law, including, without limitation, the
development, design, manufacture or production of missiles, or of nuclear,
chemical, or biological weapons.

WARRANTY

Although Lambda Research Corporation has made every effort to ensure that the
software is technically accurate, Lambda Research makes no representations or
warranties of any kind whatsoever, directly or indirectly, with respect to the
contents hereof or the software described herein. Lambda Research shall not be



liable for errors contained herein or with the software described herein for any
incidental or consequential damages caused by, or in connection with, the
furnishing, performance, use of, or any inability to use this product.

With respect to the physical CD-ROM, USB license, and documentation enclosed
herein, Lambda Research warrants the same to be free of defects in materials
and workmanship for a period of thirty days from the date of purchase. Lambda
Research will replace the defective CD-ROM, USB license, or documentation
within this warranty period upon receipt of the defective product. Lambda
Research reserves the right to make changes to the software or documentation
without obligation to notify any person of such revision or change.
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Introductory Exercise - Landscape Lens 11

Chapter 1 Quick Start

OSLO provides a computing environment for optical design. In addition to the usual functions that
provide optimization and evaluation of optical systems, OSLO features a special windows
interface that allows you to work interactively to probe the details of your optical system during
the design process. OSLO accepts symbolic or numerical input using menus, toolbars, or
commands; slider-wheel functions for real-time analysis; and automatic generation of dialog boxes
and menus for custom program enhancements.

OSLO works similarly to other windows programs. If you are familiar with other windows
software, you will be able to use OSLO without difficulty. However, the OSLO user interface
does contain several unique features that make it an efficient and easy-to-use optical design
program, and you can enhance your productivity by reading through this chapter.

The screen shot below shows a typical configuration of OSLO. Generally, you enter data either in
a spreadsheet or in the command line. You can enter commands either directly in the command
line or by clicking a menu or toolbar button. Commands and menus are completely integrated,;
there are no separate command and graphical input modes. Output from OSLO typically appears
in a text or graphics window, according to the type of output to be displayed.

A unique feature of OSLO is its slider-wheel window, holding up to 32 graphical sliders,
providing callbacks to default or user-supplied routines that perform evaluation or even full
optimization iterations when a slider is moved.

Other special windows are provided for database functions, file handling, and text editing. A
substantial portion of OSLO is written in CCL, a modern byte-code language similar to Java.
Incremental compilers and a linker are seamlessly integrated with the program to provide byte-
code efficiency with the ease of use of an interactive language.
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Main window

The main window is the central control point for most OSLO tasks. It contains the title bar, menu
bar, tool bar, and a large work area that contains other OSLO windows. Usually, the main window
should be maximized to make use of the full display area, allowing as much room for the other
OSLO windows as possible.

Title bar

The title bar includes the Windows system button (displaying the OSLO icon), the ID of the
current lens, the name of the current lens file (in brackets), and the name of the edition of OSLO
that is running. At the right end of the main window title bar are minimize, maximize, and close
buttons, which perform their usual functions for the main window.

"l'_"'ﬁ DEMO TRIPLET [Trip.len] - O5L0 Fremium Edition

File Lens Ewaluate Optimize Tolerance Source Tool: Window  Help

BiPEH®SH HE

Menu bar

The menu bar displays a list of top-level items for the OSLO menu system. Each item contains a
pull-down menu with several options. Some options contain pull-right menus with additional
choices. The OSLO menu works like other Windows menus, but it can easily be enhanced or
modified to include user-supplied commands. The menu that is displayed when OSLO is run is
determined by the contents of a user-modifiable file called a_menu.ccl. The standard menu file
provides the following options:

® File— Commands that open and save lens files, access lens and other databases, manage
printing and plotting, and set program preferences. The last option on the File menu is
Exit, which stops the program.

® | ens— Commands that enter or display lens and system data. These include access to
OSLO spreadsheets, data output routines, and lens drawings.

® FEvaluate— Commands that analyze or compute the performance of the system, such as
aberration analysis, ray tracing, and image analysis.

® Optimize — Commands that set up and carry out optimization tasks.
® Tolerance — Commands that set up and carry out tolerancing tasks.

® Source — Commands that define or analyze the current system using special sources,
such as extended or Gaussian beam sources.

® Tools— CCL compiler and special or demo commands supplied with the program.

® Window — Options to open, close, and update windows. Window also includes
commands to copy text and graphical output to a file or the Windows clipboard.

® Help — Provides the main entry into the OSLO help system. You can also obtain
context-sensitive help by clicking on the help button in a spreadsheet or dialog box.
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Main tool bar

Although OSLO has only one menu bar, it has several tool bars. The Standard tools in the main
tool bar include buttons that invoke basic file and data handling commands. Supplemental tools
are grouped according to application area (optimization, tolerancing, sources, etc.). Like the main
menu, the tools in the main toolbar are determined by the contents of a user-modifiable file
a_toolbar.h, which is included in the a_menu.ccl file.

T | | 2 1A | lul d aWE

Mew graphics window
Switch text windows
55 night-click actions...
Set Toolbars/Fow...

v Standard Toolz
O ptimization Toolz
Talerancing
G auzsian Beams
Extended Sources
Zoom
Advanced Analyziz

13

The main toolbar begins with the Window Setup button. This
button is found in all OSLO toolbars, and is divided in two
parts. The top part shows window setup commands, while
the bottom part shows various toolbars appropriate for the
window. The Tile windows item, common to all Window
setup buttons, is a user-modifiable command that attempts to
lay out the various spreadsheet, graphics, and text windows
in a convenient pattern. New graphics window and Switch
text windows create graphics and text windows. The SS right-
click actions item pops up a menu of editing commands that
pertain to the selected rows in the current spreadsheet (if
any). The SS right-click actions menu also appears when you
right-click in a spreadsheet. Finally, the Set Toolbars/Row
item allows you to choose how many toolbars will be
concatenated before starting a new row.

& The lens spreadsheet button opens the main surface data spreadsheet, which in turn contains
several buttons that open subsidiary spreadsheets for special and supplemental data.

B

= &

lens.

These tools are used to create a new lens, open an existing lens, or save the current

The editor may be either the built-in OSLO editor, or an external editor such as

Notepad++ (shown).

This button opens the current CDB database spreadsheet, which contains its own menu
button and buttons for various column editing functions, as well as user-defined buttons for

database callbacks.

This button opens a spreadsheet used to set up a slider-wheel window. This window allows
you to vary lens parameters during design or evaluation by dragging graphic sliders or

rotating the mouse wheel.
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Graphics windows

OSLO's graphics windows help you see how your lens design performs. To avoid clutter, OSLO
does not create a new window for each graphics plot. Instead, a new plot replaces the one in the
current graphics window (marked with an asterisk). You make a window current by clicking in it.
The Tile Windows command optimizes the layout of your windows by creating different tiling

patterns, depending on which windows are active (minimized windows are ignored).

One graphics window is opened automatically when OSLO is started. To open or close additional
graphics windows, click the Create Graphics Window item on the Setup Window menu (first
toolbar button) or use the Open and Close options on the Window menu. Graphics windows are

continuously resizable and zoomable, with content that resizes automatically. There are two types:

tow (to window) windows have variable aspect ratio, and are used for most plots, while iso
(isomorphic) windows are used for lens drawings, spot diagrams, etc. You can resize windows
manually by dragging the window frame, or you can set window sizes and positions using CCL

commands.

In addition to 32 standard graphics windows, OSLO has two special windows. The Autodraw
window shows a plan view of the current lens, highlighting the surface currently selected in the

lens spreadsheet. The Slider-wheel window holds up to 32 graphic sliders that allow you to change

lens parameters interactively, while watching the effects (usually shown in graphics windows) in

real time.
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OSLO graphics windows are either static or updateable, indicated by GW or UW in the title bar.
Updateable windows are very useful in developing a lens design. For example, you can put a plot
in a graphics window using a standard tool bar icon. If you change the lens data, the plot will not
change by itself. However, since the window is updateable, you can right-click in the window and
select the "Update window using current data” item (or double-click in the window) to update the
window. Also, you can re-plot a window using the same analysis but with different graphic scales
by right-clicking and choosing the "Recalculate using new parameters” option. If you have several
updateable graphics windows on the screen, you can update them all simultaneously using the
Windows >> Graphics >> Update All command in the main menu.

The current window can be copied to the
B G <224 [ o clipboard by right clicking in the window and

Fista 20 om — ‘ ‘ selecting the Copy to Clipboard item. Graphics
S Eeroiml e s fmi] o aan i) output is placed in the clipboard in standard
i Update window using current data Windows metafile (vector) format.

E_' Fe-calculate using new parameters. ..

You can save graphics windows to a file using

Flals w.2 dig ;zz: |Dnm the Save As command, which also pops up on
.ﬁ Zoar [t Full] ! the right-click menu. You can choose to save

g Set Zoom Center || the window as a Windows metafile, bitmap, or
Frirt R hpgl file. Although metafile format is generally

wis Copy ta Clipboard C preferred for most line graphics output, some
Save As.. B complex plots (hotably spot diagrams) consume

=iy B excessive file space and are better saved as
Elaigae Taslbs bitmaps. In addition, shaded graphics plots

. Clear window L1l must be saved as bitmap files.

P PO RAY TRAIE ALTEIS e

There are several ways to zoom an OSLO graphics window. Zooming is limited to 16x total
magnification, but when combined with the maximize button, the total range is greater than this.

e You can zoom by holding down the left mouse button and dragging a marquee box around
the desired zoom region.

e You can right click in the window and select a zoom option from the menu that pops up.
You can then drag a scroll bar to pan.

e You can put your mouse cursor in the window and rotate the mouse wheel to zoom. If you
place the mouse cursor over one of the scroll bars, the window will pan as you rotate the
wheel.

e You can use CTRL+ARROW keys to zoom in or out, or SHIFT+ARROW keys to pan.

ERUW 1 - Lens Drawing ~ |_[O] x| e UW 1 - Lens Drawing * O] x|
BTG <=+ BEES <zza @

Schmidt System 100mm £71.25 3deg LHITE: b
FOCAL LEMSTH = —100 M4 = 0.4 LES: OELD




16

Introductory Exercise - Landscape Lens

Graphics window tool bar

The Standard Tools for graphic windows are intended to provide general report-graphics plots.
More detailed analyses can be produced using subsidiary toolbars selected from the Window
Setup menu (1% toolbar button). The report graphics plots are made using CCL routines, so they
can be modified to meet special requirements.

Mew graphics window The Window Setup button in graphics windows contains
Tile windows commands for creating and managing additional graphics
Set window title. . windows, as well as choosing toolbars. Only one toolbar is
Ihvert background allowed in each graphics window; if you want several
Right-click actions. .. different toolbars simultaneously, you must create several

windows to hold them. The Set window title item allows you

7 BT UGE: to put an identifying phrase in the title bar of a graphics

Lens Drawing window. Invert background allows you to choose between
S;:V:EE?'S black or white background colors, and Right-click actions

_ produces the same menu as does right-clicking in the
Spot Diagram window.
PSF
MTF The Standard Tools for graphics windows include basic lens
Energy Analysis drawing and optical evaluation features. The other items on
Zoom the toolbar list provide expanded capabilities in particular
Polarization areas.

The plan-view drawing button draws a 2D view of the current lens, with ray trajectories
shown for the default rays according to the Lens drawing operating conditions. This drawing
is made by neglecting any 3D information; it is not a section of a 3D drawing.

The shaded view drawing button draws a 3D view of the current lens, again using the Lens
drawing operating conditions (Lens >> Lens Drawing Conditions). This drawing uses
OpenGL graphics, instead of the normal OSLO vector graphics routines. To obtain hard
copy, it is necessary to use a bitmap format (*.bmp, *.rle).

This button creates a Ray Analysis report graphic window, which is a single plot that
contains several ray-based evaluations: Ray-intercept curves, Coddington astigmatism field
curves, Longitudinal spherical aberration, chromatic focal shift, distortion, and lateral color.
A plan view lens drawing is also shown in the lower right corner.

This button produces a wavefront report graphic, which shows false-color interferograms
and sliced-contour representations of the image-space wavefront for each field point.

This button shows through-focus spot diagrams for each field point. Although this is a vector
plot, it is preferable to produce hard copy in the form of a bitmap to save file space.

This report graphic shows (diffraction) point spread functions from the defined field points,
together with x and y scans and encircled (and ensquared) energy distribution curves.

+4 These buttons produce MTF vs frequency and MTF vs focus plots, respectively.

The Standard Tools for graphic windows are intended to provide general report-graphics plots.
More detailed analyses can be produced using subsidiary toolbars selected from the Window
Setup menu (1% toolbar button). The report graphics plots are made using CCL routines, so they
can be modified to meet special requirements.



Introductory Exercise - Landscape Lens 17

Text windows

Although much optical design is done using graphics plots, some aspects require (numerical) text
output. OSLO text windows have a unique feature for these aspects: the Spreadsheet buffer. The
Spreadsheet buffer is an array in memory that mirrors text output sent to the display. Each element
in the Spreadsheet buffer can be accessed by clicking on the text window with the mouse, by
typing its row-column designation in the command line, or by using a CCL function that retrieves
its value for additional processing. Only real numbers are saved in the Spreadsheet buffer, but
these numbers are saved with double precision.

B == E
of Command: s é%
x | EeEs
@ az =~E.14D31 6964574 % [
=1L =] B2
B Len Spe Rin wav Puc Abr Mrg Chi Tra Ref Fan Spd Auf Var Ooe e
*TRACE RRY - LoCal CooRDS - FEY 0.00, FEX 0.00, FEZ 0.00 ﬂ
SRF ¥ A z YANG AANG i
1 5, 250000 - 0.939304 -6.E5470L17 -- 0.939904
2 b,140514 -- -0,1185870 -12.242819 -- 0.947585
3 4.945542 -- -0.613220 -1.816353 -- 5.633775
4 4,.874640 - 0.625743 b.378722 - 2.2400849
5 5.487457 -- 0.106632 3.072255 -- 5.515042
B £.540134 - -0.9115308 -7.177534 -- 0.95825873
7 0.01k555 - - =-7.177534 - 44, 208335
FUFIL F¥ Fx RAY ATMING OFD
1.000000 -- CENTRAL REF RAY -0,602512 —
b
Hl ol

One text window is opened when the program starts. It serves as a serial record of a design
session, allowing you to scroll backwards through up to 1999 lines of text output (this is also the
size of the spreadsheet buffer). You can open a second text window using the Switch text window
item from the Setup Window menu, or the Window >> Text >> Open menu item. Text output
from the program will be directed to the window that has an asterisk on the title bar. Each text
window has its own spreadsheet buffer.

