1D OsLO

aSSocie au cours d'optique
geometrque avancee (4A-INSA)

—lorent Houdellier
—S-CNHS, 29 Rue Jeanne Marvig 310585 TOULOUSE

INSTITUT NATIONAL
DES SCIENCES
APPLIQUEES
TOULOUSE

Inspire d’exercices extraits du site d’OSLO : https://lambdares.com/oslo-videos/



Outline

e Introduction to OSLO

 Basic fundamental of OSLO
— Example 1 : Cooke triplet

 Advanced fundamental of OSLO

— Example 2 : four-prism configuration beam displacer
(achromatic polarization preserving)

— Example 3 : effective lens model of VCSEL (vertical
cavity surface emitting lasers with whispering gallery
mode)




Introduction to OSLO




 What 1s OSLO?
* The advantages of OSLO

* The computer interface of OSLO
* What could be designed with OSLO?




What is OSLO?

* OSLO 1s an optical system design software. It can
design geometrical (lens) optical systems and
analyze the system and evaluate the performance,
such as 1mage quality.

* The method of ray tracing used mn OSLO 1s

sequential ray tracing, but 1t also can execute non-
sequential ray tracing.

It can execute the optimization and tolerance
analysis.




The advantage of OSLO

* OSLO works like to window’s program. It 1s convenient for you to
use the mouse and enter the data.

e OSLO also provides the command interface. Users can choose
both windows interface and command interface by convenience.

» The analyzed data output could be 1n graphic type or 1n text type.

» In optimization and tolerance analyses, users could employ the
default error function or create user-defined error function.

* OSLO provides global optimization to find the best solutions of a
system.




The interface of OSLO

Surface spreadsheet Command 1nput area
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Surface data spreadsheet

=10] x|

¥ Command P |
x |EE = ke
‘? =

Lens: Demo Tr1p1et comm /4 ZOUeg C0.000541
Ent beam radius il Field angle 20.000000 Primary wavin 0.587560

un
-
m
M
.
I>
s

THICKNESS APERT Ui A DT US

v

INNNNNND

Glass material
Curvature thickness |
radius Aperture radius




Text output

=k _|o] x||

B [ en Soe Rin Ave Wav Pxc Abr Mre Chf Tra Ref Fan Sod Auf Vo Cine e

*PARAXIAL TRACE ‘w
SRF PY FU @ PYC PUC e
7 0.016319 -0.124999 -0.124999 18.154007 . 342398 0.342398

*CHROMATIC ABERRATIONS
SRF PAC SAC P o) =
SUM -0.011384 -0.004752 . 0039354 006623

*SEIDEL ABERRATIONS
SRF SA3 CMAS ASTS3 PTZ3 DIS3
SUM -0.054416 -6.2549e-05 062550 138567 . 058116

*FIFTH-ORDER ABERRATIONS
SRF SAS CMAS ASTS PTZS5 DISS SA7
SUM 0.037247 e DLLI3E . 030841 080717 . 039752 0.0126l6




Graphic Output

Aberration

plots
Ray 1ntercept Fleld 20 g
curve
Fleld 14.3 Eﬁﬂ -
System
layout

~O, T

FIELD: 2o e Demo Triplet Sdm 74 POdeg
'Hb.ELGTH: +;|:|.5-H L0, 405 o0, 0 . RAY TRACE AMALYILS 0 10 A




What could be designed by OSLO?

» Standard geometrical optical lens system
» Standard reflected system

* Aspherical lens system

* Non-sequential lens array system

» Daffraction optical element




The limitation of OSLO

It could not simulate physical optics.
It could not do stray-light analysis of a system.
* It could not simulate complex light sources.




Basic fundamental of OSLO




» Ray tracing
* Image quality analysis
— Aberration analysis

— Image evaluation
« Soot diagram MF, PSF etc

e Optimization

e Tolerance




Example 1
Cooke triple




* Focal length: 10mm

o 1/#:1/2.8
Demo Triplet 50mm f/4 20deg UNITS: MM
® Half ﬁeld angle 200 FOCAL LENGTH = 9.855 NA = 0.1786

» Aperture radius : 1.8mm

 materials:
— Lens A and Lens C : SK16
— Lens B : F4

* Working wavelengths
— main : 0.5876 um
— 0.4861 um
— 0.6563 pum




The procedure of optical system design

System data entry
Ray tracing

1.
2.
3. Checking optical performance
4. Optimization

51

Tolerance




Data entry

e System parameters

— Wavelengths

— Lens parameters
e Curvature radius
* Thickness
* Aperture radius
* (lass materials

— Field angle

— Paraxial parameters

 Beam radius
o {/#




Data entry — wavelength and field angle

* Wavelength

EEE Wavelength Data < Surface Data

o

wl =
7

wavelength weight current
0.587560 1.000000 )

0.486130 1.000000 O
0.656270 1.000000 O

* Field angle

LISl
1. DDl
1. OESI00]




Data entry — lens parameters

 When you enter the surface data , 1t 1s better to move from
right to left :glass, aperture radius, thickness, finally radius.

surface Data
Command

9.854505
Ent beam radius 1.24998¢6 F1e1d angle 20.000000 Primary wavin 0.5875¢0

SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPECIAL
.000000 [ | z.ooo0e+1s [ | 7.2793e+18

O. 1.

LHHHEEEE




Data entry — paraxial parameters

e We should enter 1.78571

1n entrance beam radius |

field, since the f-number
must set in 2.8. D=entrance beam radius

f=focal length

Paraxaal Setup Editor < Surface Data

Field Conjugates

Entr beam rad* * 20.000000| Object dist 2.0000e+19

Object NA Object height Object to PPl 2.0000e+19

AX. ray slope -0.126844| Gaus image ht 3.586747| Gaus img dist 8.164976

Image NA D.126544 PP2 t0o 1mage 9.854505
working f-nbr 3.94184°5 Magnification 0.000000

Aperture divisions across pupil for spot diagram: 17.030000

Gaussian beam ;J




Checking the feature

s Graphic Olltpllt Triplet 10mm /2.8 20deg

FOCAL LENGTH = 10 NA = 0.1786

Triplet 10mm /2.8 20deg
FOCAL LENGTH = 10 NA = 0.1786

0.727
—

* Text output

*LENS DATA

riplet 1omm /2.8 20deg

SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPE
oBJd Lo 2.0000e+19 7.2793e+18 AIR

1 4.249954 0.700000 1.800000 SK1le C
2 =31 £ E£9057 1.199987 1.800000 AIR

3 -4.043395¢ 0.300000 1.800000 Fq4 C
3.859958 1.199987 1.800000 AIR

28.249694 0.700000 1.800000 SK1le C
-3.491631 S 8.589307 1.800000 AIR

3.798090



Ray trace

» Paraxial ray tracing

— Command : “pxt all”

— The algorithm 1s YUI method

* Y: the ray height at surface
» U: ray slope
 [: ray angle

FPARAXKTIAL
SRF
0

1
2

s f

. 785710
673100

. 321032
. 303303

443128
« 479555

054354

FU

8.9286e-20

—0.
-O.