Two preferences have an important effect on the behavior of the text window: page mode and
output text. If page mode is turned on, the first line of output from each command will appear at
the top of the text window. If it is off, the last line of output from each command will appear at the
bottom of the window.

If output text is on, output appears normally in the text window, but if it is off, output only goes to
the spreadsheet buffer, and does not appear in the window. This feature is used frequently in
OSLO to pass arrays to CCL routines. The settings of both page mode and output text appear in
the OSLO status bar. If text windows do not operate as expected, it is a good idea to check the
settings of these preferences.

You cannot type into an OSLO text window, but you can select a range of lines by holding down
the left button and dragging the mouse. You can also select using the keyboard by holding down
the SHIFT key and pressing the DOWN ARROW or UP ARROW. When you select from the
keyboard, the first selected line will be the first visible line in the window; it may be necessary to
scroll the window up or down to get the proper starting line. After you have selected a range of
lines, several options for copying, cutting, or printing the selected text can be obtained by right-
clicking in the window, as shown below. A special feature of OSLO text windows is that you can
copy lines with either displayed or full precision (from the Spreadsheet buffer).
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Copy Window 3
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Save Window Az...

Save Page As...
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Save Selection Az...
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Text Color »
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Log
Echo

Remove Toolbar
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Switch texst windows

Tile windows

Set window title. .
Right-click actions...
Set Toolbars/Fow. ..

v Standard Tools
Lenz Data Tools
Aberrations
Rap Trace
Image Analysis
Tolerancing D ata
Folanization Analysiz

Standard surface data
Special surface data

Refractive indices

The Text Window toolbar begins with the Window Setup
button. This button is found in all OSLO toolbars, and
displays a context-sensitive menu of standard tools that
affect spreadsheet, text, and graphics windows, as well as
subsidiary tools that can be concatenated to (or replace)
the standard tools. The Tile windows item, common to all
Window setup buttons, is a user-modifiable command that
attempts to lay out the various spreadsheet, graphics, and
text windows in a convenient pattern. The layout of tools
in the main toolbar is controlled by the Set Toolbars/Row
command. The SS right-click actions item pops up a menu
showing editing commands that pertain to the selected
rows in the current spreadsheet (if any). The SS right-click
actions menu also appears when you right-click in a
spreadsheet.

Tria User-specified single ray trace
Ref Current reference ray data

Fan Trace a ray fan

Aperture data Spd Trace a spot diagram
Wavelengths aif Auto-focus for minimum spot size
Paraxial constants (efl, fnb, ne, etc.) YWar Show current variables
Aberration sums (through 5™ order) Ope Show operands and error function
Marginal (axial) ray trace Ite Carry out a design iteration

Chief (principal) ray trace
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Spreadsheet windows

OSLO uses spreadsheets for data entry. Like other spreadsheets, they contain rows and columns of
cells. You can move between cells with the mouse or arrow keys, and you enter data into the cells.
There are several dozen spreadsheets, but they all work similarly, so only the principal ones are
described in detail here.

Spreadsheets in OSLO are organized as a stack. There can only be one spreadsheet open at a time.
If you open another spreadsheet while one is still open, the first one will be pushed down in the
stack and will re-appear when the second is closed. The spreadsheet window title bar shows the
names of all the spreadsheets currently in the stack.

The OSLO spreadsheet window consists of two parts. The top part is called the command area and
consists of a prompt line, command line, and message area, plus buttons at both ends. The bottom

area is the actual spreadsheet, which itself may be divided by a double line into a fixed area at the

top, and a scrollable area with a variable number of rows at the bottom. Most spreadsheets consist
of a number of buttons that open other spreadsheets or pop-up menus.

Spreadsheet command area

Prompt line History buffer

Edit buttons
Command line Message area

EE Swiface Data

OK —> =R
Cancel —> x| / [ .
Help —> % =
[ Gen |[ setup || wawelength || Field Points || wariables || braw off |[ Group || Notes |;|

Lenz: Landscape 1 Zoom 1 of 1 ET1 99, 999979

Ent heam radius 5.000000 Field angle Z0.000000 | Frimary wavln 0.587560
SRF RADTUS THICKMNESS AFERTURE RADTIUS GLASS SFECTAL
0.000000 [__| 1.0000e+20 ] 3.6397e+19 AR ]

0BJ

51.630000 4000000 [__|  9.856408 EK7

o.oo0000 [ 9.135000 8.636644 AR ]

o.o00000 [  88.227848 4.411393 AR ]
IMS o.oo0000 | o.oo0000 ] 36.397016

RRLEE

H

Green check button — causes OSLO to accept and terminate the current data entry. It is
equivalent to an OK button. If there is no current data entry, the green check button causes OSLO
to accept changes and close the spreadsheet. From the keyboard, ENTER accepts the current data
entry, but you must press SHIFT+ENTER to close a spreadsheet.

Red X button — equivalent to a Cancel button. The red X is equivalent to pressing ESCAPE,
except that when a spreadsheet is open, you must press SHIFT+ESCAPE to close it. The red X
button causes OSLO to reject and terminate the current data entry. OSLO has a Revert_enable
preference that allows you to cancel changes made to a lens in a spreadsheet. If this preference is
set, whenever you exit a spreadsheet by clicking the red X button, a confirmation box will appear
asking you to confirm that you want to revert to the data that existed when you entered the
spreadsheet. Note that the normal response to this query is yes, otherwise you would have clicked
the green check button.
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Help button — opens the OSLO Help system. It opens different pages, depending on the state of
the command line and spreadsheet.

® |f the command line is empty and no spreadsheet is open, the Help button goes to the
main page of the help system.

® |f the command line contains the name of a command, the help button opens the
command definition.

® |f a spreadsheet is open, the help button navigates to the page of the help system that
provides primary help for that spreadsheet.

History button — As mentioned before, it is possible to run OSLO using either menus or
commands. The names and definitions of OSLO commands are given in the on-line help system.
A convenient way to learn commands is to use the History buffer in conjunction with the menu
system. You can execute a desired command using the menu system, then recall it from the
History buffer to see the actual command, which can be entered from the command line. Many
commands have two forms that are equivalent. The short form is easier to type; the long form is
easier to comprehend. If the Command_history_aliases preference is on, the short form of
commands is shown; otherwise the long form is shown.

The command area itself consists of three sub-areas for text:

®  Prompt line— The prompt line contains a prompt that either states the current status of
the program or requests specific keyboard input. OSLO contains a special feature that
generates prompts for all required input data.

® Command line — This is where keyboard input to OSLO occurs. When a spreadsheet is
active, keystrokes entered into the program are echoed in both the spreadsheet and on the
command line. When the command line expects an argument that is an item from a list of
allowed values, a pop-up options list appears containing all the allowed values.

® Message area— The message area contains informative messages of 1 or 2 lines from
the program. Error messages appear in a separate alert box. The message area is also used
for program output, such as calculator results or file actions.

Commands in OSLO are self-prompting. To make it easy to use commands, OSLO uses default
values for command arguments (also called parameters) where possible. Any remaining arguments
are prompted for. In addition, OSLO has a special question-mark parameter. If you want to be
prompted for all arguments, enter a command followed by a space and question mark.

Commands can include symbolic input. All lens data can be referenced by name (e.g. CV[2],
THI[i], RN[1][1], IMS, AST etc.). In addition OSLO has named storage registers (A-Z, the
Spreadsheet buffer, several pre-defined arrays, standard math functions, and various other named
global variables). When you enter a numeric expression in the command line, OSLO substitutes
the value of the symbols, evaluates the expression, and enters the result. Several commands can be
given on a single line, separated by semicolons. Each line can be up to 512 characters, and loops
and other control structures allowed in C can be used.

Commands can also be entered while a spreadsheet cell is highlighted. In OSLO, each cell for
numeric data is called a SmartCell™. SmartCells automatically detect and execute commands
entered in spreadsheet cells. In certain cases, commands may not be legal entries to cells (e.g. you
can't enter the command cv 2 .001 in the cell for row 3) and are disabled. In addition, where a cell
expects a string entry, it may be necessary to enclose it in quotes to prevent it from being
interpreted as a command. For example, if you want to use the string “Paraxial_constants” as a
lens id, you must enter it in quotes to prevent Paraxial_constants from being interpreted as a
command.



Introductory Exercise - Landscape Lens 21

Surface data

The Surface Data Spreadsheet (shown at the beginning of this section) is where data that specifies
lens surfaces is entered and updated. The spreadsheet is opened from the Update menu, by
clicking on the lens tool on the main tool bar, or by entering the command lIse.

To follow the discussion here, you may wish to run OSLO and open the surface data spreadsheet

with the same lens used for the example. To do this, run OSLO, click on File >> Open, and select
“Landscape 1.len’from your private/len directory (either by double-clicking on it or by selecting
it and clicking Ok), OSLO will load the demonstration lens file used here.

| Gen || setup || wavelength || Field Points || wvariables || Draw off || Group || Motes | =

Fixed area —>

Scrolled area —>

Lens: Landscape 1 Zaam 1 of 1 EF1 99,9995979
Ent beam radius 5.000000 Field angle Z0.000000  Frimary wawln 0.537560
SRF RADIUS THICKMESS APERTURE RADIUS GLASS SPECIAL
0B] 0.000000 | 1.0000e+20 [ 3.63397e+19 atr ] [
51. 680000 4.o000000 ]  9.856408 BK7 1
o.ooo000 | 9.135000 5.636644 atr [ [
o.o00000 ] 88.z27a4s 4.411333 atr [
IMS o.oo0000 ] o.oooooo [ | 36.397016 =

Fixed area

As indicated on the figure, the spreadsheet consists of two areas, a fixed area containing a row of
buttons and some data entry fields, and a scrolled area (below the double line) that contains
several rows to enter data describing the surfaces of the optical system. The buttons in the fixed
area open additional spreadsheets for data input, or provide control options, as follows:

Gen — Opens the general operating conditions spreadsheet. General operating conditions include
data that specifies either lens properties or the environment in which the lens is evaluated. Most of
these conditions can be used without change for ordinary design work.

Evaluation mode: [ Focal Junits: |m| -
Ray =miming mode: [ Central refer. ray |

wWavefront ref zph pos: Aper‘tur‘e checking: | an |
Desigher: Aberration mode:
Solwes in alt. configs: ® off ) on|OFD in waves: 1 off @ on

Zernike poly. reference axis: ® ¥ O ¥ Global ref. surf. for ray data:
Symmetry state: | Automatic (from lens) |
Ray miming type: ® AplanaticO Faraxial |Source astigmatic distance: 0. 000000

Temp: 20.000000| Prezsure: 1.000000) Folarization raytrace: nff
Image space spot diagram: @ off O on|Use diffraction efficiency: ® off O Onll

Setup — Opens the paraxial setup spreadsheet. Each column of this spreadsheet specifies one
paraxial property for the lens. These properties are Aperture, Field, and Conjugates. Each of these
properties can be specified in more than one way. You must enter one value in each column (or
accept the default) for a complete set of properties. The controlling specification of the aperture or
field is shown by an asterisk. Note that the first two specifications (above the line) are object space
specifications, while those below the line are image space specifications. In OSLO, if a paraxial
property is specified in object space, then image space data will be varied while the object
specification is held constant. If the paraxial property is specified in image space, then the object
space data will be varied in order to hold the image-space specification. For example, if the
entrance beam radius is specified, the f-number of the lens will vary according to the focal length.
On the other hand, if the f-number is specified, the entrance beam radius will vary according to the
focal length.
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The Paraxial Properties Spreadsheet functions like other spreadsheets in that an entry in one cell
can affect values in many other cells. For example, if you change the image distance, then the
object distance, magnification and working f-number all change accordingly. This means you can
enter these properties using the parameters that are most natural for your problem and OSLO will
calculate the other ones. Parameters not allowed in the current context are dimmed. Before
clicking OK, be sure all values are as you entered them.

It is important to understand that this spreadsheet only sets the initial values of the parameters. It
does not place any constraints on the lens to maintain these values. For example, if the focal length
of the lens changes during a design, this may change the conjugates and aperture parameters. Note
that the basic paraxial operating conditions that specify aperture and field are also shown on the
second row of the surface data spreadsheet.

ApErture Field Conjugares .
Entr heam rad® m Field angle Ohject dist
ohject MA ohject height ohject to PP
Ax. ray slope Gaus image ht Gaus img dist
Image WA FPZ to image
Working f-nbr Magrnification
Aperture divisions across pupil for spot diagram:
Gaussian pupil apodization specification: | Uhapodized |

=

The center portion of the paraxial setup spreadsheet contains data entry fields for specifying the
sampling size and apodization of ray grids used to make spot diagrams (which are in turn the basis
for several other image evaluation calculations). The "Aperture divisions across pupil” item sets
the grid size, normalized to the entrance beam radius. In order to have proper sampling, the
entrance beam must fill the aperture of the system, and the grid size must be fine enough (i.e. the
aperture divisions large enough) to adequately characterize the wavefront transmitted through the
system. The worse the performance of the system, the finer the grid size that must be used to
evaluate it. Generally speaking, the sampling should be fine enough that there are several grid
points per wavelength of optical path difference in the pupil. A rule of thumb for setting the
aperture division is to evaluate the system using what you believe to be a proper sampling, then
repeat the analysis with half the grid size and ensure that the result does not change.

The other data entry field in the setup spreadsheet allows you specify a Gaussian apodization for
systems used to transmit laser beams. This applies a Gaussian weighting to rays that are traced to
compute the geometrical wavefront used to calculate far-field diffraction patterns. The spot sizes
can be specified independently in the x and y directions, and are expressed either in world units on
surface 1, or as object-space numerical apertures for finite conjugate systems. For example, if the
entrance beam radius is 2mm, then a spot size of 2 describes a Gaussian beam whose intensity
falls to 1/e? of its axial value at a distance 2mm from the axis on surface 1.

Wavelength — Opens the wavelengths spreadsheet, which allows you to specify which
wavelengths OSLO will use for analysis. For a monochromatic application, e.g. a laser, a single
wavelength is appropriate. For a polychromatic application, OSLO by default defines three
wavelengths for its analysis. You can add more, up to a limit specified by the preference
max_wavelengths (default = 25). The primary wavelength used for analyzing the current lens is
shown at the end of the second row of the surface data spreadsheet.

Wavelengths should be spaced across the wavelength range of interest. They should be entered
such that the central wavelength is #1. The remaining wavelengths are given in short-long pairs.
For example, in the visible spectrum, the order should be green-blue-red. This will make the
chromatic aberrations meaningful. Wavelengths in OSLO are always given in micrometers.
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The evaluation routines in OSLO are based on the current wavelength, normally set to #1. If the
current wavelength is set to some other value, aberrations and (single wavelength) ray-trace
analyses will be carried out in that wavelength. If the wavelength used for such an analysis is not
wavelength 1, the text output indicates which wavelength was used.

Each wavelength can be assigned a weight, which is used in optimization and in spot diagram
analysis routines (rms spot size, MTF, PSF, etc.)

Editing the Wavelengths Spreadsheet is like editing the Surface Data Spreadsheet. Rows or groups
of rows are selected, cut, copied, pasted, and inserted in the same way. For example, to reduce the

number of wavelengths from 3 to 1, click on row button 2, then shift-drag to row button 3. Rows 2
and 3 are now selected. Click the scissors tool on the tool bar or press Delete. Only row 1 remains.
To insert additional wavelengths, select a row button, then click on the Insert After toolbar icon, or
press SHIFT+SPACE to create an additional line, then fill in the required data.

Fs

Mhr Wavelength Weight Current |[cenerate wavelengths. . .|
0.587560 1.000000 ®
0.486130 1.000000 O
0.656270 1.000000 C

| -

To change wavelengths, click in the wavelength SmartCell. When this cell is selected, you may
enter the new wavelength manually, or click on the cell again to display the wavelength menu.
This menu includes standard wavelengths throughout the range most often used by OSLO.

The Wavelengths spreadsheet in OSLO Premium contains a button that can be used to generate
wavelengths and wavelength weights automatically. The data are generated according to a
Gaussian quadrature scheme that provides uniform spectral weight across a user-specified spectral
band. OSLO Premium also has an optimization operating condition that allows user-defined
weighting.

Field Points — Opens the field points spreadsheet (not available in OSLO EDU), which defines
points on the object surface to be used for evaluation. Field points are an essential part of OSLO,
so in OSLO EDU they are predefined to be at fractional coordinates (relative to the object height)
0f 0.0, 0.7, and 1.0. In OSLO Premium you can edit the field point data or add additional field
points using the field points spreadsheet. In addition to the basic field point data that specifies the
location of the field points, you can specify advanced data describing the vignetting of the system
allowed during optimization, and other field-dependent properties.

Spreadsheet style: (@ Basici O Advanced -
FFT  CFG FEY FEX
0 0.000000 0.000000
0 0.700000 0.000000
0 1.000000 0.000000
4

Variables — Opens the variables spreadsheet, which is used to provide a complete specification
of optimization variables, including boundary conditions, derivative increments, etc. Basic surface
data (radii, thicknesses) can be specified to be variable in the normal surface data spreadsheet, but
special data (tilts, decenters, aspheric coefficients, etc.) must be specified using the variables
spreadsheet. In addition to providing detailed specification of variables, the spreadsheet contains
buttons for convenient input of multiple variables (all curvatures, etc.)
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Default air-zpace thickneszz bounds: M i imum 0.100000 Maximum 1.0000e+04 -
Default glass thickness bounds: Hr imum 0.500000 Maximum 100.000000
[ wary a1l curvatures | [ vary all thicknesses | [ vary all air spaces |
Vo# surf Cfg  Type M it imum Mz imum Damping Increment Value
ot} 0.000000  0.000000  1.000000 2.0000e-05  0.019350
2 TH 0.100000 1.0000e+04 1.000000 0.000500 9'1350DDL|

Draw On/Off — Turns the Autodraw window on/off, as described above. When Draw is turned
on, OSLO opens a window with a plan view of the lens. This view includes the rays selected by
the current operating conditions. The surface or surfaces currently selected on the Surface Data
Spreadsheet are shown in a different color. This view is updated whenever the lens data is changed
or whenever the highlight is moved to a new surface in the spreadsheet. If Draw is turned off, the
Autodraw window is automatically closed.

Group/Surfs — Switches between surface and group views of the data. In Surfs mode, each
surface is listed individually with values for all parameters, including the radius of curvature. In
Group mode, grouped surfaces are shown as a single entity that takes two lines in the spreadsheet.
For example, with a catalog lens, the radius column of the spreadsheet displays the part number of
the element. The element can then be treated as a whole, so all its surfaces can be edited (cut,
copy, paste, etc.) at the same time. If there are no groups in a system, this setting has no effect.
Non-sequential groups display only the entrance and exit port surfaces in group mode. User-
defined groups similarly show the entrance and exit surfaces.

Notes — Opens the system notes spreadsheet. This spreadsheet allows you to attach up to 5 80-
character notes to a lens. In addition to descriptions, notes are sometimes used to hold special data,
or even short scp programs that are specific to a particular lens.

SYSTEM MOTES: -
[ |

|

The line below the buttons in the fixed area portion of the lens spreadsheet contains three fields.
The first is a 32-character field that holds the title (also called the Lens ID) of the lens. This text is
used in several graphic plots. The second field is the zoom field, described below. The rightmost
field is not a data entry field, but is a display field that shows the current focal length of the lens.
In addition to providing information about the lens properties, this field is often used as a check
field to ensure correct data entry.

Zoom — The zoom field changes to a button when there is zoom data in the system (OSLO
Premium only). To activate the zoom button, enter a number greater than 1 in one of the numeric
fields:

1 of HE

Once the button appears, you can use it to open the zoom data spreadsheet. In addition to
thicknesses, most other system and surface data can be zoomed. When non-thickness data is
zoomed, the system is often called a multiconfiguration system. Zoomed systems are ones that are
optimized simultaneously in different configurations, so that the performance is not optimum in
any particular configuration, but is rather optimized for the ensemble of all configurations. It is
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commonly thought that it is necessary to have zoom optimization to design a zoom lens, but this is
not generally true. In any case, once zoom data are entered for a system, the arrow buttons next to
the zoom button permit you to quickly change from one configuration to another.

MER  ITEM SURFACE  ZOOM QUALIFIER WALUE -
TH 5 2 45.678000
TH 10 z 1.522600
TH 13 2 5.133000
ANG 2 £.160000
EER 2 25.528571
=
Scrolled area

Below the fixed area of several spreadsheets is a scrolled area that contains a variable number of
rows, each having a button at the left-hand end (whether or not the area needs to be scrolled
depends on how many rows are defined, relative to the vertical extent of the spreadsheet window).
Although the surface data spreadsheet is the most conspicuous example of a spreadsheet with a
scrolled area, there are many others (wavelengths, field points, variables, etc.) and they all work
similarly. Each is a form of object editor, where the objects are the entities described by the data in
the rows. For example, in the surface data spreadsheet, the objects are lens surfaces. The
spreadsheet allows you to manipulate the objects by selecting the rows of interest and then
performing the desired action.

Row buttons — At the left end of a row is a row button. To select a row, click on the row button.
If there is no row button, you can't select the row; this is the case when a row is part of a range, or
when row selection is disallowed for some reason (e.g. the system is in an alternate zoom
configuration). To select a range of rows, first click on the row button at either the beginning or
ending of the desired range and then drag the mouse down or up. Alternately, you can select using
the keyboard by holding down the shift key while using the arrow keys.
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Once a row or range is selected, you can use the edit menu by right-clicking in the spreadsheet.
Alternately you can use the tools at the right-hand end of the command line, which will become
active when a row is selected in the spreadsheet. The edit menu contains the usual cut, copy, and
paste tools, but it is important to realize that these tools work on the objects represented by rows,
not text. For example, to duplicate a lens element in an optical system, you select the range of
surfaces it encompasses, copy the range to the clipboard, and then paste it in wherever you want.
The surface numbering of other surfaces is automatically adjusted.

In addition to the standard clipboard management tools, the OSLO edit menu contains items for
inserting and deleting rows, as well as a special tool used for reversing ranges of rows, which is
particularly useful for manipulating lens elements. Note that although spreadsheet row editing is
illustrated here with reference to lens surfaces, the method is applicable to coating layers,
wavelengths, variables, operands or other data that are organized by rows.

In addition to the reverse tool mentioned above, there is an invert tool. The invert tool is used to
change the signs of thicknesses of elements that follow a mirror, a feature that is useful when
working with retro-reflecting (double-pass) systems. Other items in the edit menu allow you to
group and ungroup ranges of surfaces as elements, or change a range of surfaces to or from a non-
sequential group. Finally, you can use the selection mechanism to indicate a point in a lens to
insert data from a lens file or the catalog lens database.

Options buttons— Row buttons enable selection to manipulate entire rows. Spreadsheets also
contain options buttons, which permit alternate choices for specifying data. To the right of each
spreadsheet cell is a button used to select various options to specify data in the adjoining cell, for
example, applying a solve or pickup constraint. Click on the button with the mouse, or select the
button with the arrow keys and press the space bar. A pop-up menu is displayed to show the
possible choices. Selecting an item will often pop up a dialog box to enter data, as shown below.

EE Surface Data [ _ =] =]

Solves [5 Aial ray height...
o.000000 | 88.227848 (5 Pickup Chief ray height...
M3 o.oo0000 [__|  o.ooo0000 [ Wariable [) Edge thickness...

Special variable... V)

of Select thickness option: e }é
» Edge thicknes: LI ;E?
% H I3
[ Gen |[ setup || Wavelenath |[ Field Points || Wariables || braw off || Group || Notes |;|
Lens: Landscape 1 Zaoam 1 of 1 EF1 99, 999979
Ent heam radius 5.000000 Field angle 20.000000 | Primary wavln 0.587560
SRF RADTUS THICKNESS AFERTURE RADTIUS GLASS SFECTAL
0B] 0.000000 [__| 1.0000e+20 ] 3.6387e+13 atr ] [
51.680000 4.000000 : Direct specification BK7 :
o.oo0o000 [__|  9.135000 [ -

05L0 Premium Edition

Enter aperture radiuz for solve:

04

[k I Cancel |
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The options buttons in the Special column are more complex than the others, because they provide
access to special data that is not always present in a lens. For example, the aspheric surface
options are shown below. In order to accommodate a wide variety of options while maintaining
efficient utilization of computer resources, OSLO only allocates memory for most types of special
data when it is actually used. In the present case, you can specify the order of the polynomial in
the spreadsheet that pops up when the Symmetric General Asphere surface type is activated, and
the required data entry cells are created. If you later change the order, cells are created or
destroyed (while maintaining previous data entries) according to your request. If you want to
remove the Symmetric General Asphere property from the surface altogether, you click the button
at the bottom of the spreadsheet as shown.

Surface Caontral [F] »
v Coordinates [C]
Perfect Lenz [L]

]
]
E Surface Mote [M]
[E
[E

ConicT aric:
Standard Azphere

Diffractive Surface [D]
Gradient Indesx [G]

-

Azpmmetrc General Azphere

bultilayer Coating (k] Symmetric Asphere [all orderz)
Puolarization Element [£] Aapmmetic Azphere [abs. walug]
Eikonal Surface [E] |50 Symmetric Azphere

Izer Surface [LI] » |50 =-tanic
|nterferometric Deformation (1] |50 -tanic
Biconic

Symmetric Cone
Azymmetrc Cone
Symmetric Zemike Sag
Aapmmetnc Zernike Sag

surface 2 -
ASP ASE 18
A50: rad AS1: razZ ASZT rad ASSr rAR ASdr rAg
0. 000000 0. 000000 0. 000000 0.000o000 0. 0o00a0
ASS pALD ASRI rAlZ AST: rald ASEr ralk BS54 rAll
0. 000000 0. 000000 0. 000000 0.000o000 0. 0o00a0
[ Delete General Asphere Darta | j

There are many additional spreadsheets that are used to enter data into OSLO. All of them work
according to the principles described for the surface data, paraxial properties, and wavelengths
spreadsheets described above. Most are provided for entering operating conditions, special surface
data, or optimization data. A few, such as the Gaussian beam spreadsheet and the slider-wheel
spreadsheet, are used to set up special analyses and are described in various examples. One
spreadsheet that has a broader applicability is the database spreadsheet described below.
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CCL database spreadsheet

The CCL database spreadsheet provides the capability for you to add your own spreadsheets to
OSLO. The spreadsheet works similarly to the built-in spreadsheets (row selection, cut-copy-
paste, etc) and works with files written in *.cdb format, which is similar to standard delimited-data
formats (comma or tab-separated) supported by general-use spreadsheet software. The CCL
database spreadsheet provides two menus that allow convenient editing of *.cdb files. The first is
an overall control menu, which provides overall control of the spreadsheet and links it to CCL
callback routines, which provide the processing functions that handle cdb data. The second menu
pops up when you click on a column button, and allows you to insert, move and manipulate data
on a column basis.

o Select database action: = }"7
X = e
? EHE
Focal length |[ Power | ;I
: Menu Fad'iusz |G'Iass |D'iameter‘ |F0ca'| 'Iengthl
1 Dpen. 0.000 BK7 20.0 50.212343
[ 2 sae 184.000 SILICA 30.0 0.0e+ 000
[ 5 Gaveds. -21.577 EK7 20.0 0.0e+000
4 5o To Column.. 104.200 EK7 10.0 0.0e+000
5 Shaw Al Columns -73.500 SILICA 10.0 0.0e+000
[ & ShowalRows 0.000 BK7? 40.0 0.02+000 =
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Copy
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Paste
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Set Data Type...
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Remove List

Lock Cell:
Froperties

The CCL database spreadsheet works in conjunction with the CCL database library, which
provides functions for putting and getting data from the database, as well as sorting and other
editing functions. The CCL database supports the same data types as CCL (real, integer, character,
and string).
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Catalog lens database

OSLO includes a pictorial database facility that allows you to search stock lens databases
efficiently. You can sort by focal length, diameter, and part number. You can limit the search
range by focal length and lens diameter. Once you select an element, OSLO enters it into Surface
Data Spreadsheet ready for use.

Catalog Lens Database
50,000 AI
S0.000
0,000
0,000
50,000
E 50.000
“2 S0.000
0,000
50,000
50,015
50,062
L0.070
MG Frecision laser-grade achromat 50,100
Fart:  MoLALOLS Liameter: 20.000 50.100
EFL: 50.000 Thickness:  7.830 50.100;'
F X 7
Lens Types: (O Singlets @ Couklets O Others
Sort By: ® EFL ) Diameter (O Part
Central ET1: 50.0000000 +/- Range: [ 5.0000e+03
Central Dia: 20, 000000 +{- Range: | 200,000000
Catalog: COMEINED Fart Hame: | MGLALOLS

The Catalog Lens Database facility can be accessed using the File >> New command and selecting
the Catalog Lens option, or from the Edit menu using the Insert Catalog Lens option. In the first
case, OSLO opens a new lens file for the element selected from the database. In the second case,
OSLO merges a catalog element into the current Surface Data Spreadsheet, in front of the selected
row.