-0.
0.

160872
2933933

Q57077
116017

052038
178571

1738571

FI

420172
213602

619577
280727

167102
« 371705

178571

PYC

8.9286e-20 -7.2793e+18

-0.922982
-0.70754¢6

-0.032502
“Ll.11lU028~16

0.538144
0.807799

3.743737

PUC

. 363370

307766
«512542

. 308339
. 498459

« 299506
« 341789

. 341789

PIC

363370

1467396
. 3300865

«535382
. 308339

519633
. 068153

. 341789




Setting object point

» Using menu :
— Select “Evaluate >> Single Ray Trace>>Set object point™

e Using command :

— set object point (FBY) (FBX) (FBZ) (FYRF) (FXRF)
 FBY ., FBX,FBZ : object point fractional coordinates
 FYRF,FXRF : aperture-stop coordinates of a reference ray.

EEE wet object pomt < Surface Data

Object point specification: ® Direct entry O Field point number
Fractional coordinates of object point

0.000000f FEX 0.000000 FBZ

wavelength number: (0.588 micrometers)



Ray trace

* Single ray trace

— It shows the trajectory of a single Lagrangian (ordinary) ray
through an optical system.

— Evaluate >> Single Ray Trace L)
« K.L.M : direction cosine
 JANG, RANG :incident and refraction angle

*TRACE RAY - LOCAL COORDS - FBY 1.00, FBX 0.00, FBZ 0.00
SR.F Y /L Z /M YANG/TANG  XANG/RANG O/0OFL

i 2778731 = 15,6071k = H.174243
0.313055 0. 347726 15.e078l5 18,0 76l5 14.210446

Fr FAY AIMI NG OFD

o CENTRAL EEF RAY =




Ray trace

* Ray fans

— FY: fractional coordinates in object space . Exit Pupil

— DX, DY, DZ: image displacement

— DYA, DXA : the differences 1n ray slope
between the ray and reference ray.

| -~
— OPD: optical path difference. Ordinary Ray

Refergnce Ray

lmace
surface

*TRACE FAN - FBY 1.00, FBX 0.00, FBZ 0.00
RAY FY FRAC RFS DYA DXA DY DX DZ OPD DMD

1 1.000000 0.68957S 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20
0.500000 0.327809 -0.081239 -- -0.021304 -- - 1.398099 0.422897

2
3
4 -0.500000 -0.302660  0.083840 -~ 0.016727 - B 1.099659 0.722299
S -1.000000 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20 1.0000e+20




Ray trace

* Ray-intercept curves

— Select “Ray fans >> single field pomnt™

— These curves are graphical plots of ray fans.

— The data represents image space displacements as a function of object-
space fractional coordinates.

Triplet 10mm f/2.8 20deg FBY O FBX O

RAY-INTERCEPT CURVES W1-3 +ao




Image quality analysis

 Aberration

— Spherical aberration
— Chromatic aberration
— Astigmatism

— Distortion
* Spot diagram
e MTF
* SPF

* Energy distribution




Aberration

Triplet 10mm f/2.8 20deg

] S pherl C al ab eI‘r atlon LONGITUDINAL SPHERICAL A[?ERRATION

— Lonitudinal spherical aberration

— Lateral spherical aberration

14, =LA, tanlU, =(L—[)tanl/,

positive singlet
LONGITUDINAL SPHERICAL ABERRATION

PARAXIAL




Aberration

* Chromatic spherical aberration S—

LONGITUDINAL SPHERICAL ABERRATION

— Longitudinal chromatic aberration

Axial Coler

Triplet 10mm /2.8 20deg PRIMARY  +
LATERAL COLOR SECONDARY x

— Lateral color —

Lateral Color
F (blua}




Aberration

Astigmatism

Serdional

Pl e

Cipticsl
EVENEM

Triplet 10mm f/2.8 20deg
FIELD SAGS

L ircie o et

o 0 1 Miaiannsy

Secondary
LMdge

TANGENTIAL
SAGITTAL

+
X




Aberration

e Distortion

Triplet 10mm f/2.8 20deg
PER CENT DISTORTION

— distortion < 0: barrel distortion

— distortion > 0: pincushion distortion




Report graphs of Ray analysis

» This report graph includes the ray intercept curves,
spherical aberration plot, astigmatism plot, chromatic focal
shift plot, distortion plot, and lateral color plot.

Field 20 de
. 0.05 mm ASTIGMATISM LONGITUDINAL

S x T+ (mm) SPHERICAL ABER. (mm)| FOCAL SHIFT (rmm)

Field 14.3 deg
0.05 mm

Lk 20080 . Triplet 10mm /2.8 20deg
WAVELGTH: +:0.588 4:0.486 ©:0.656 um RAY TRACE ANALYSIS




Spot diagram

» A collection of ray data resulting from tracing a
large number of rays from a single object point

through the aperture of the lens. PR .
R olo (o] | |

* In OSLO, the rays that trace for a spot diagram 1s
distributed 1n a square grid in entrance pupil. The
parameter 1s set in the Setup spreadsheet.