Sort controls — These allow you to sort the database in several different ways. The three Lens
Types option buttons determine what type of lens to include in the list. The three Sort By option
buttons determine which lens parameter to use as an index. The elements are sorted and displayed
in a list according to this parameter.

Range controls — These allow you to restrict the range of the elements that appear on the list.
For example, if you set the central effective focal length (Efl) parameter to 50 mm, and the +/-
Range parameter to 10 mm, then only lenses with Efls between 40 mm and 60 mm appear on the
list. The central diameter (Central Dia.) can further restrict the list.

List— Once you have established a restricted list, you can scroll through it using the scroll bar or
arrow keys. Each element includes a drawing, so you can see its form. The message area provides
additional information about the element.

Selecting a part — To choose an element, double-click on its parameter in the list, or select it and
click OK. If you know the part number of the element you need, you can also enter it manually in
the Part Name cell. The element is then called to the list, regardless of the sort and range criteria.

When an element from the database is entered on the Surface data spreadsheet, its surfaces are set
up as a type called “group.” All its radii, thicknesses, and glasses are marked “fixed” so they
cannot be inadvertently changed. If you want to remove this constraint, you can “ungroup” the
element using the radius button next to the part number in the surface data spreadsheet.

Changing catalog databases — OSLO contains several separate lens databases covering a wide
range of components from various suppliers. The name of the current database is displayed in the
Catalog Lens Database window title bar. Select the Catalog cell to call up an options list of the
available catalog databases.
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Pop-up windows

Options lists — Many OSLO commands and buttons require a choice from a list of several
arguments. OSLO provides this list of arguments either in a pop-up menu or options list. Pop-up
menus work similarly to other menus. You can then select an element from an options list by
clicking on it or by selecting it with the arrow keys and pressing ENTER. You can also enter the
desired value on the command line. If you decide not to perform the command, click the red X (or
press ESCAPE). You must complete the command or cancel it before OSLO will perform other
operations.

= M =

Select preference name: ] ‘}L
adrl 75
s PR ]
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Dialog boxes

OSLO contains many dialog boxes, used to enter arguments for commands. Although a few of the
dialog boxes are similar to standard Windows controls (e.g. the File dialog box), most OSLO
dialog boxes are built by OSLO. There are two types. Dialog boxes that support internal OSLO
commands are pre-compiled and have a fixed format. CCL dialog boxes are built as needed when
the program is run, and have a variable format that depends on the display used to run the
program. Internal dialog boxes have SmartCells and accept symbolic input and expressions. CCL
dialog boxes, however, are limited to typed input of literal values. The following is a typical CCL
dialog box.



Introductory Exercise - Landscape Lens

Xsource

EE A= ™ | source filename

I 17.030000 | Mumber of rays to trace per pisel
I 0.000000 | Size of object [0 = automatic]
I 0.000000 | Image patch size [0 = automatic)

] I Cancel | Help |

31



32 Introductory Exercise - Landscape Lens

Text editor

OSLO can use either an external editor or its own internal editor. The OSLO text editor is a small
memory-based editor suitable for a variety of small jobs, such as writing short SCP or CCL
programs, or directly modifying lens files. For more substantial editing tasks, such as CCL
development involving multiple files, an external editor is recommended. If an external editor has
been installed, it is still possible to invoke the OSLO editor using the Window >> Editor >> Open
command.

The OSLO text editor is linked to the CCL compiler in OSLO, so that when you save a CCL file
in the private CCL directory, it is automatically compiled. If you use an external editor, you must
re-compile your private CCL after saving or modifying a file in the CCL directory. A button is
provided on the main toolbar for this purpose.

Note that if a lens file is opened using the File menu in the editor, it will be brought into the editor
as a text file, while if it is opened from the File menu in the main window, it will be opened as
binary data in memory to be used by the program.

A unique feature of the OSLO text editor is its ability to execute selected text as a series of
commands. In the above window, four commands have been entered and selected in the edit
window. By pressing CTRL+E, you can execute these commands. Note that the last command has
been entered with a question mark, which means that you will be prompted for its arguments.

E¢A Text Editor - [Untitle.... 9I[=] E3

File Edit

Help window

OSLO has an extensive help system based on HTML help. Most information on how to use the
program, including command descriptions and definitions, how to accomplish various tasks, and
the meaning of various data items, are contained in the help system. The overall OSLO help
system contains more than 2000 topic files and 8000 links, and is the primary source of
information on using the program. OSLO help is supplied in the form of a *.chm file (compiled
html), a Microsoft proprietary format. To access the file, the essential components of Microsoft
Internet Explorer must be installed on your computer (you do not need to use Internet Explorer as
your web browser). During OSLO installation, the setup program checks for these components
and offers to update your system if they are not present.

OSLO help is divided into two general parts. The first part consists of a few hundred topic files
written manually, which describe how to use the program. The second part consists of a file
prepared automatically during compilation that lists the definition of each command contained in
OSLO. Because these files are prepared directly from the program source code, they are always up
to date and automatically give a correct description of how the commands work.

You can access the help system directly, using the Help button on the main menu. In addition, you
can obtain context-sensitive help through buttons in spreadsheets and dialog boxes. Finally, there
is a help button directly to the left of the command line. If you click this button when there is a
spreadsheet open, it will take you to the part of the help system that describes that spreadsheet. In
addition, if you enter the name of a command in the command line and click the help button, it
will take you to the command definition. Finally, if you click the button when the command line is
empty and there is no spreadsheet open, it will take you to the top level of the help system, and
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you can navigate to the information you seek, using hypertext links. The search button in the help
system provides a useful tool for finding general information.
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File system

OSLO deals with several different types of files. The types of files used by the program include
lens files, program source files (SCP and CCL), glass catalogs, database files, help files, help
graphics files, test glass lists, CCL executable files, and configuration files. OSLO files are
organized as shown in the diagram below, which shows the installation directory with three
degrees of expansion.

At the top level, the installation directory is divided into four subdirectories: bin, help, public, and
private. The bin directory contains OSLO byte-code executable code, plus glass catalog data, dll's,
bitmaps, and other support files. The help directory contains the main OSLO help file
_oslohelp.chm, plus other help-related files. The two main user directories are called public and
private. The public directory contains data supplied with OSLO, while the private directory is
intended to hold user-generated files. The second and third columns in the diagram show
expansions of these directories, which may be helpful in locating files. The lens files used in this
document are located in the appropriate subdirectory of the public/len/demo directory (mostly in
the Lt directory).
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The commands File >> Open and File >> Save As bring up a Windows dialog box. The dialog
box contains, in addition to the standard controls, two buttons that switch to the OSLO private
directory or the public directory. Files shipped with the program are contained in the public
directory, while files that you develop should generally be placed in the private directory.
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Lens files are normally opened using the File menu in the main window, while CCL source files
are normally opened using the File menu in the text editor window (or an external editor). Note

that OSLO lens files are ordinary text files that contain sequences of commands needed to enter
data for a lens.
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Data concepts

To use OSLO effectively, you should understand the basic concepts of how it handles data. There
are three general groupings of data in OSLO: surface properties, operating conditions, and
preferences. You will find the program easy to use if you note this, and try to think in terms of the
type of data you are manipulating.

Surface properties— The primary objects that OSLO deals with are surfaces. This places it in
contrast with programs (such as TracePro) that deal with solids. Surfaces are described by some
sort of equation F(x,y,z) = 0, and in optical design we are concerned with what happens to rays,
wavefronts, or beams when they pass through surfaces. In addition to a defining equation, surfaces
have a region of interest, which is called the surface aperture. In general, solids are accommodated
by defining the surfaces that surround them, together with an aperture definition that limits the
region to the portion of the surface that physically exists. A few surfaces, such as quadratic solids
(spheres, ellipsoids) can be defined as either open or closed. More complicated geometries require
the specification of several surfaces per solid object.

The advantage of OSLO's surface-based data structure is that surfaces that are not optically
significant need not be defined. For example, in routine optical design, the edge of a lens is not
significant. By leaving it out of the data definition, we can simplify the optical specification of the
system. Moreover, in most instances, we can state the order in which surfaces are crossed by rays.
This leads to what are called sequential systems, which are most efficiently traced. More
generally, we have non-sequential systems, in which the ray trace algorithm must not only find the
intersection of a ray with a surface, but also find which of the possible surfaces is the one actually
struck. Non-sequential ray tracing is only possible in OSLO Premium.

Operating conditions— In addition to the data needed to specify the shape and aperture of
surfaces that make up an optical system, there are several data items that need to be specified, but
which don't relate to any particular surface. These are called operating conditions, or simply
conditions. Some relate to the conditions of use of the optical system, such as the size of the object
or image, the aperture of the illuminating beam, or the temperature. Others relate to the conditions
of evaluation, such as the sampling grid size for spot diagrams or the ray trajectories to show on
lens drawings. Other data of this general class are the sets of data that define the optimization error
function: the field point set, the ray set, and the operands. Finally are the variables and the
configuration (zoom) data, which are maintained separately from the surface properties. All of the
operating conditions are scoped to the lens (i.e. they are generally different for different lenses)
and are saved in lens files.

Preferences — Preferences are data items that relate to the overall OSLO program, not to a
particular lens. Simple examples of preferences are the output_text and page_mode items
discussed previously, but there are dozens of preferences of different types in OSLO that can be
checked and in most cases reset using the File >> Preferences command. Preferences are stored in
the oslo.ini file in the private/bin directory.
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Surface data conventions

Surface numbering

A sequential optical system is specified in OSLO as a series of surfaces that a ray intersects
consecutively in passing through the system. Light enters the system traveling from left to right.
The object surface is given the number 0. In a sequential system, surfaces are numbered in the
order in which a ray or its extension (in the case of a virtual surface) would intercept them. The
highest numbered surface is called the image surface, whether or not there is an image formed on
it. The correct ordering of the surfaces is essential for sequential ray tracing in OSLO.

Quantities that pertain to a surface, such as curvatures, aspheric coefficients, etc., carry the number
of the surface. Quantities such as refractive indices, thicknesses, etc., that pertain to the space
between two surfaces, are assigned to the lower-numbered surface.

Nominally refracting surfaces having no refractive index change have no effect on ray trajectories,
and are called dummy surfaces. A dummy surface is often used to keep track of ray data, or to
establish a base coordinate system for other surfaces.

Surface 1 Surface 2

Surface 0 \ / Surface 3

»
>

THIO] ;\] TH2]
Object RD[1] / \ RD[2] Image

Sign conventions

The proper signs for curvatures, thicknesses and indices are determined easily for systems that do
not contain tilted surfaces. Then the following rules apply:

Sign conventions for centered systems

RADIUS OF The radius of curvature, or curvature of a
CURVATURE | surface is positive if the center of curvature
lies to the right of the surface.

THICKNESS | The thickness separating two surfaces is
positive if the next surface lies to the right of
the current surface; otherwise it is negative.

REFRACTIVE | OSLO expects all refractive indices to be

INDEX provided with positive signs. Reflecting
surfaces are specified explicitly by the
designation, rfl.
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A simple example illustrates the sign conventions used for setting up optical systems. Consider a
glass bead in which light enters from the left (1), reflects from the back edge (2), and then emerges
from the same surface that it entered (3), as shown in the figure to the left. The correct surface data
for this system is shown below:

*LENS DATA
Glass bead
SRF RADIUS THICKNESS APERTURE RADIUS GLASS
0 - 1.0000e+20 1.0000e+14 AIR
1 5.000000 10.000000 4.999999 A BK7
2 -5.000000 -10.000000 4.999999 REFLECT
3 5.000000 -- 4.999999 AIR
4 -- -- 4.999999 S
Surface types

OSLO provides many ways of identifying surfaces beyond direct specification. These methods fall
into three groups: pickups, solves, and variables.

Pickups pick up parameters from another surface and apply them to the current surface. This is
useful, for example, in designing a system with a mirror that reflects the light back through some
part of the system. The surfaces in the path back from the mirror are the same physical surfaces as
in the path toward the mirror. By specifying the radii of the surfaces in the path back as pickups
from those in the forward path, you guarantee they will always be identical.

Solves tell the program to calculate the value of a parameter that satisfies a given condition. For
example, specifying the thickness of the next-to-last surface of a lens by an axial ray height solve
with height zero tells the program to calculate the thickness of this surface so that the axial ray will
pass through the vertex of the image surface. This is the same as saying the image surface remains
at the paraxial focus. As other surfaces change, OSLO changes the thickness of the next-to-last
surface to satisfy the condition.

The Variable specification (which is only applicable for directly specified items) tells OSLO it
may vary the item during optimization. In addition to allowing the free variation of surface data
during optimization, variables can be constrained to targeted values using Lagrange multipliers.
This allows you to construct elaborate constraints that go beyond the solves and pickups enabled
as basic data specifications.

The various ways to specify lens data rely on the fact that whenever lens data is changed, OSLO
retraces the axial and chief ray through the system, resolving all pickup and solve requests. The
routine that does this is called lens setup. It is an essential part of an interactive program.
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Introductory Exercise - Landscape Lens

This section shows how to enter lens data in OSLO from first principles. The overall goal is not
only to learn the mechanics of entering data, but also to learn how to apply some of the standard
tools in OSLO to gain an understanding of the optical performance of a simple landscape lens
similar to that used on low-cost cameras. You should follow the steps exactly as shown here.
When you have successfully completed the formal steps, you can return to the beginning and
repeat this exercise with some side trips to satisfy your curiosity.

In a cookbook example of this type, it is important that you start with the same configuration as
the machine used to make the example. If you have changed many preferences before starting this
exercise, you can restore your preferences to factory-default condition by deleting the file oslo.ini
in your private/bin directory. Normally this will not be required.

The steps in the exercise are as follows:
® | ensentry - Enter a convex-plano lens with a displaced aperture stop behind the lens.
® | ens Drawing - Set up the lens drawing conditions to show desired ray trajectories.

® Optimization - Optimize the lens so it has no coma, a focal length of 100, and covers a
field of £20 degrees at an aperture of f/10.
® Slider-wheel design - Attach sliders to parameters so you can analyze trade-offs.

You will see during the exercise that design with OSLO is quite different from most software. You
don't set up the system and then press an Auto key that lets the computer optimize it for you.
Instead, you work in a highly interactive mode, taking small steps so you can understand what is
happening as you progress towards a solution.

Lens entry
Click the New Lens tool in the main toolbar to open the following dialog box.

iFienew M

Mew file name ILandscape'I

File tupe
% [Customlens © Cataloglens 0 Perfect lens

Mumber of surfaces IT
IW Eaeal [Emathof perfechemne
Im I agmificaticr

Im Image rumencal apertune

i

Cancel Help

Enter the file name "Landscapel”, select Custom lens and enter 3 surfaces, then click OK. A new
spreadsheet will appear. Fill out the spreadsheet with the following data.

In the fixed area of the spreadsheet, set the Lens: cell to "Landscape Lens Exercise", the entrance
beam radius to 5, and the field angle to 20. Leave the other cells with their default values.

In the scrolled area of the spreadsheet, enter "BK7" for the glass on surface 1.
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In row 3, click the button in the Aperture Radius cell, then click Aperture Stop from the list that
pops-up. Note that the row button for row 3 will now say AST, and A will be added to the button
in the Aperture Radius column.

Now click in the Radius cell of row 1, enter 50 for the radius of curvature, then click on the
thickness cell and enter 4 for the thickness. Click on the thickness cell for row 2 and enter 10.

In row 3, instead of entering a thickness directly, click on the button in the thickness cell, and
select Axial ray height solve from the pop-up menu. This will cause a data-entry box to pop-up
prompting for the value of the solve. Accept the default value (0) by clicking OK.

E Direct specification | AIR D I: Erfizs selve wielus:
I: So [5] Axial ray height... IE
Pickupz [P * Chief rap height. .. —

Wariable ] Edge thickness. . 0Ok, I Cancel

Special varable... [W]

Click the button in the Special cell for row 3. From the list that pops up, select Surface control,
and from the flyout menu, select General. This will cause a whole new spreadsheet to cover up the
current spreadsheet. Click the button that says Automatic in the 5™ row, and from the list that pops
up, select Drawn. Then click the Green checkmark to close the spreadsheet and return to the
surface data spreadsheet. You will see an F on the special button for row 3.

=1

drawings: | Automatic Automatic

ansion: 236.000000] x 10%%-7 Mot drawn

Repeat the above sequence for the special button in row 4.

SPECTAL

Surface Mate [M)
5 al [F)
Coordinates [C)

Perfect Lens (L)

This completes the basic data entry for your lens. At this point, your spreadsheet should look like
the following.

EE Surface Data [ _ =] =]
o P
x| =i
2 Dirawing control =l
[ Gen || serup || Wawvelength || Field Foints || wariables || braw off || Group || Hozes |;|
Lens: Lanhdscape 1 Zoom 1 of 1 EF1 96, 749205

Ent heam radius 5.000000|Field angle 20.000000 Primary wauln 0.587560

RADTUS THICKNESS APERTURE RADIUS GLASS SPECTAL

SRF

0B] 0.000000 [__| 1.0000e+20 | 3.5397e+13 ATk ]
so.000000 | 4.o000000 ] 10.290581 BK?
o.o0o0000 [ 1o.ooo000 ] 9.050250 Atk [ ]
o.o00000 [  &4.112075 4.345913 Atk ]

IMS o.o000000 |  o.ooo000 ] 35.213831

Check to make sure you have the same Efl (focal length), and that the buttons have the same
labels. The S on the thickness button means that the value was determined by a solve (the axial ray
height solve). The S on the aperture buttons also means that the apertures were determined by
solves; this is the default action for apertures and is based on the entrance beam radius and the
field angle.

FHLEE

-

Click the Green check to close the spreadsheet and save the lens by clicking the Save lens toolbar
button. You have already indicated the file name on the opening dialog box. The lens will be
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saved in the current lens directory, which is normally your private directory. If you want to
confirm where the lens is saved, you can enter the command shp Ifil (show_preference lensfile) in
the command line. The file name will appear in the message area.

=5 [_|]
Commatd: e é{.
s [she 111 2 N
J20
Lens file = C:\Pragram Filzz4olighte05\privateblen\Landzcape] len e
? vEy
Lens Drawing

Click the DRAW OFF button in the fixed area of the lens spreadsheet. A window labeled
Autodraw will appear showing the lens that you have entered. If you click on a cell in the
spreadsheet, you will see that the surface corresponding to the cell becomes dotted. If you were to
change any data for the lens, the picture would be updated automatically.

R Autodraw M=l B
Landscape 1 LMITS: M
FOCAL LEMGTH — G5.76 NA = 0.05188 DES: CELO
4,16
|

T

The Autodraw window is a special window that does not have the full functionality of a regular
graphics window, but is updated automatically, which is not the case for ordinary graphics
windows. The lens picture that is show is drawn according to the standard lens conditions used for
all lens drawings. In order to illustrate this exercise better, we are going to change one of the
operating conditions so that the ray trajectories are drawn all the way to the image surface.

From the Lens menu on the main tool bar, select the bottom item, Lens Drawing Conditions. This
will cause the following spreadsheet to cover the lens spreadsheet:

Initial distance: 0. 000000 Final distance: 0. 000000
Horizontal wiew angle: 240 Vertical wiew angle:

First surface to draw: [ 0 | Last surface to draw: [ 0 |
¥ shift: 0.000000 ¥ shift: 0.000000] DXF/IGES wiew:
Apertures: Rings: Spokes: II| Image space rays:

Draw aperture stop: @ off O on Hatch back of reflectaors: ) off ® on

Shaded soldid color - Red: Green: [[185 Elue:
Mumber of field points for ray fans: Foints for aspheric profiles:

Frac ¥ obj Frac ¥ obj Rays Min Fupil Max Fupil nffzet F¥ F¥ wWwn Cfo
[ o.coooood [ o.ooo000] [ = [ -1.coo0000] [ 1.o00000] [ o.oooo00 @ O [ 1 ][ 0]
[ o.rooood [ o.oooood [ o | [ o.oooood [ o.oooooo] [ o.oooooo] @ O [ 1[0

[ t.ooooo0 [ o.oooood [ 3 | [ -L.ooooo0 [ 1. oooooo [ o.oooooo] @ O [ 1[0
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The item to change on this spreadsheet is called Image space rays: You should change it from
Final dist to Draw to image surface.

Image space rays: m IJze defined drl_finaldist

'k of reflectors: O off @® on Diraw rayps ta wavefront
Blue: Drraw raps o last drawn suface

- for aspheric profiles: [ 41 Drraw raps to image surface

After making the modification, click the Green check to close the spreadsheet. The lens
spreadsheet will reappear, and the Autodraw window will be updated as follows.

ER Autodraw M=l E

Laondecape 1 UHITS: M
FOCAL LEMSTH — 35,75 MA = 0.05188 DE=: CELO

14.2
—

HJ_W

Now you can see the details of image formation by the lens. Obviously the off-axis image is not so
good. The main aberration that you see is field curvature; the off-axis image is not formed on a
plane surface perpendicular to the axis, but rather on a curved surface. Unfortunately, there is not
too much that can be done about this.

Optimization

In order to study the imaging of this lens in more detail, we will set up a small optimization task.
We will define an error function that makes the focal length exactly 200mm, and also eliminates
the Seidel coma from the image. To do this, click the optimize button on the main menu, then
navigate to the generate error function >> Aberration Operands item. This will pop up the
spreadsheet shown on the following page.

|Q|:|timize Tolerance Source Tool: Window Help

Generate Error Function  # Singlet. .
1 Errar Function Tables 4 LCemented Doublet..
| Operands... GEMII Ray Aberratiar...
. QD50 Spot Size/w avefront...
Yanables. .
Shider-wheel Design... Ahberration Dperands. ..
| lterate Bay Operands...
o Field Paint Set...

dyanced WptmEzation F

Optimization Conditions. ..
i Support Routines 3
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0P MODE WGT MAME DEFINITION -
1.000000 PY 0CM1
1.000000 PYC 0CM3
[___4|Min] 1.000000 PUC 0CMa
1.000000 PAC OCMS
[___6|Min] 1.000000 PLC 0CME
1.000000 SAC OCM7
1.000000 SLC 0CME
[ slMin] 1.000000 sas3 0CMAa
1.000000 CHA3 aCM10
1.000000 AST3 OCM11
1.000000 PTZ3 0CM12
1.000000 DIS3 0CM13
1.000000 SAS OCHM14
1.000000 CHAS OCM15
1.000000 ASTS 0CM1E
1.000000 PTZS 0CM17
1.000000 DISS 0CM13
1.000000 SA7 0CM13
1.000000 TOTAL_SPH  0CM20
1.000000 EFL 0CMZ1 =

At his point, we need to decide which of the terms will be used for the error function. The initial
spreadsheet lists all of the possibilities, and you must delete the ones you don't want. In this case,
the operands to keep are PU and CMAS3. All the other should be deleted. To do this, click and drag
from row buttons 11-21, then press the delete key. Next click and drag from row buttons 3-9, then
press the delete key. Finally, click row button 1 and press the delete key. The spreadsheet should
now appear as follows.

OF  MODE WGT MAME DEFINITION -
1.000000 PU 0CMZ

1.000000 CHA3 0CM10 -
-

Next, we need to modify the definition of the first operand, PU. In OSLO, all operands are
targeted to zero. That is, the optimization algorithm will minimize all of its individual terms. The
PU operand is the axial ray slope leaving the lens. We don't want this to be zero, but rather the
value that will make the lens have an f-number of 10, which was prescribed in the initial data.
Since the f-number is -1/2*PU (when the object is at infinity) the desired value for PU is -.05. We
accommodate this by modifying the definition of the first operand to be OCM2+0.05, and we will
also change the name to PU_ERR. Click on the NAME and DEFINITION cells and enter the new
data.

OF  MODE WaT HAME DEFINITION ;I

1.000000 PU_ERR OCMZ+ 0. 05

1.000000 CHA3 0CMLO =l
-

Now click the Green check to close the spreadsheet, and click the Ope button in the text window.
The current operand values, together with the current value of the error function, will be shown.
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=5Tw1- [=] B3
B8 Len Spe Rin &pe “Wayv Pac &br Mg Chf Tra Ref Fan Spd Auf Yar Ope ke
[-
“OFERANDS
OF  MODE WaT NAME WALUE  ®CWTRE DEFINITION
ol Il 1.000000 FU_ERR -0.001650 49.59 oCMz2+0.05
ooz Il 1.000000 CMAS 0.001694 50.41 ockMl0o
MIM RM5 ERROR: 0.001687
o
ki ol

Now the operands and the error functions are defined. If the error function is minimized to zero,
we will have a f/10 lens with a focal length of 100, since the focal length is -PU*EBR (EBR is the
entrace beam radius), and the coma will be zero. We need to specify the variables that are to be
used to achieve this. The ones that we will use are the curvature of the first surface (CV 1), and the
distance between the lens and the aperture stop (TH 2). In the lens spreadsheet, click on the button
in the Radius of Curvature cell for row 1, and select Variable from the options list.

RADIUS THICKNESS APERTURE
0.000000 [ | 1.0000e+20 [ ] 3.6397es

30.000000 E Direct specification
0.000000 Solves [5] 3
0.000000 Curvature pickup... [P]

o.o00000 [

Repeat the same procedure for using the button in the Thickness cell for row 2. The buttons should
now have V (variable) on them.

bdifuz curvature pickup... [P]
" ariab 7
Special vanable..

RADTUS THICKNESS

o.000000 [__| 1.o0000e+20 ]
50.000000 4.000000 [ |
0.000000 | 10.000000
o.ooo000 [ | 84.112075

Assuming that they do, you should now be ready to optimize the lens. Before doing this, close the
lens spreadsheet (Green check) and immediately re-open it. The reason for doing this is that OSLO
gives you the capability, by canceling (red X) from a spreadsheet, to revert to the system that
existed when the spreadsheet was opened. By closing and opening the spreadsheet in this way, you
establish a base system to revert to.

To optimize, click the Ite button in the text window (you may have noticed that this button was
disabled until you entered both operands and variables). The text window should show the
following output. You see that the error function has been reduced to essentially zero, indicating
that the variables were appropriate for solving the problem. The lens spreadsheet shows their
current values.

=ik 0]
B8 Len Spe Rin Ape Way Pec Abr Mrg Chi Tra Ref Fan Spd Auf War Ope e
“ITERATE FULL 10 ;I
NER DAMFING MIN ERROR CoM ERROR  FERCENT CHOG.

0 1.0000e-05 0.001657 -=

1 1.0000e-12 7.7305e-05 - 95.417 24k

2 1.0000e-1z 7.554E5e-08 - §99.5902276

3 1.0000e-12 5.0000e-13 - 99.999335

4 1.0000e-12 3.06bbEe-183 - 949.4989493587

5 1.0000e-1z 3.06EEe-18 - -

B 1.0000e-12 3.0bbEEe-18 - - -
Eil A




44 Introductory Exercise - Landscape Lens
[ Gen || setup |[ Wwawelenath |[ Field Foints |[ wariakles || Draw off || Group || Notes |;|
Lens: Landscape 1 Zoom 1 of 1 Ef1 100.000000

Ent heam radius 5.000000 Field angle 20000000 Primary wavln 0.587560

SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPECIAL

0E] 0.000000 ] 1.0000e+20 ] 3.6397e+19 atr ] L]
51.630011 4000000 |  9.856783 EK7 1
o.ooo000 ] 9.135802 8.637010 atr ] [
o.o0o000 [ 88.227067 4.411353 aIr ]

IMS o.oo0000 ] o.ooo000 ] 36.397023 =l

You can see in the lens spreadsheet that the Efl is exactly 100, as it must be in order to correct the
operands. Click the Abr button in the text window, and you see all the aberration data for the lens,
showing that PU = -0.05, and that the Seidel coma CMAS3 is zero, as requested.

=S5TwW1- =] B2
B Len Spe Rin &pe Wav Pxc &br Mrg Chi Tra Ref Fan Spd &uf War Ope lte
=
*PARAXIAL TRACE
SRF Py FU FI FYC FUC FIC
4 -— -0.050000 -0.050000 36.397023 0.412538 0.412538
*CHROMATIC ABERRATIONS
SRF PALC SAC FLC SLC
SUM -0.077222 -0.05346R 0.069514 0.0434086
*SEIDEL ABERRATIONS
SRF SAS CHAS AST3 PTZZ DISZ
SUM -0.013612 4.35653e-13 -0.313405% -0.215345 1.101508
*FIFTH-GRDER AEERRATIONMS
SRF SAS CMAS ASTS FTZ5 LISS SAP
SUM -9.6466e-05 -5.9253e-05 -0.020638 0.017274 0.070450 -7.7081e-07
-
K AW

At this point, the initial task has been completed. Close the spreadsheet (Green check) and save the
lens. This will become the base system for the next phase of the exercise, which shows how to use
OSLO's slider window to study the effects of changing other lens parameters. You might want to
save another copy of this system under a different file name (e.g. landscape_bkp.len) so you can
always return to a defined starting point, even if the current lens data is somehow corrupted.