EEE Paraxaal Setup Editor < Surface Data

Aperture Field Conjugates

Entr beam rad¥* 1.785710| Field angle * 20.000000/ Object dist 2.0000e+19

Object NA Object height Object to PPl 2.0000e+13

Ax. ray slope -0.178571] Gaus image ht 3.639702| Gaus img dist 8.285526
Image NA 0.178571 PP2 to image 10.000000
working f-nbr 2.300007 Magnification 0.000000

Aperture diwvisions across pupil for spot diagram:

Gaussian beam




Spot diagram

» (Graphic output

Y FIELD

Triplet 10mm f/2.8 20deg FBY 0 FBX 0 REFHT 0 |
SPOT DIAGRAM FOCUS 0 W1-3 +aa |

GEOMETRICAL ﬁg GEOME TRICAL
SPOT SIZE B A 4 h 4% B, RMS Y SIZE

0.04033 fgg ¢4 *& 0.02852
g%h&a#&#@g

ARG DBD Eﬁ‘
mﬂ‘l.lﬂﬁm

&DEDIQ&Q
DIFFRACTION %w “““ G§ GEOMETRICAL

LIMIT RMS X SIZE
0.002051 "iﬂ H‘ﬁ 0.02852

X FIELD

Focus Omm Patch size 0. 1mm Triplet 10mm f/2.8 20deg

Full Field 20deg

WAVELGTH: +:0.588 4:0.486 0:0.656 um 2D SPOT DIAGRAMS




Spot diagram

* Text output
» Using “Evaluate >> Spot Diagram >> Spot Size Analysis”

e SIZ
GEO EMS ¥ GEO REMS X GED EMS R \OIFFR LIMIT
0. 028515 O.02=81% O.040220 O.002081

Rays

Y
Cantraid

CENTY

R =
N

o z

Heferance Ray




PSFK

 Full name : Point Spread Function

Reference Sphere

» The diffraction 1mage of a point object. :
— The diffraction amplitude
-ikR')

UG,y = 1P, ) TR

* P(X,y): complex pupil function

— The usual definition of point spread function

2

PSF(x',y") =|U(x",)")

— The airy disk = diffraction limit




PSFK

\ Point Spread Scans
» Using “Evaluate >> Spread ey
' * Monochromatic ¢ Polychromatic | [1] Wavelenzth
Function >> Plot PSF eRoshroma obychromatic | | ave

I 0000000 wize of patch on tmage sorface

¢
S Cans I ¥ Number of potnts

I 0000000 Focuz mhaft
I Qoo Vertical normalization plot

wet Object Potnt |
‘ QK | Cancel l Help I

Triplet 10mm /2.8 20deg FBY O FBX O FOC O
POLYCHROMATIC POINT SPREAD FUNCTION Y XX

Demo Triplet 50mm f/4 20deg
POLYCHROMATIC POINT SPREAD FUNCTION

FBY O FBX 0 FOC O
Y + X X

1

1
S
% 0.75 Eﬂ
— =
<C
g? b—
@ <
= 0.5 &
. = 0.5
— L)
= P
Y20 o
&g ij 0.25
e

0
POSITION

POSITION



Energy distribution

o It 1s representing how much of
the total energy in the point
1mage 1s contained within a
circle or square of size which
1S g1ven.

Demo Triplet 50mm f/4 20deg FBY O FBX 0 FBZ O
POLYCHROMATIC ENCIRCLED ENERGY FOCUS O

1

0.8 r
0.6 r

0.4

FRACTIONAL ENERGY

0.2}/

O M L 1 M
0 0.006 0.012 0.018 0.024 0.03

RADIUS

Triplet

10mm /2.8 20deg
POLYCHROMATIC ENCIRCLED ENERGY

FBY O FBX 0 FBZ O
FOCUS O

1

FRACTIONAL ENERGY

0

Triplet

0.8 r

0.6 r

0.4 r

0.2 r

—

0

0.004 0.008 0.012 0.016 0.02

RADIUS

10mm /2.8 20deg

POLYCHROMATIC ENSQUARED ENERGY

FBY O FBX 0 FBZ O
FOCUS O

FRACTIONAL ENERGY

,

0.8 r

0.6 r

0.4 r

0.2:F

0

.’.,

0

0.008 0.016 0.024

SIDE OF SQUARE

0.032 0.04




MTF (modulation transfer function)

» The OTF (optical transfer function) 1s a measure of the accuracy with
which different frequency components in the object are reproduced 1n
the 1mage

* The algorithm of MTF and PTF

— The modulation

— MI1FE, P1F

PTF =275 =270v
p

* The object irradiance distribution with Fourier spectrum O(v,,v,) and
the Fourier spectrum ot the image I(v,,v,) have the form :

I, W )y SOTR(P,, v JOWV,.P,.)



MTF

FIELD POINIS

e Wecan ChOOS@ through- ON-AXTS

“.LUQUQ [a Sw
|

focus MTF or through- Ldeal
frequency MTF in Calculate [amus
optical transfer function |
dialog.

=
1
2 0.486 1
3 0.656 1

MODULATION

- 6 8
. - FREQUENCY (CYCLES/MM)
(4
5 USlng TranSfer FunCtlon > MTF TYPE Triplet 10mm f/2.8 20deg
- e DIFFRACTION MODULATION TRANSFER FUNCTIONS
Prlnt/PIOt OTF Triplet 10mm f/2.8 20deg FBY O FBX O FOC O

POLYCHROMATIC DIFFRACTION MTF TAN + SAG x LIMIT o

5
=
=

4 6 8
FREQUENCY (CYCLES/MM)




Optimization

Select variables

Defining operands

Stop



Optimization — curvature radius and thickness
e Step 1: Setting variables

— First, we would like to optimize the curvature radius and the thickness of the
system.

— All the curvature radius are defined as variables.

— Because the element thickness could not be changed, the thickness of Srf 2, Srf
4 and Srf 6 are defined as variables.

surface Data

Lens: Tr1p1et 10mm ﬁ/z 8 20deg Zoom 1 | of 1 f 10.000000
Ent beam radius 1.785710 Field angle 20.000000 Primary wavln 0.587560
SRF RADIUS THICKNESS AFERTURE RADIUS GLASS SPECIAL

0B 0. .0000e+19 [ | 7.2793e+18
1 .249954 0. 1.

. 729657
. 049956
. 859958
.249694
.491631

LODEHHEEE




Optimization — curvature radius and thickness

e Step 2: Setting operands

Optimize >> Create Error Function
>> GENI ray aberration

Using the GENI error function 1s the
most convenient method.

— GENI error function 1s designed to
handle system of moderate
complexity, such as camera lenses
and other systems having three to
eight elements.