Slider-wheel design

A singlet such as the landscape lens doesn't have very many degrees of freedom, but in this
exercise, we have constrained the back surface of the lens to be plane. Actually, this should not be
called a landscape lens; so far all we have done is to find the position of the aperture stop that
removes the coma for a convex-plano lens. A landscape lens is normally a meniscus form. Next
we show how to use OSLO's slider-wheel window to find the optimum form. We also show the
effects of using a curved image surface.

First, we set up a basic slider-wheel window, attaching the curvatures of surfaces 2 and 4 to
sliders. Later, we show how to use the full power of OSLO's optimization callback to continuously
optimize the system while dragging a slider or rotating the mouse wheel.

& With the landscape lens as set up in the preceding portion of this exercise, click the slider-
wheel tool in the main tool bar to open the slider-wheel spreadsheet. This spreadsheet is
used to set up slider-wheel windows.

Initially, set the options shown in the figure below. That is, click Spot diagram, set the Graphics
scale to 1.0, and select All points. Leave the number of sliders at the default (2), enter 2 and 4 in
the Surfs column, and set the parameters to CV for both sliders.
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EEg Slider-wheel Setup < Surface Data M= B
of
x |

7

() No Internal evaluation
) Draw only O Ray-intercept O 0FD O Field sag

traphics scale: 23 1 Field point at ® A1l points
Humber of s1iders: ® Use drag processing
surft  Cfg Item Walue
[Curvature (T | 0. 000000
4] [Curvature (CV) | 0. 000000

) Enakle sw_callback ©CL function

Setup name: | | j

After you have entered the data in the slider-wheel spreadsheet, close the spreadsheet. You should
see a slider-wheel window and two additional graphics windows (31 & 32) on your screen. If
these windows have toolbars, remove them by left-clicking to select a window, then right-clicking
in the window and choosing the Remove Toolbar item. Since the slider-wheel maintains its own
graphics windows, you should minimize the normal graphics output window (GW1). Next, use the
Tile windows command on the main window toolbar to tile the windows. Your overall screen
should look similar to the one below.

€ Landscape 1 [landscapel_len] - 0SLO Premium E dition |_ (O] x|
File Lens Ewaluate Optimize Tolerance Source Took ‘window Help

BiIbcd®@Sh @2

EF Surface Data ] A | | G 31 =1ES
g =
x [0 =
? e
| setup |[ Wavelength |[ Field Points |[ Variahles | Draw off | Group | Notes |;|
Lens: Landscape 1 Zoom 1 of 1 EFfl  100.000000
Ent heam radius m Field angle 20.000000 Primary wavln 0.587560 e 8.
SRE RADIUS THICKNESS APERTURE RADIUS GLASS SPECTAL N
0E] 0.000000 [ 1.0000e+20 ] 3.6397e+18 st ] [ ;
51.580011 q.000000 ]  9.856783 BK7 1 =
o.o00000 L] 9.135802 8.637010 str[C] [
AST o.000000 [ ]  8.227067 4.411353 atr [ ] Far o
HS o.000000 [ o.ooo000 ] 36.397023 =l
=S lider Window =10 x| °
o2 0.000000 ] | | Sepoom
o 4 0.000000 & | | Sepoom =
R Gw 32 X
= e
EA Len Spe Rin Ape ‘Wav Puc &br Mrg Chf Tra Ref Fan Spd Auf Var Ope lte _I
=
E
I A

|Texl output: On |Page mode: Off ‘Graphics autoclear: On

The slider-wheel window appears below the spreadsheet, with the two sliders that we set up. You
can manipulate sliders by dragging or clicking as you would with a normal scroll bar (the sliders
are in fact scroll bars), or by using the mouse wheel. The mouse wheel is usually preferred (if it is
installed and properly supported on your computer) but you may need to change its settings.To use
the mouse wheel with a slider, place the pointer anywhere in a slider and rotate the wheel.
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To change the settings of your mouse wheel, you need to first find out what they are at present. To
do this, double click on the status bar in the main OSLO window. This will pop up a dialog box as
shown below. Navigate to the first empty field, click on the combo box, and select Mouse wheel
speed, as shown.

Configure status bar E |

| Test output x| Field1 | None | Fieldg
I Page mode j Field 2 I Maone ﬂ Field 10
I Graphics autoclear j Field 3 I Mone j Field 11
Fieldd | Nore | Field12
Field§ | Nore | Field13
Field6 | Nore x| Field14
Field7 | Nore x| Field15
Field8 | Nore | Field16
ITI Cancel I Help |

|Te:-:t output; On |F'age mode; On |I3raphi|:s autoclear; On |M|:uuse wheel: Slow

Click OK to dismiss the box. You should see an additional field in the status bar, as shown. OSLO
supports two mouse-wheel speeds: fast and slow. Slow means one event per wheel notch; fast
means several events per wheel notch (however many you set up in the mouse dialog in your
computer's control panel). You change between fast and slow by clicking the mouse button itself.
Generally in OSLO, you will prefer Slow.

If you experiment, you will see that the slider-wheel window can be dragged anywhere on the
display, even outside the OSLO window. Also, you will see that you can drag the window width
down to the point where the slider itself completely disappears. If you use the mouse wheel, this
setting may be preferable because it minimizes the use of screen space while still providing full
functionality. You will see that the step size in the parameter taken per click can be adjusted using
the Step control at the right-hand end of the window.

For now, it is best to leave the slider window where the Tile windows command puts it, with its
default settings. To reset these, enter the original values (0) of CV[2] and CV[4] in the lens
spreadsheet, then click the slider-window tool in the main toolbar and close the slider-wheel setup
spreadsheet immediately to update the slider-wheel window (note that the settings for the analysis
options are not changed).

Returning to optics, you see that the spot diagrams show what the image looks like at the center,
zone, and edge of the field. The elliptical shape is characteristic of a system with astigmatism, but
no coma. Now you can drag the sliders or rotate your mouse wheel to see what happens. Actually,
if you do not use the mouse wheel, you would be better advised to click on a button at the end of a
slider rather than drag, so you can move in small enough steps.

What you see is pretty much what you would expect. If you make CV[2] negative, the lens
becomes positive and the focal length gets smaller. The image quality changes, since the system is
no longer free of coma. If you change the curvature too much (< -0.033) the ray trace will fail. If
this happens, click OK to dismiss the error box, then move the slider back towards the center. If
you make CV[2] positive, the lens becomes first a meniscus with a long focal length, but
eventually the lens becomes negative; the beam diverges and the display blows up. After you have
experimented with CV[2], set it back to zero.
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When you change CV[4] (the curvature of the image surface) you see that by making it negative,
you can improve the size of the image off-axis, and in fact you can find a position where there is a
line focus in the horizontal direction (tangential focus), or the vertical direction (sagittal focus).
This is indicative of a system with no coma. If you set CV[2] to a value where the system has
substantial coma (try -.020) you will not be able to achieve this. This shows what designers mean
when they say that you can't focus out coma.

The slider-wheel analysis you have observed so far is perhaps interesting, but the real power of
sliders in OSLO comes when you allow the program to re-optimize the system as you drag a
slider. To do this, reset the curvatures to zero, then re-open the slider spreadsheet, set Enable
sw_callback CCL function to On, and set the level to 2.

21 No Internal evaluation -
) Draw only () Ray-intercept ) OPD ) Field sag @ Spot diagram O Long. SA
Graphics scale: 2 1 Field point at ® A11 points
Humber of =1-iders: ® Use drag processing
surf  Cfg Irem Walue

[ Curvature (o) | 0.000000
[Curvature (Cv) | 0. 000000

® Enahle sw_callback CCL function Lewel —
Setup name: | | LI

A callback function is a command that gets executed whenever some event happens in the
program. Callback functions are the essence of a windows program, and OSLO has several of
them, many written in CCL (such as sw_callback). Generally, these are not complicated routines
written by computer programmers, but simple actions set up by users. The default sw_callback
routine is as follows.

Cmd Sw_callback(int cblevel, int item, int srf)

{
if (cblevel)
ite cblevel;

When Enable sw_callback CCL function is turned on, this routine is executed every time a graphic
slider is moved, or the mouse-wheel is rotated when the pointer is in the slider-wheel window. The
arguments of this function are cblevel, the value entered in the Level field in the slider-wheel
spreadsheet; item, the type of variable (CV =1, TH = 3, etc.) that was changed, and srf, the
number of the surface associated with that variable. These arguments can be used to produce
whatever action you want. In the present case, the function only looks to see if cblevel is non-zero,
and if it is, the function carries out that many design iterations.

To see what this does, close the slider window. You should not see any change in the system,
because it was already optimized, but you will see text out similar to the following. As you move a
slider, you will see the numbers flash in the text output window as the system is re-optimized.

=Tw - = B

B8 Len Spe Rin &pe “Wav Pac &br Mrg Chf Tra Ref Fan Spd Auf War Ope e

S
*ITERATE FULL 2 _I
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In the graphics windows, you will see a quite different scenario from before. To begin, drag the
CV[2] slider to make it more positive. This makes the lens into a meniscus, but now the focal
length is held constant by virtue of the first curvature's being continually re-optimized. Moreover,
the aperture stop surface moves as the coma is continually re-optimized to zero. The image surface
is held in the paraxial image plane by the height solve on surface 3, and the diameter of the lens is
adjusted by the aperture solves so that the beam from the edge of the field of view can pass
through the system. The effect of all of this is that the stop initially moves away from the lens as it
becomes a meniscus, but as the bending becomes larger, the stop shift reverses and the aperture
stop moves back towards the lens. The following shows what you should observe when the
surface 2 curvature has values 0.01, and 0.04 (n.b. the images pertain to center-to-edge, not to
bottom-to-top; the bottom spot is the on-axis image).

g

Of course, the spherical aberration of the system is not constant, and the improvement in image
quality at the edge of the field comes at the expense of a poorer on-axis image. This leads to a
consideration of what might be accomplished by using an aspheric lens, but that is beyond the
scope of this introductory exercise, whose purpose is to introduce OSLO data entry and the
general steps for using the slider-wheel window.
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Chapter 2 Fundamentals

In this chapter we consider some fundamental properties of light and optical materials. The reason
for doing so is not to teach the subject, but to review some general physics that is relevant to
optical design. Optical design has been taught in many ways, ranging from simple numerical
computation to complex geometrical analysis. The approach used here is based on classical
electromagnetic theory, and emphasizes understanding of both the physics and the methods used
for solving practical problems.

Waves, Rays, and Beams

Usually, the analysis of optical systems assumes that light propagation can be described using
wavefronts, or rays, which are defined to be vectors perpendicular to wavefronts. Except in focal
regions and near aperture boundaries, most optical imaging problems can be solved using a simple
geometrical wavefront or ray model. To investigate the details of an image, Fourier analysis of
wavefronts is used to account for diffraction effects.

Rays and wavefronts have shortcomings, however. A ray is a line, and a wavefront is a surface.
Neither has a finite width or thickness, and the intuitive notion that rays or waves carry energy is
problematical. For a normal (incoherent) source, it is necessary to use a stochastic approach to
describe energy propagation, summing the contributions of several rays or wavefronts. On the
other hand, laser (coherent) light generally appears as a beam. A single-mode laser beam can
propagate energy, and the diameter and divergence of the beam can be computed using diffraction
theory. Beams provide a smooth transition between geometrical and physical optics, and we
consider them as fundamental entities like rays and wavefronts.

Maxwell's equations

We begin with Maxwell's equations. Maxwell’s equations for electromagnetic fields describe the
relationships between the basic fields (the electric field E and the magnetic induction B) and the
derived fields (the electric displacement D and the magnetic field H), taking into account the
charge distribution p and electric current density J. The derived fields are a result of the
interaction of the basic field with matter. Using the symbol t for time, Maxwell’s equations in mks
units are

2.1

V><E+@=O @1)
ot

2.2

VxH—@:J 22)
ot

V.D:p (2.3)

VeB=0 (2.4)

The interactions of the field with matter are described by material equations. Fortunately, for most
situations of interest in optical design, the material equations are linear (i.e., the conditions are
static and isotropic). In this case, the material equations are just constant relations, involving the
dielectric constant (permittivity) , the permeability p, and the conductivity o. These three
guantities are constant at a given point in space, but are functions of frequency (wavelength). For
isotropic materials, the permittivity is a scalar quantity (although a function of wavelength). By
contrast, the permittivity of an anisotropic medium such as a crystal must be described by a tensor.
In other words, € is a 3 x 3 matrix that relates the components of E to the components of D. In the
present discussion, we will consider only the case where the permittivity is a scalar quantity.
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D=¢E (2.5)
B=pH (2.6)
J=ocE 2.7)

These material equations can be combined with Maxwell’s equations to derive a wave equation for
the electric field:.

OE oE (2.8)

ot? ot

An analogous equation can be derived for the magnetic field. For the dielectric materials used in
optical systems, the conductivity o is zero, so Eq. (2.8) simplifies to

0°E (2.9)
ot?

V’E = e

V’E = pe

Equation (2.9) is in the standard form for a wave propagating with a velocity v, where

1 (2.10)
V [ —

T

For a monochromatic wave of frequency v (and angular frequency o = 2nv), the electric field has
the form

E(r,t)=E,(r)exp(fiot) (2.12)

where r is the vector distance from some origin to the observation point. A monochromatic wave
has the shortcoming that it carries no power, so for thermal sources one must consider a finite
frequency band. Again, the laser differs from thermal sources because stimulated emission adds
power to the mode that stimulated it, causing the beam to have temporal coherence. Of course, a
strictly monochromatic beam would need to have an infinite duration, so even laser beams have
some finite bandwidth. We usually consider the temporal properties of light to be described by the
product of two terms: a rapidly varying term like the exponential in Eq. (2.11) , and a slowly
varying term incorporated in E,. In practice, for imaging systems, the time-varying terms are
neglected, and the wave equation takes the form of the Helmholtz equation

VE+k’E=0 (2.12)

where k = \/an = 2n/)\ . For many optical systems, the propagation space is isotropic, so it

suffices to consider only one (scalar) component of the electric field, often called the optical
disturbance, written as u(x, y, z). All scalar wave phenomena require finding solutions u(x, y, z) to
the scalar wave equation:

Veu(x,y,z)+k’u(x,y,z)=0 (2.13)
Well-known solutions to Eqg. (2.13) include the spherical wave
A exp(iik X’ +y*+1° ) (2.14)
uspherical (X! y! Z) = 2 2 2
\/x +y 4z
and the plane wave (taken here to be traveling along the z-axis)
Upiane (X, Y, 2) = A, exp (tikz) (2.15)

(In Egs. (2.14) and (2.15), As and A, are constants.)