— Click the “Ope” button 1n the text

window to show all the operands
been defined.

*OPERANDS
OFP MODE
09
10
: 1 |
12
13
16
1 B g
18
19
20
21l
22
23
24
25
26
27
28
31
32
33
324
35
36
C frd
38
39
40
41
42
43
IN RMS ERR

T IS EEEEEESEESEESESEESEESSEESEEEZ=ES

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
M

RS

WGT

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.
1
1
1
i |
1
1
1
1
1
1
1
1
1
1
0

000000

. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
000000
. 000000
. 000000
. 000000
. 000000

NAME

Fnb diff
Focus diff
Ax1al DY
Axial OPD
Axial DMD
Dist
YFS
XFS
Coma
oY U
OFD U
oMD U
0OY L
OPD L
OMD L
sag DX
Sag DY
.7 Sag OPD
Dist
YFS
XFS
Coma
oY U
QFPD U
oMD U
0oY L
OFPD L
oMD L
sag DX
sag DY
Sag OPD
3.821989

OOOOOOOOOOOO
\I\I\J\I\I\JV\I\J\J\I\J

RFRERREPRRRPRREPERERRRE R
O0000000000O0

VALUE
2.77562-13
. 717685
.922100
104220
580152
«. 332837
887871
633583
385733
4275390
247948
291534
. 946480
162142
372220
. 884340
. 990562
. 098195
. 234756
. 354680
«.121129
484273
. 305858
. 056415
618839
083574
511281
406111
. 753035
291776
. 751035

WHEFONNOOWOOORFOPFPOOOWWOMODONODOONWVEO

MWONTRE
.00
.63
« 35
« 92
.07
.02
79
« 92
.42
.04
.08
«37
.44
.83
.42
.78
.88
.13
.19
«22
27
. 05
.02
.63
.58
26
o 72
.56
«13
.16
.11

DEFINITION
08/0.0001
DYY(1,1) /04
DY(1,2) /01
OPD(1,2)/06
DMD(1,2) /06
015 /014
DYY(2,1) /02
DXX(2,1) /02
$2T(2,1)/07
DY(2,2),/03
OPD(2,2)/06
oMD(2,2) /06
DY(2,3)/03
OPD(2,3) /06
oMD(2,3) /06
DX(2,4) /03
oY(2,4)/01
OPD(2,4) /06
030/029
DYY(3,1) /04
DXX(3,1) /01
s2T(3,1)/07
DY(3,2) /05
OPD(3,2) /06
oMD(3,2) /06
DY(3,3) /05
OPD(3,3) /06
DMD(3,3) /06
DX(3,4)/05
DY(3,4)/01
OPD(3,4) /06




Optimization — curvature radius and thickness

* Step 3: Executing “iterate”

— Defining numbers of iterates.
* “ Optimize >> Iterate “

— After executing “iterate”, the
value of the error function will
be appeared in the text window.

 We can define the numbers of
iterate by myself.

 The default number 1s 10.

Perform damped-least-sqyuares optinization

— Type of tteration
¢ Full (Solve equations vsing opttmum damping factor)
" Standard (Solve equations vsing current damping factor)
" Constraints (Solve for constraint operands only)

| Number of iterations

— Printing options .
(¢ Standard (Print exvor function values after each iteration)
" Full (Print extra information)

— Recalculate dertvative mcrements —
(¢ Yes ( No

— Reset vartable damping factorsto 1.0
¢« Yes ( No

I OK I

Cancel J Help ]

LIERATE FULL

NER

OWOAOONNGNUVMTLAEWNEREQDO

o

e U L B S S S

DAMP ING

. 0000e-03
. 0000e-04
. 0000e-04
. 0000e~-04
. 0000e-04
.4380e-05
.4530e-06
.2734e-06
.3317€e-09
.3317e-03
.4359e-093

*ITERATE FULL

1.
6.

2
3

DAMP ING
Q000e-03
1580e-03
3352e-03
3580e-10

10

10

MIN ERROR

3.821983
3.380152
163236
. 703656
663520
652843
642279
. 638163
636724
636276
636060

QOO0 0O0O000 -

MIN ERROR

0.636060
0.635971
0.635334
0.635919

CON ERROR

CON ERROR

PERCENT CHG.

560333
. 584503
511882
. 7033904
. 603203
618178
. 639857
226376
. 070445
033853

PERCENT CHG.

0.014067
0.005730
0.002292




Optimization — curvature radius and thickness

* Step 4: Checking
— Checking the feature and the surface data

Triplet 10mm f/2.8 20deg UNITS: MM
FOCAL LENGTH = 10 NA = 0.1786 DES: OSLO

surface Data

e Y
- .'_'ﬂ_.‘

A .
- —~ .t

oS

£ N

N
* y o
Ky -

[(Gen ][ Setup |[wavelength |[ Field Points |[ Variables ][ braw on ][ Group |[ Notes ] - |
of 1 ET]

Lens: Triplet 10mm /2.8 20deg Zoom 1 10.000028
Ent beam radius Field angle 20.000000 Primary wavin 0.587560

SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPECIAL
0B .000000 [ | z.o000e+13 [ | 7.2793e+18

. 435328 0. 1.

. 770091
.296541
:
.599148
. 146896

INNNNNND



Optimization — curvature radius and thickness

* Checking the image quality |
— Spot diagram report graph

— Ray ana].YSiS report graph Triplet 10mm /2.8 20deq FBY O FBX 0 REFHT O

SPOT DIAGRAM 7 | W1=3 #40
0.01

Field 20 de
Y 0.02 - ASTIGMATISM LONGITUDINAL CHROMATIC

S x T+ (mm) SPHERICAL ABER. (mm)| FOCAL SHIFT (mm)

1047 x ' 2
Z \ GECMETRICAL - A 5 GEOMETRICAL
P : | @ SPOT SIZE ‘ RMS Y SIZE

0.004443 Rl Ay = TRy 0.003142

Field 14.3 <?eg'02 - ‘ | . : DIFFRACTION , ' ' 'a GEOMETRICAL

LIMIT # AP0V 0,00 q RMS X SIZE
0.00198 » 9 a_ 0.003142

Y FIELD

TS: am—

- -0,0005

et Triplet 10mm f/2.8 20deg
IMAGE NA: 0.179 EFL: 10nm
WAVELGTH: +:0.588 4:0.486 ©:0.656 um RAY TRACE ANALYSIS

REL.
FIELD X FIELD

Focus Omm Patch size 0.04mm ri Omm f/ 3 0SLO
Full Field 20deg T lplet 1 2.8 20deg 27 Q 01

WAVELGTH: +:0.588 4:0.486 0:0.656 um 2D SPOT DIAGRAMS 08:32 PM




Optimization — curvature radius and thickness

* Step 4 : Checking the i1mage

quality
— PSF report graph

Triplet
POLYCHROMATIC POINT SPREAD FUNCTION

10mm /2.8 20deg

FBY O FBX O FOC O
Y + X X

FIELD POINTS
ON-AXIS

idéol

14.29deg [a S

(o]

WAVELENGTHS

0.588
0.486
0.656

NN - &

AM(pm) Weight

1
1
1

1

L

2

<< 0.75 B

-

()

E

H 0.5

Lo

> E

=

'—

< 0.25 ;—___*—===s=#”’*\y///\\\x/*\h“ﬁ

L

m .
O_ 1 1 1 4 — W
-0.009 -0.0045 0 0.0045

POSITION

0.009

MODULATION

1

0.8 p

0.6 t

0.4t

MTF report graph

0.2 f

0

0 20 40 60 80 100
FREQUENCY (CYCLES/MM)

Triplet 10mm f/2.8 20deg 0sL0
MODULATION TRANSFER FUNCTIONS

MTF TYPE
DIFFRACTION

Energy distribution report graph

Triplet 10mm f/2.8 20deg
POLYCHROMATIC ENSQUARED ENERGY

FBY O FBX O FBZ O
FOCUS O

1

0.8

0.6 r

0.4 r

FRACTIONAL ENERGY

02 /

oL l
0 0.008

0.016 0.024 0.032

SIDE OF SQUARE

0.04




Optimization — materials

» Setting variables & executing “iterate™

» If the matenial of Srf 1 and Srf 5 could be changed and the
materials of the two surfaces are the same.

1. We define the “glass” of Srf 1 be “model” and Srf 5 “pickup”
with Srf 1.

2. Selecting the glass of Srf 1 to be variable (choosing “variable-
RN/DN”).

3. Defining the boundary of the two variables (1.5 to 1.8 on RN,
0to 1 onDN)

4. Executing “iterate” until it could not be improved.
5. Fixing the glass into commercial glass.




Optimization — materials

* Setting variables & executing 1terate
— Step 1: set Srf 1 to be a model glass and define 1t as a variable.

EH surface Data

“M” means the glass of srt 1
was set as “model”

Setup
Lens: Triplet

wavelength || Field Points || Variables || Draw On
10mm /2.8 20deg Z00m 1 of 1
1.785710 Field angle 20.000000 Primary wavln
THICKNESS APERTURE RADIUS GLASS
.0000e+19 [ | 7.2793e+18 AIR

Group
ET1 10.

0028
587560
PECIAL

Ent beam radius

SRF RADIUS
OBJ . 000000

435144
. 773449
297242
. 825782
5714086
147320
. 000000

. 700000

. 793406

. 300000

.905613

. 700000

316356

. 000000

W

. 800000
. 800000
. 800000
. 800000
. 800000
. 800000
. 6123960

GLASS1
AIR

=

-

Field FoinLs

vari ableq |

Dras O |

Group | motes

deg < CeDit

Field angl=

1

ot

1

£

0. 0L B

D.EEBYEED

-4,147320

a. oogoapo

LIt ) e

\CKNESS

[ P e [

0. F5340&

O, 300000

[E
=
L

0., D0an00

SFECIAL




Optimization — materials

* Setting variables & executing 1terate

— Step 2: define the boundary of variables.
* Usmg “Optimize >> Variables ” to define the boundary of RN and DN.

Varables Data Editor < Surface Data

0.100000 Maximum 1.0000e+04
Default glass thickness bounds: 0.500000 Maximum 100.000000
vary all curvatures vary all thicknesses va all air spaces

Default air-space thickness bounds: M1 nimum

M1nimum

Vo#

surt Cfg Type

1

2
3
4
S
2
4
6
(5
1
1

CvV
CV
v
Vv
CV
TH
TH
TH
WV
RN
DN

M1 nimum

0.
. 000000
. 000000
. 000000
. 000000
. 100000
. 100000
. 100000
. 000000
. 500000
. 000000

QIR IQIQO|0|0|0|0|0 |0

Q00000

Maximum

. 000000
. 000000
. 000000
000000
. 000000

.0000e+04
.0000e+04
. 0000e2+04

0.000000
1.800000

Damping

Rl R R R R R R S R T

. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000

Increment

S.
. 6000e-05
. 6000e-05
. 6000e-05
. 6000e-05

6000e~-05

0.000179%
0.000179
0.000179%

. 6000e-05

0.001000
0.001000

value

1

225472
033587
188777
207220
.021021
. 793406
. 305613
. 316356
241120

620410

1.7319%e-14 vI




Optimization — materials

» Setting variables & executing 1terate
— Step 3: execute 1terates and fix the glass.

CRL0 Premdum Edition

GLASS1 [TMT e ™
== Reflt =17 x| Change glass to LAK3Z 7
- Press Ok (or Retom) to continue. .
GLASSL [P folm... 6) : S WO
i Catalog (C) p | ) Fmﬁﬂz[m}
AR L= Model... (M)
Direct... -
Varable-RN (V) schott 2000
Vanable-RN/DN (V) Ohara ] 12 ER
Special variable-RN... (V) Hoya e o |
Specialvaﬁablg-RN!DN... (V) Com en | Setup | wavelength [Field Points |[ variables |[ braw on | Group [Notes _:_]
In.teméltmnmntta..nce... Summ ns: Triplet 10mm /2.8 20deg Zoom 1 of 1 ET] 10.711285 |
B‘mfmgemmd“m‘“(f H’.km t beam radius 1.785710 Field angle 20.000000 Primary wavln 0.587560
I A e RF RADIUS THICKNESS APERTURE RADIUS GLASS SPECTIAL
Bt Obsolete B 0.000000 2.0000e+19 7.2793e+18 AIR
v | 1o f/2.8 }
_.J?TFWOE ANALY f;haned B 4.542071 [ ¥ 0.700000 1.800000 [ K LAK33
C — Tivate ’é -21.478629 [V 0.417098 1.800000 AIR
slicambogs o] -6.157036 ¥ 0.300000 1.800000 Fa [ C
AST 4.306178 [V 1.031684 1.800000 AIR
5§ | -12.58817¢ [ ¥ 0.700000 1.800000 LAK33 [P
G ~4.348732 [V 8.329028 1.800000 AIR
IMS 0.000000 0.000000 3.737925 ;]




Optimization — materials

* Checking

— The TH]J2] 1s too close to Srf. 3, and the image quality 1s not good.
— Enter 1.2 as TH|2] and re-optimize the system.