Laser beams have a well-defined propagation direction. Thus, assuming that the beam is traveling
in the z direction and motivated by the plane wave solution to the wave equation, we look for a
solution of the form
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u(x,y,z)=y(xy,z)exp(-ikz) (2.16)

where (X, v, z) is a function that describes the amplitude and phase differences between the beam
solution and a plane wave. That is, we assume that the basic oscillatory behavior of the beam is
given by the exponential term, with y(x, y, z) being a relatively slowly varying amplitude. If we
substitute Eq. (2.16) into Eq. (2.13), we find that y(x, y, ) must satisfy

2 2 2
0y, 0V, 0V o _g (2.17)

ox* oy or’ oz

We now assume that the beam is well confined to a region near the z-axis. Then, since y(X, Y, z)
varies slowly with respect to z, we can ignore the second derivative of y with respect to z in Eq.
(2.17). So, we find that y(x, y, ) must satisfy the so-called paraxial (or parabolic) wave equation:

I 2.18
OV, 2V ok o 219)
o oy oz

There are many solutions to Eq. (2.18). Depending on the geometry considered, one can find
solutions (called modes) in terms of products of orthogonal polynomials and Gaussian functions.

b (0920~ b, (2, L2y o -t o ||

where

r2=x*+y? (2.20)
Az
®(z)=tan™
= 2]
The functions Hn, and H, are Hermite polynomials, given by
Hy(8) =1 (2.21)
H,(€) =28
2 dn 22
H,(€)=(-1)"e" —e*
2(8)=(1) ae

The lowest-order (TEMgo) mode is a simple Gaussian function. In Eq. (2.19), w and R are
functions of z and wp is a constant. We can see from Eq. (2.19) that w describes the radial
amplitude distribution in the beam and R is the radius of curvature of the wavefront. At a distance
from the axis of r = w, the amplitude of the beam is equal to 1/e of its on-axis value. Since the
irradiance is equal to the squared modulus of the field, the irradiance at r = w is equal to 1/? of its
axial value, as illustrated in the figure below. It is customary to call w the spot size of the Gaussian
beam. Note that the spot size is a measure of the radius of the beam, not its diameter.
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Irradiance

A

lo

Iolez

Gaussian beam propagation

The Gaussian beam described by Eqg. (2.19) has a minimum spot size at the same axial location at
which the wavefront is planar. The formulae for w(z) and R(z) take on simple forms if we letz=0
correspond to this point of minimum spot size. Then, the explicit forms of the variation of the spot
size w and wavefront radius of curvature R with z are

e (2) v |1 22| .
- ™w,

R(Z)=2[1+[“k"‘§ ﬂ (2.23)

Examination of Eq. (2.22) confirms that the spot size takes on its minimum value at z = 0 and this
minimum value is equal to the constant wo, which is called the beam waist. Also, we find from Eq.
(2.23) that the wavefront radius of curvature becomes infinite at the beam waist, i.e., the wavefront
is planar. Note that the convention of measuring z from the waist to the observation point implies
that z and R(z) have the same sign, as can be seen from Eq. (2.23). In the figure below, both z and
R are positive as shown. This sign convention for radius of curvature is fairly standard in the
Gaussian beam and laser literature, but is opposite the convention used by OSLO for the sign of
radius of curvature. OSLO uses the above equations when computing the propagation of a
Gaussian beam, but, for consistency, reports the wavefront radius of curvature using the OSLO
sign convention. Thus, you should interpret waist distances (z) reported by OSLO as being
measured from the observation point to the waist. For example, in reporting the beam parameters
for the beam in the figure, OSLO would display both z and R as negative.

and
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W+ 1/e?lrradiance

Wavefront

A Gaussian beam is completely specified by any two of the four parameters w, wo, z, and R (in
addition to the wavelength A). Given any two of the parameters, the other two can be computed
using Egs. (2.22) and (2.23), or obvious rearrangements of these equations. There are several other
parameters of the beam that are often useful in analysis. The 1/e? irradiance far-field divergence
angle 6, measured from the z-axis, is given by

(2.24)
9=tan‘1( M j;L
w, ) mw,

The distance from the waist to the axial point of minimum wavefront radius of curvature is called
the Rayleigh range zg

w. (2.25)

The spot size at the Rayleigh range point is equal to \/Ewo . The Rayleigh range can be used to

define the length of the focal region, or collimation length, of a Gaussian beam. The value of the
minimum wavefront radius of curvature is the confocal radius bo:

2 2.26
_ ZT;\’W0 _ 22, (2.26)

The solutions of Egs. (2.22) and (2.23) provide a great deal of insight into the process of focusing
a light beam. Imagine a convergent beam propagating from left to right. Well before it reaches the
focus point, the radius of curvature of the wavefront is centered on a well-defined point at the
expected focus (z = 0). As the wavefront approaches the focal region, the focus point appears to
recede. When the wavefront is one Rayleigh range in front of the original focus, the apparent focus
is one Rayleigh range behind it. Inside this point, the apparent focus recedes rapidly, reaching
infinity at z = 0. The wavefront then becomes divergent with a radius of curvature symmetrical in
magnitude to a corresponding point on the other side of the original focus point.

by

Regardless of the position along the z-axis, the beam always has a Gaussian intensity profile. The
profile is not at all like the beam from a uniform “top-hat” beam, whose intensity profile changes
as it passes through focus. Nevertheless, the salient aspects of Gaussian beam focusing are not
different from any other beam, including a shift of focus towards the lens. Prior to the invention of
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the laser, these effects were not commonly understood, because they are only easy to see in
weakly focused beams.

Propagation Circles

Using the Rayleigh range as the parameter characterizing a Gaussian beam, it is possible to
determine the spot size and radius of curvature at any point using a geometrical construction called
the propagation-circle method. The quantities determined in the propagation-circle method are the
radius of curvature of the wavefront and a beam parameter b, related to the spot size by

b W (2.27)
A
Using this in Eq. (2.22) and Eq. (2.25), we find an equation for the beam parameter:
. sz 472 (2.28)
ZR
We may rewrite Eq. (2.23) as
. sz 472 (2.29)

These last two equations form the basis for the propagation-circle method. Consider a Gaussian
beam with a Rayleigh range zg, as shown above. First construct a circle oo centered on the point
z =0, with a radius equal to the Rayleigh range.

Construct a vertical line through the point z = 0, and denote the intersection of the line with the
circle oo by F. This point is called the complex focal point of the beam. By construction, the
distance from the beam axis to F is equal to the Rayleigh range.
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Now construct a circle o, centered on the axis and passing through the complex focal point F. The
radius of curvature of a Gaussian beam wavefront at both points where the circle o intersects the
axis is equal to the diameter of the circle c. To see this, note that

P=z242 (2.30)
and
R _q (2.31)
q z
Therefore,
o 22477 (2.32)

which is simply Eq. (2.29) again. It thus follows that at any point z on the axis of a Gaussian
beam one can construct a circle, which we shall call a ¢ circle, whose diameter is equal to the
radius of curvature of the wavefront of the TEMgo, mode at the point z. The o circle is defined by
the requirement that it pass through the point z and the complex focal point F. The figure below
shows a graphical determination of the wavefronts of a beam passing through a focal region using
o circles. Note that the wavefront radius is equal to the diameter of the o circles.

v
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v

A different geometrical construction is used to find the beam parameter as a function of distance
along the axis from the beam waist. Construct two circles oo and o as before, and determine the
complex focal point, as shown above. Now construct a circle = that passes through the complex
focal point F and is tangent to the optical axis at the point z. The diameter of this circle is equal to
the beam parameter b. To see this, note that

9’ = zRZ 472 (2.33)
and
Zy _q (2.34)
g b
Thus
. sz 472 (2.35)
ZR

which is simply a restatement of Eq. (2.28). It follows that at any point z on the axis of a Gaussian
beam one can construct a circle called a & circle, whose diameter is equal to the beam parameter b
at the point z. The & circle is defined by the requirements that it pass through the complex focal
point F and that it be tangent to the optical axis at the point z. The spot size w of the transverse
mode at the distance z is determined from the beam parameter b by the relation

b (2.36)
w= [—
T
The above constructions form the basis for the propagation-circle method. If we know the beam
parameter and radius of curvature at one point, we can find the beam parameter and radius of
curvature at any other point by constructing suitable ¢ and r circles as follows.

Suppose the beam parameter and radius of curvature have values b and R, at some point z. We
associate with the beam parameter a circle r, tangent to the beam axis, whose diameter is equal to
b, and we associate with the radius of curvature a circle c whose diameter is equal to R, as shown
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below. According to the propagation-circle method, the circle ¢ and the circle « define the
complex focal point F. Since the propagation of a Gaussian beam is completely determined by the
location of its complex focal point, we can find the beam parameter and radius of curvature at any
other point by constructing new ¢ and = circles that pass through F and the new point. That’s all
there is to it! Of course, underlying the propagation-circle method is the assumption that the beam
is not truncated by an aperture, and that it propagates according to the paraxial wave equation.

v

Assuming that we can neglect aberrations, it is easy to extend the concept of propagation circles to
describe the propagation of a Gaussian beam through an optical system. We may begin by
considering propagation through a thin lens. A beam of radius of curvature R; entering a thin lens
of focal length f is transformed into a beam of radius of curvature R, leaving the thin lens, where
R; and R; are related by the thin-lens equation,

1 1 1 (2.37)

If the lens is thin, the diameter of the beam is not changed in passing through it. Consider a
Gaussian beam incident on a thin lens L. Let the incident beam be characterized by the complex
focal point F as shown. The beam parameter and radius of curvature of the beam incident on the
lens can then be characterized by the propagation circles o and r as shown in the figure on the
next page.

Since the lens will alter the radius of curvature of the beam according to Eq. (2.37), the beam
emerging from the lens will be characterized by a new a circle, ¢'. The circle ¢' is defined by the
requirement that it intersect the axis at the vertex of the lens and at the point A' shown below. The
point A' is the geometrical image of the point A. Since a thin lens does not alter the beam
parameter, the emergent beam will be characterized by the same = circle as the incident beam. The
beam emerging from the thin lens L is thus characterized by the propagation circles ' and ©. The
point where these circles intersect determines the complex focal point F' of the emergent beam.
Once the new complex focal point is found, the propagation of the beam after it passes through the
lens is completely determined.
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We see from the figure that the minimum spot size of the emergent beam, or the "beam waist," is
always closer to the lens than the geometrical focus. That is, the minimum spot size occurs at the
point B', where the perpendicular from F; intersects the optical axis; whereas the geometrical
focus is at the point A'. The minimum spot size of the emergent beam is

o (2.38)

where zg is the length of the line B'F' (that is, zr is the new Rayleigh range of the beam).

The propagation circle method shows when the geometrical-optics approximation provides a valid
picture of image formation: the geometrical-optics approximation is valid when the complex focal
point F' coincides with the geometrical focus at point A'. This will occur when the propagation
circle w is large: that is, when the spot size of the beam on the lens is large, or when the
wavelength is small compared to the beam diameter.

The propagation-circle method described above can also be used to determine the propagation of
Gaussian beams through an interface between two materials having different refractive indices. In
order to determine the propagation circle mt;, we must generalize the discussion given for the case
of a thin lens. In particular, we have in general that the optical length of the beam parameter
remains constant as the beam traverses the interface between two refracting media. It follows that
the beam parameter b, at the interface is related to the beam parameter b; at the interface as
follows:

n,b, =nb (2.39)
The propagation circle 7, thus has a diameter that is ni/n, times the diameter of =;. The complex

focal point F; is determined by the intersection of the propagation circles o, and n2; once F; is
found, the propagation of the beam in medium 2 is completely determined.
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Algebraic Methods

Although the propagation-circle method described in the preceding section is useful for visualizing
the propagation of Gaussian beams through optical systems, for calculations it is desirable to work
directly with the algebraic expressions for the beam properties. In particular, it is convenient to
redefine the quantity g introduced before as a complex beam parameter:

11 .2 (2.40)

—_ = —
d R mw
Defining the g parameter in this way has several important uses. First, the radial portion of the
Gaussian beam can be written in the simple form of exp(-ikr?/2q), which is the form of a spherical
wave in the paraxial approximation. The difference here is that now g, which corresponds to the

radius of curvature of the spherical wave, is complex. Second, the propagation laws for the
Gaussian beam parameters [Egs. (2.22) and (2.23)] can be combined into the single equation

2 241
q(z)=in¥°+z @4)

Third, if we assume that the beam is smaller than any apertures in the optical system, we can
neglect the effects of diffraction by finite apertures as the beam propagates along the axis of an
orthogonal optical system. (Orthogonal means the propagation can be considered independently
for the x and y coordinates.) A Gaussian beam remains Gaussian as it propagates through such a
system and the output g parameter (q', in a medium of refractive index n’) is related to the input g
parameter (g, in a medium of refractive index n) by

q'_A(a/n)+B (2.42)
n C(g/n)+D

where A, B, C, and D are the elements of the 2 x 2 paraxial matrices. Equation (2.42) is often
referred to as the ABCD law. At this level of analysis, the only difference in propagating a
Gaussian, rather than point source, beam through a system is the use of the complex parameter g
rather than the purely real radius of curvature R. We don’t need any additional information other
than that which is necessary to compute the four Gaussian constants for the desired system or
subsystem. For a Gaussian beam, the q parameter plays the same role in the ABCD law as the
wavefront radius of curvature does for point sources. For this reason, q is sometimes referred to as
the complex radius of curvature.

Note that the q parameter as defined in Eq. (2.40) uses the wavelength A in the medium in which
the beam is propagating. For some calculations, it is useful to introduce a reduced q parameter, g,
that is defined in terms of the standard wavelength Ao = nA:

l—ﬂ—ﬂ_i Ao (2.43)

G 9 R mw

Then, the ABCD law takes on the somewhat simpler form
g - AG+B (2.44)
C4+D
The Gaussian beam solution to the paraxial wave equation can be generalized to the case of an
astigmatic beam with different spot sizes and wavefront radii of curvature in x and y. If we denote

the complex beam parameters in the xz and yz planes by gx and qy, respectively, we can write a
solution to Eq. (2.18) as

- 22 (2.45)
\V(X, y,z):(qqu) 2exp{—ig[x_+y_ﬂ

O dy
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A beam of this form can be propagated through an orthogonal system by computing the Gaussian
constants in the xz and yz planes and applying the ABCD law separately in each azimuth. It can
further be shown that we can rotate the astigmatic beam of Eq. (2.45) by an angle ¢ around the z
axis and the resulting expression is still a solution of Eq. (2.18):

’ o (2.46)
v(x Yy 2) :(qqu) 2 eXp{_ing:—d)JrSI:l—d)] o

(Sinz o +—COSZ ¢J y? +sin (2¢)[i—ij xyﬂ
a, ay a, G

The beam described by Eq. (2.46) has what is termed simple astigmatism. The loci of constant
intensity and constant phase have a fixed orientation (at angle ¢) as the beam propagates. It can be
demonstrated, however, that Eq. (2.46) remains a solution of the paraxial wave equation even if ¢
is complex. In this case, the beam has general astigmatism. In general, for a beam with general
astigmatism, the loci of constant intensity and constant phase are never aligned and change their
orientation as the beam propagates. General astigmatism results when a beam is passed through a
nonorthogonal optical system, e.g., cylindrical lenses oriented at an angle other than 90 degrees.
For a complete discussion of generally astigmatic beams, see Arnaud and Kogelnik (1).