Triplet 10mm f/2.8 20deg UNITS: MM
FOCAL LENGTH = 10 NA = 0.1786 DES: OSLO

Triplet 10mm f/2.8 20deg UNITS: MM 0.727
FOCAL LENGTH = 10 NA = 0.1786 DES: OSLO 1
0.727
f——rd A
///
/
___ *LENS DATA
o R Triplet 1o0omm f/2.8 20deg
SRF RADIUS THICKNESS AFPERTURE RADIUS QLASS SPE NOTE

0OBJ Sl 2.0000e+1%2 7.2793€+18

1 612761
2

0.700000 1.800000
« 9357550 0 1

. 4443876 . 800000

3 «. 470545 0.300000 1.800000
. 343035 1.078110 1.800000

. 286459
. 040565

. 700000 . 800000
«.293160 V . 800000

0
=

- miese « 571527



Optimization — materials

* Checking

— TH][4] 1s too close to Srf 5
— We setting TH[4] as 1.1 and re-optimize again.

Triplet 10mm f/2.8 20deg
FOCAL LENGTH = 10 NA = 0.1786

UNITS: MM
DES: OSLO

Triplet 10mm /2.8 20deg UNITS: MM
FOCAL LENGTH = 10 NA = 0.1786 DES: OSLO

0.727
—

0.727
T

= =0

o
=l

rA =

opTes - 10mm /2.8 20deg

SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPE NOTE
OBJ o 2.0000e+19 7.2793e+18 AIR

1 3.799887 V 0.700000 1.800000 K LAK33 C

2 6.7863%96 V 1.200000 1.800000 P AIR

3 -5.567235 V 0.300000 1.800000 Fe C
AST 4.141357 V 0.275827 V 1.800000 A AIR

5 6.737831 V 0.700000 1.800000 LAK33 P

[ -5.080154 S 8.368923 V 1.800000 K AIR

IMS -~ o 3.615703 S




Optimization — the image quality after re-optimize

ON-AXIS

® CheCking FIELD POINTS

~ Checking the image equality ~ EEi8
WAVELENGTHS

A(pm) Weight
0.588 1
0.486 1
0.656 1

MODULATION

Field 20 de
65 . ASTIGMATISM LONGI TUDINAL CHROMATIC

S x T+ (mm) SPHERICAL ABER. (mm)| FOCAL SHIFT (mm)

g FREQUENCY (CYCLES/MM)

Yo.6

.—A,:;.K/j: o ; | w 20 20 60 80

MTF TYPE Triplet 10mm f/2.8 20deg
DIFFRACTION MODULATION TRANSFER FUNCTIONS

Field 14.3 deg

Triplet 10mm /2.8 20deg FBY O FBX O REFHT O
SPOT DIAGRAM FOCUS O W1-3 +an

0.01

DISTORTION (%)
-0.05

! 9 £ . <
L _0.05 GEOMETRICAL ' ) Jé GEOMETRICAL
LATERAL COLOR (mm) SPOT SIZE ' RMS Y SIZE
r 0.001 0.004705 0.003327

4 B
:f’b“’c

e
R‘bﬁ'
he o

;
v §

GEOMETRICAL
RMS X SIZE
0.003327

DIFFRACTION
l ! - 0. LIMIT
FIELD: 20deg Triplet 10mm f/2.8 20deg 0.001995

IMAGE NA: 0.179 EFL: 10mm
WAVELGTH: +:0.588 4:0.486 ©:0.656 um RAY TRACE ANALYSIS

buozm mou =2

*,F
&
oF
o oy,

0 Dg

» O




Tolerance analysis

Define operands and set compensators

e Obtain the limitation of tolerance value.
Detine tolerance value

Execute sensitive tolerance

Execute inverse sensitive tolerance

Evaluation standard deviation value oi..

Calculate target contribution AS

max-*




Tolerance analysis

e Sensitive tolerance

— K 1s the probability distribution
parameter, which depends on
— The change 1n system the distribution function.

performance S from nominal
performance S, Distribution

— The value of standard deviation Guassian

End point

Uniform

O; 1S dependent on the
probability distribution | | |
End Point Liniform Gaussian
parameter K and performance p(x) p(x) p(x)
change.




Tolerance analysis

e [nverse-sensitive tolerance _ The allowed performance

change for each construction

— The probability of success is parameters :

dependent on the ratio of
acceptable performance change
oS  to standard deviation oe.

max

? S, O
— $
rar

KIn

* AS, :the target value ot AS.

 n: the number of construction
067 0 50 parameters to be considered.

0N . /Gxc Probability of success

0.8 0.58

1.0 0.68
1.3 0.87
2.0 0.95
2.3 0.99




Tolerance — element thickness

» Step 1: Defining operands and setting compensator

— Let TH[6] to be a variable which could be used as compensator. Click the
“Var” 1in the text window to check the variable.

“WAR TAELES
VE =M CF  TYPF MIN L T DAMEF ING IM_F. walLllE

i & =: |.H 0.100000 1.0000e+04 1. 000000 0. 000173 2.269626

— We will use the RMS-spot size in three wavelength to calculate the tolerance.

* Select ©“ Optimize >> Generate Error Function >> OSLO Spot Si1ze/Wavefront
and accept the defaults.

* Click “Ope”n the text window to check the operands.