If we assume that diffraction from apertures can be ignored, the most general Gaussian beam [Eq.
(2.46)] also propagates as a Gaussian; the optical system transforms qy, gy, and ¢ (all are complex)
in a manner analogous to the ABCD law [Eqg. (2.42)]. The transformation relations are, of course,
much more complex since one cannot make the assumptions of rotational symmetry or
orthogonality for the optical system.

OSLO contains two different methods of Gaussian beam propagation analysis. For the common
case of a beam propagating along the axis of a centered system, there is an interactive analysis
spreadsheet, based on the ABCD law. This analysis is valid for centered, orthogonal systems
consisting of refracting or reflecting surfaces. For a more general system, the astigmatic beam
trace can be used to propagate a Gaussian beam along the current reference ray. This analysis
should be used if the optical system contains any special data, is nonorthogonal, or the beam does
not propagate along the optical axis of an orthogonal system.

The Gaussian beams discussed so far can be considered as the output of ideal laser resonators. In
reality, of course, real resonators have hard-edged apertures, misaligned mirrors, etc., so the output
beam will not, in general, be the ideal Gaussian described by Eqg. (2.19). One method of
quantifying how much a real beam departs from a Gaussian is the so-called M 2 factor, introduced
by Siegman(2). M2 is related to the second moments of the irradiance distribution of the beam in
the near and far fields. For an ideal Gaussian beam, the product of the beam waist and far-field
divergence angle [EqQ. (2.24)] is given by

2.47
wW,0 = & ( )

which is only a function of the wavelength A. Denoting the beam waist radius for a real beam by
Wo, and the far-field divergence angle of the beam by ®, the corresponding product for the real
beam can be written as

2.48
WO®:MZWOE):M2& (2.48)
T
Thus, M2 is the amount by which the beam waist-far-field product exceeds the diffraction limit of
an ideal Gaussian beam of the same wavelength. It can be shown that the propagation of the spot

1.J. A. Arnaud and H. Kogelnik, “Gaussian light beams with general astigmatism,” Appl. Opt. 8,
1687-1693 (1969).
2. A. E. Siegman, Proc. SPIE 1224, 2, 1990.
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size of real beams described by an M2 factor is described by the same equation as for an ideal
Gaussian [Eq. (2.22)] but with A replaced by M 2.

Polarization analysis

For most of the problems the optical designer is called upon to solve, it is unnecessary to take into
account that the optical system is actually transforming the properties of an electromagnetic field.
Usually, the description of light as a ray phenomenon (i.e., geometrical optics) or as a scalar wave
phenomenon provides sufficient accuracy to predict the performance of a lens. There are
conditions, however, under which it is necessary to treat the optical field using its true vector
nature; consider, for example, the calculation of the amount of light reflected from an air-glass
interface. In this section, we will review some basic electromagnetism and see how to couple this
information with ray tracing to provide a way to analyze the polarization-dependent properties of
optical systems.

For the discussion of polarization effects, we will use plane wave solutions to Eq. (2.12):
Upiane (X, Y, 2) = A, exp(ikz) (2.49)

where, if s is a unit vector in the direction of propagation of the plane wave, k = ks and dis a
constant phase offset. (The actual electric field, a real, physical quantity, is given by the real part
of Eg. (2.49).) The solutions given by Eq. (2.49) are called plane waves since, at a fixed time t, the
electric field is constant over the planes defined by s e r = constant. Using Eq. (2.49) in Maxwell’s

equations, it can be shown that
(2.50)
E-= —\/ES xH
€

c (2.51)
H= |-sxE
u

Taking the dot product of Eqgs. (2.50) and (2.51) with s gives
Ees=Hes=0 (2.52)

and

Equation (2.52) reveals that the field is transverse, i.e., the electric and magnetic vectors lie in a
plane perpendicular to the direction of propagation. Also, we see that E, H, and s form a right-
handed orthogonal set of vectors.

The instantaneous Poynting vector S, defined by S = E x H, represents the amount and direction
of energy flow, and is seen to be in the direction of s, i.e., the direction of propagation of the plane
wave. In geometrical optics, rays represent the flow of energy. These facts provide a mechanism
for us to combine the results of ray tracing with electromagnetic analysis. For each ray that is
traced, there is an associated electromagnetic field that is locally planar in a small region around
the ray and has its electric and magnetic vectors in a plane that is orthogonal to the ray. The
process of polarization ray tracing involves finding the transformation of these locally planar
electromagnetic fields, in addition to the normal refraction/reflection of the geometric ray.

Obviously, if we know any two of the three vectors of interest (s, E, and H), we can find the third
by the use of the above equations. We will want to use s, since it corresponds to the geometrical
ray. It is logical to use the electric vector E as the light vector. Wiener’s experiment on standing
light waves (1890) demonstrated that the photochemical process (i.e., the exposure of a
photographic emulsion) is directly related to the electric vector and not to the magnetic vector.
Also, the Lorentz equation for the force exerted on a charged particle shows that the electric field
acts upon the particle even if the particle is at rest. The magnetic field, on the other hand, results in
a force upon the particle that is proportional to the ratio of the particle’s velocity to the speed of
light. Since this ratio is usually very small, the effect of the magnetic field can usually be ignored.
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Thus, we will concern ourselves only with the electric field when considering the interaction of the
vector nature of the light field with optical systems.

Polarization ellipse

We have seen that it is necessary to characterize the electric field. The description of the electric
field vector defines its polarization properties. We have already noted one fundamental property,
namely that the field is transverse to the direction of propagation of the wave. To describe this
transverse field, we will choose a coordinate system that has its z-axis along the direction of
propagation. Because the field is transverse, the electric field vector then lies in the xy plane. We
want to study the orientation of this vector in the xy plane as a function of time.

From the general form of the plane wave solution [Eq. (2.49)], we see that each Cartesian
component of the electric field is of the form

acos(ot—ker+38)= il%{aei(”"k'r*ﬁ)} (2.53)

Thus, the X, y, and z components of the electric field are given by

E,=a,cos(ot—Ker+3,) (2.54)
E, =a,cos(ot—ker+3,) (2.55)
E, =0 (2.56)

We are interested in the curve that the end point of E sweeps out in the xy plane as a function of
time at a fixed point in space; this is the locus of points (Ex, Ey), where E, and E, are given by Egs.
(2.54) and (2.55). Since this curve is not a function of position or time, we can eliminate wt — ker
from Egs. (2.54) and (2.55) to yield

. , (2.57)
E E
(Ej +(_y] _25_ycosés=sin28

a a a a,

X y

where 6= & — &. This is the equation of an ellipse making an angle 8 with the (Ey, Ey) coordinate
system such that

2aa, (2.58)
tan 20 = ———-c0s 6

X y

This ellipse is called the polarization ellipse and is illustrated in the figure below; it is the curve
swept out by the tip of the electric vector in the plane orthogonal to the direction of propagation of
the plane wave.
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» E

The principal axes of the ellipse are aligned with the (Ex, Ey) coordinate axes only if =10, i.e., if §
is an odd multiple of /2. Note that, in time, the ellipse may be traced in either a clockwise or
counter-clockwise sense. Conventionally, the rotation direction is based on the behavior of the
electric vector when viewed from the direction of propagation, i.e., the wave is traveling toward
the observer. If the E vector is rotating clockwise (sin 6> 0), the polarization is said to be right-
handed. Conversely, if the rotation is counter-clockwise (sin & < 0), the polarization is left-handed.
In summary, the polarization state is determined by three quantities: i) the ratio of the minor axis
of the polarization ellipse to the major axis of the polarization ellipse, ii) the orientation angle of
the polarization ellipse major axis to one of the coordinate system axes (This is the y-axis in
OSLO, so the orientation angle is 90° — #.), and iii) the handedness of the polarization. In OSLO,
these quantities for the incident electric field are specified by the polarization operating
conditions.

There are two important special cases of the general case of elliptical polarization. If §is equal to
an integer multiple of 7, then Eq. (2.57) reduces to

2 (2.59)

E, =t—
aX

y X

This is the equation of a straight line and so we say that the light is linearly polarized. For linear
polarization, the ratio of the axes of polarization ellipse is zero and the orientation angle of the
ellipse is the angle between the y-axis and the plane of vibration of the electric vector. Obviously,
handedness is not really a meaningful quantity for linearly polarized light.

The other special case occurs when ax = a, = a, and Jis equal to an odd multiple of 7/2. In this
case, Eq. (2.57) reduces to

£+ E? —a (2.60)

This is the equation of a circle and so we say that the light is circularly polarized. For circular
polarization, the ratio of the axes of the polarization ellipse is unity and the orientation angle of the
ellipse is arbitrary.

For this analysis, we have assumed that the electric field vector varies in a regular way. For

thermal light sources, which are based on spontaneous emission from excited atoms or molecules,
the changes in the polarization state may occur too rapidly and in too unpredictable a fashion for a
defined polarization state to be determined. In this case the light is called unpolarized (or natural)
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light. In general, light is neither completely polarized nor completely unpolarized. In this case, we
say that the light is partially polarized. The degree of polarization is the ratio of the intensity of
the polarized portion of the light to the total intensity in the beam. If the degree of polarization is
zero, the light is completely unpolarized. Conversely, a degree of polarization of one means the
light is completely polarized.

Fresnel equations

In order to calculate the polarization state along the rays being traced through an optical system,
we must calculate the effect on the electric field upon passing through an interface between media
of different refractive indices. In general, when a plane wave is incident upon the interface part of
the wave is refracted and part is reflected. (We assume the media are non-absorbing, for
simplicity.) The relations describing the ratios of the transmitted and reflected fields to the
incident field are called the Fresnel equations.

The geometrical optics laws of refraction and reflection state the incident ray, the refracted or
reflected ray, and the normal to a surface lie in a plane. Solving Maxwell’s equations and applying
the necessary boundary conditions yields results entirely consistent with geometrical optics: a
beam is reflected at an angle that is equal in magnitude but opposite in sign from the incident
beam and a beam is refracted into the second medium at an angle given by Snell’s law. The plane
defined by the propagation vectors s of the incident, reflected and refracted beams (i.e., the rays)
and the normal vector to the surface is called the plane of incidence, which is the plane illustrated
in the figure below.

Incident wave Reflected wave

E p, incident E p, reflected

E

s, incident s, reflected

n(

p, transmitted
E

S, transr-'nitted
Transmitted wave

n<n’

The electric field can always be decomposed into a component that is parallel to the plane of
incidence and a component that is perpendicular to the plane of incidence. The parallel component
is known as p, 7, or TM (transverse magnetic) polarization, while the perpendicular component is
known as s, o, or TE (transverse electric) polarization. [s stands for senkrecht, the German word
for orthogonal.] If we denote the angle of incidence by &, the angle of refraction by &, the ratio of
the amplitude of the reflected beam to the amplitude of the incident beam by r, and the ratio of the
amplitude of the transmitted (refracted) beam to the amplitude of the incident beam by t, the
Fresnel equations have the following form.

. ncos6, —n’coso, (2.61)
® ncos6, +n'coso,
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. _N'cos6, —ncoso, (2.62)
’ n’cos; +ncoso,

_ 2ncos 6, (2.63)
ncoso, +n’coso,

S

__2ncost, (264

’ n’cos0, +ncoso,

In Egs. (2.61) - (2.64), n is the refractive index of the medium in which the incident wave travels,
and n' is the refractive index of the medium in which the transmitted (refracted) wave travels. Also
note that we have made the assumption that we are dealing with dielectrics with permeabilities
equal to that of free space, i.e., u = ¢/ = uo. The reflectance R (the fraction of the incident power or
energy contained in the reflected beam is given by the squared modulus of the amplitude reflection
coefficient

R =rr R, =11 (2.65)

It can be shown that

2 2 2 2 2.66
A N A A @69
Equation (2.66) can be interpreted as a statement that energy is conserved for a light wave incident
upon a boundary between two dielectric media. In general, the reflectance is different for s and p
polarization. Only for the case of normal incidence (where s and p are indistinguishable) are the
reflectances the same value, namely

n—n’j2 (2.67)
n+n’

Rs,normal = Rp,normal :£

Using values for a typical air-glass interface (n = 1.0, n’ = 1.5) in Eq. (2.67) yields the familiar
result of 4% reflection loss for an uncoated refractive optical surface.

As part of the polarization ray trace in OSLO, the incident electric field associated with each ray at
a surface is decomposed into its s and p components, and the Fresnel equations are used to
compute the amplitude of the transmitted electric field. The s and p directions for each ray are
determined by the ray direction and the surface normal vector; they are, in general, different for
each ray incident upon the surface. Thus one can not usually define overall s and p directions for
non-planar waves incident upon non-planar surfaces.

Jones calculus

A convenient method, based on the use of linear algebra, for analyzing the propagation of
polarized light is the Jones calculus, named for its inventor, R. Clark Jones. If we consider, as
usual, a polarized wave traveling in the z direction, then the electric field has components in the x
and y directions only. We write the instantaneous x and y scalar components of E as the column
vector (Jones vector)

E, (1)] (2.68)
_EY (t)_
Using the complex representations of Egs. (2.54) and (2.55), we can rewrite Eq. (2.68) as
fae™ ] (2.69)

E-=

E=

i,
_aye _

It is only the phase difference 6= &, — & that affects the state of polarization. Thus, it is common
to just use this relative phase difference in writing Eq. (2.69) as
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a (2.70)
E= XiB
ae
For example, light that is linearly polarized in the y direction has the Jones vector
l: 0 ] (2.71)
Elinear, = i3y
T lae” |

Right-handed, circularly polarized light has the Jones vector

1] 2.72)

Ecircular,right = a|:|

while left-handed, circularly polarized light is represented by the Jones vector

1 (2.7