*OFERAMDS

OF MODE wWaT MNAME WALUE ®W_NTRE DEFINITION
=t Pl 250000 YPms1 001853 4.5 RMS
23 M LSO0000 XPms 2 LO035278  41.85 RMS
2% M LEO0000 Yrms 2 La0z2=214  14.1% RME

63 M
IN EMZ ERE

125000 ¥rms3 La0s033 32073 RMS
F.: O.00325443

o 0
o 0
o 0
o 52 M U. 125000 XPFms23 0Z1E 2 £.58% FEMES
o 0
M O




Tolerance — element thickness

* Step 2: Defining the desired tolerance value

— Use “lens >> show Tolerance Data >> Surface” to display the default
tolerance (ISO10110) in the text window.

*SURFACE TOLERANCES
riplet 10mm /2.8 20deg
RADIUS RD TOL FRINGES THICKNESS DECEN TILT
SRF CON CNST CC TOL PR IRR TLC TOL ASB
1 £.6128 —— =00 :X.00 0.7000 0. . . 5000
- . 5000

242.1348

FRINGE WAVELENGTH: 0.546070
Fringes measured over clear aperture of surface unless indicated.
Tilt tolerances are specified in degrees.




Tolerance — element thickness

* Step 3 : Executing sensitive tolerance

— Use “Tolerance >> User-Defined Toleranceing”, choose the “sensitive’” mode
and select the tolerance 1tem you desired.

— We will do the “element thickness ” tolerance first.
Nominal value

User-defined tolerancing

= ! e | *TOLERANCE SEMSITIVITY AMALYSIS |
(> Sensitivity  (~ Inverss sancitivi J |
- s ity nverse sensttivity ERROR. FUNCTIOWN FOR MOMIMAL SY'STEM: 0.003545

IR DENGERS W Element thickness

ELEMENT THICKMESS TOLERAMNCE

0 010000 Chanipe ih error finchom ERROR FUMCTION CHANGE COMPENSATED CHANGE
- SRF  TOLERANCE FLUS PERT MINUS FERT PLUS PERT MINUS FERT
oK e 1 0.1 0.0072325 0.00590z2 9, 9895e-05 5.2635e-06
|_l —.I N 3 0.1 0.002551 0.001333 0.002291 0.000201
g 0.1 0. 000873 0.000236 0.000873  -5.4004e-05
STATISTICAL SUMMARY
UNCOMPENSATED COMPENSATED
WORST CASE CHANGE 0.010659 0.003264
STANDARD DEWIATIONM
RSS 0.007721 0.00245 4
UNIFORM 0.004455 0.001417
GAUSSIAM 0.003396 0.00L107 3

COMFEMNSATOR STATISTICS
_OMF MEAN =T0 DEWV A FZS
TH & -0.0012e7 O.0&2540 0.104525 0.103525




Tolerance — element thickness

* Step 4 : Evaluation

— Let the maximum allowed spot size 1s 18 um. Since the

nominal value of spot size 1s 3.55 um, the maximum allowed
change 1s 14.45 um (0S

max)

— If we desire the probability success rate to be 99%, then the
desired standard deviation 1s 5.78 um (0.00578 mm).

— Since the standard deviation of uncompensated 1s 0.004458,
smaller than the desired value, the default element thickness
tolerance value (0.1 mm) 1s acceptable.




Tolerance — surface tilt

» Step 1: Use the default operands (ISO10110).

» Step 2: Execute sensitive tolerance again.

— Select “Surface tilt-TLA” in User-Define Tolerance
dialog box and the result will be displayed in the

° *TOLERANCE SENSITIVITY ANALYSIS
text window. ERROR FUNCTION FOR NOMINAL SYSTEM: 0.003549

SURFACE TILT TOLERANCE (TLA)
ERROR FUNCTION CHANGE COMPENSATED CHANGE

RF TOLERANCE PLUS PERT MINUS PERT PLUS PERT MINUS PERT
1 a5 017180 016576 0.014877 012827
2 . . 015939 . 015982 0.014685 .015471
3 . .013344 0132304 .0132344 013217
4
S
&

S

. 010454 . 011652 007860 010137
. 014167 013432 013704 . 012222
016655 . 0163955 016267 0163944

STATISTICAL SUMMARY
UNCOMPENSATED COMPENSATED
WORST CASE CHANGE 0.089281 0.084477

STANDARD DEVIATION
RSS 036778 0.034877

UNIFORM .021234 0.020136
GAUSSIAN . 016175 0.015339%

COMPENSATOR STATISTICS
COMP MEAN STD DEV MASK RSS
TH = -0.004503 0.068305 0.1201195 0.169713




Tolerance — surface tilt

» Step 3 : Evaluation

— The calculation 1s the same as the tolerance calculation of element thickness.

The desired standard deviation 1s 0.00578 mm.
1s 0.00407.

— The target performance change As

ERROFR

User-defined tolerancmg

Analysis mode - :

" Sensitivity (¢ Inverse sensitivity

Tolerance item | surface tilt - TLA v I
I 0.004070 Change m exror function

Cancel l Help |

\ooooco-oooooooooocoooooooooco.:

— Select “Inverse sensitive” and “Surface tilt-TLA” in User-define Tolerance
dialog box, and enter 0.00407 in the “change in Error Function™ field.

*INWVERSE SENSITIVITY AMALYSI1S
FUNZCTION FOR MOMINAL SYSTEM:
ALLOWED “HAMNGE IM ERROR FUNCTIOM:

SURFACE TILT TOLERAMZE [TLA]

O.00554%
O. 004070

ALLOWELD TOLERAMCE

UNCOMFENSATED
23103k
0.:25214%3
idiadad
23016
N L ]
233841

COMFENSATED
« 253155
253341
270537
. 30B1L5
A X
232436



Tolerance — surface tilt

» Step 4: Update the tolerance value

— Select “Tolerance >> Update tolerance Data >> Surface™ to change values.

— Without compensation, we set “TA TOL” about 0.2 for Surface 1 and 6, and
0.25 for surface 2, 3, 4 and 5.

surface Tolerances Data Editor < Surface Data

? Direct specification =
SRF_RADIUS RD TOL PWR FR IRR FR THICK TOL GLASS RN TOL DY TOL

. 613 .0 . 00 1.00 0.700 0.1000 LAK33 0.0010
e 135 . . 00 .00 200 0.1000 AIR 0.0
. 308 . . 00 . 00 .200 0.1000 F4 0.0010
262 . . 00 . 00 100 00,1000 AIR 0.0
. 780 " . 00 . 00 700 00,1000 LAK33 0.0
. 087 . . 00 . 00 270 0.0 AIR 0.0
0.0 0. 0.0 0.0 0.0 0.0
FRINGE WAVELENGTH: 0.546070
Fringes measured over clear aperture of surface unless indicated.

Tilt tolerances are specified in degrees.

Display all surface tolerances: O Yes (@ No




Tolerance — surface tilt

* Step 3: Re-execute sensitive tolerance.
— After re-executing, check the standard deviation.

FTOLERANCZE SENMSITIVITY AMALYSIS
ERROR FUNCTION FOR NOMIMAL SYSTEM: 0.003543
SURFACE TILT TOLERANCZE [TLA)
ERROR FUNCTION CHAMNGE COMPENSATED CHANGE
TOLERANCE FLUS FERT MIMUS FERT FLUS FERT MIMUS FERT
0.2 0.005553 0.004528 0.004531 0.00331%5

SEF

25
. 25
« 25
« 25
.l

STATISTICAL SUMMARY
WORST CASE CHAMGE

STANDARD DEVWIATION
F.55

0.006631
. 005454
003864
00017
. 00505 3

LUMCOMFENSATED

O.00e724

O.023954

. 005405
004553
Oos2ys
L0537 7

0.0053:5

ZOMFPEMSATED

O.022453

. 005454
002445
O05E74
LO04584

0.00&e54%

005345
. 004345
004620
L0085 377

LUNIFORM 0. 0020582 O.007721

aAUSSTAN Ipmee,.

COMPEMSATOR STATISTICS
ZOMP MEAN
TH & -0, 0013270

e
0.047358

STO DEW

0., 020321 . 076236




Tolerance — surface tilt

* Step 6 : Re-set the tolerance value and re-execute sensitive

tolerance.
— Update the tilt tolerance about 0.2 for surface 2, 3 and 5.

*TOLERANZE SENSITIVITY ANALYSIS
ERROR FUMCTIOM FOR MWOMIMAL SYSTEM! O.00254%9

SURFACE TILT TOLERANCE [(TLA)

ERROR. FUNCTION CHANGE ZOMFENSATED ZHANGE
Sk F TOLERANCE FLUS FERT MINUS FERT FLUS FERT MIMNUS FERT
o i 0. & O.005553 0.004528 0.004231 0.00331%5
& 0. & 0. 004556 0.00435 2 O.004307 O.004550
2 0.2 O.0023%:7 O.00231%5 O.00323&7 O0.00286%5
4 0.25 O.00358a4 0.004253 0.002445 0.004545
5 0. & 0. 004465 O.003750 O.004353 O.003204
& 0.2 0. 005053 O.005377 O.0045354 O.005377

STATISTICAL SUMMARY

LUNCOMFENSATED COMFENSATED
WORST ZASE CHANGE 0.0259174 0.02/7819
STANDARD DEVIATION
F55
LUMIFORM
aAUSS IAN

COMPENSATOR STATISTICS
_CMF MEAN sTO DEWV PlAce s
TH & -0.001723 0.023153 0.047358 O.071736




Tolerance — surface tilt

o Step 7 : Re-set the tolerance value and re-execute sensitive

tolerance.
— Update the tilt tolerance about 0.15 for surface 1, 2 and 6, and 0.2 for surface 3.

*TOLERANCE SENSITIVITY AMALYSIS
ERREOR FUNZTION FOR NOMIMNAL SYSTEMI 0.003545

SURFACE TILT TOLERAMZIE [(TLAJ

ERROR FUMCTIOM CHAMNGE COMPENSATED CHAMGE
SRF TOLERANCE FLUS FERT MIMNUS FERT FLUS FERT MINUS FERT
1 0,15 0.003743 0.003150 0.003357 0.001921
2 0,15 0.003164 0.003259 0.002735 0.003225
3 0.2 0.0029&7 0.003919 0.0039:7 0.003868 Smaller than the value
4 0,2 0.002658 0.003590 0.001503 0.003264
c 0.2 0.004465 0.0037C50 0.004359 0.003204 Of d@SiI‘Gd Sl"dlld‘dl‘d
& 0,15 0.00327C 0.003554 0.0031329 0.003554 ety s S |
14 B2
e TeAl  SUMMARY deviation(0.005577).
UNMCOMPENSATED COMPENSATED
WIRST CASE CHANGE 0.022&08 0.021720

=TANDARD DEVIATION

F55 i P

UNIFORM 1, 005 355 O.005170

aAlSSTAN 0. OUS1TE npmu R RS
COMPEMNSATOR STATISTICS

_COMP MEAN STD DEW I R55
TH E -0.001358 0.023211 0.035430 0.05&331




Tolerance — surface decenter(Y)

» The process are the same as surface tilting tolerance analysis.
— Step 1: Set tolerance value 0.05 for all six surfaces and do sensitive tolerance.

— Step 2: Set 0.00407 for inverse sensitive tolerance analysis to check the
maximum allowed change value.

— Step 3: Set tolerance value 0.2 for surface 1,3 and 4, 0.5 for surface 2 and 5, and
0.15 for surface 6. Re-run the tolerance analysis.

*TOLERANCE SENSITIVITY ANALYSIS
ERROR FUNCTION FOR NOMINAL SYSTEM: 0.003549

SURFACE DECENTRATION TOLERANCE (DCY)
ERROR FUNCTION CHANGE COMFPENSATED CHANGE

SRF TOLERANCE FPLUS PERT MINUS PERT PLUS PERT MINUS PERT
. 02 0.005708 0.005073 0.005022 0.003440
. 05 2.1380e-05 3.6315e-05 -8.0858e-06 3.6315e-05
.02 0.003744 0.0037391 0.0036396 0.003731
.02 0.003117 0.0033985 0.001827 0.003642
. 05 0.001272 0.000758 0.001272 0.000510
. 015 0.004251 0.003335 0.004251 0.003786

STATISTICAL SUMMARY
UNCOMPENSATED COMPENSATED
WORST CASE CHANGE 0.0132045 0.018015
STANDARD DEVIATION
RSS 0.002085 0.008518
UNIFORM 0.005245 0.004918
QAUSSIAN 0.003336 0.003746

COMPENSATOR STATISTICS
COMP MEAN STD DEV M A RSS
TH = -0.002425 0.024503 0.048317 0.060825




