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- Optical System Design, R.E. Ficher et.al., 2" Ed, McGraw-Hill Companies, (2008)
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Introduction

Coherent light generated by lasers has properties different from light generated by
other sources which we usually deal with in more conventional optical systems.

Most laser beams can be approximately described by Gaussian optics.
Gaussian optics is a type of wave optics and is very different from geometric
optics.

Thereare many companies that provide laser source for the end users.
See: some laser resources

In this chapter we will investigate modelling coherent light generated by lasers.
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http://www1.gantep.edu.tr/~bingul/zemax/laser.html

GAUSSIAN BEAM DEFINITION
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Plane Wave and Spherical Wave (ldeal Case)

Cartesian Spherical
coordinates coordinates
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Surfaces of constant phase
Plane wave

See Page 4 (Wavefront and Ray) in Chapter 3 of the lecture notes.
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Airy Disk

If we look through a telescope at a distant object, the light intensity across the entrance pupil and
aperture stop is uniform, and this is generally known as a top-hat intensity profile or distribution.

if there is no aberration, a telescope objective focuses a point object into an Airy disk pattern, with
the diameter determined by D, = 2r, = 2.44 A (f /#).

The Airy diffraction pattern (2D)

Airy disc

g

X

Airy disk is the smallest point to which a beam of light can be focused
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Gaussian Beam Intensity

Laser beams emitted from rotationally symmetric resonators, such as HeNe or YAG lasers
with a TEM,, output, have an intensity distribution across the beam which is in the form of a
gaussian intensity profile.

A gaussian intensity distribution in pupil space
will mathematically transform to a gaussian in image space.

‘_
1/e2 diameter

The optical design of systems that facilitate laser beam —>
propagation and focusing differs significantly from that of
conventional non-laser systems, whether in the visible l

spectrum or another wavelength range. _/
1/e? intensity = 13.5% ¥
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I, = P/A, I, = P/A, > I I; =

-
P = power
A =area
| =irradiance
W, = waist

—- f -
& L w(2)
Light cannot be focused to an L W ;
arbitrarily small spot due to its \ o | x
wave nature (diffraction). /
4
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Gaussian Beam
Consider an ideal Gaussian beam with waist w,,.

As shown In the schematic below
This Gaussian beam can be described
using any two of the three parameters:

wavelength A
A
beam waist LW, . b " i
divergence angle : © = 20 I i \
V2 W, A
y X © L -
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The beam size is a function of the distance from the waist. OpticStudio uses the half width to describe beam
width. For a perfect gaussian shape, 1/e? intensity radius of the beam as a function of z is given by

1/2

2
w(z) =wy |1+ <i> ‘
ZR £
- b -
For large distances the beam size expands linearly. I . » wiz)
The divergence angle 6 of the beam is given by V2w, Wo s ; o ' 2
6
§ =2 for z > z <
TWq R ) ZR ]

Z Is the Rayleigh Range (aka depth of focus) of the beam

Twg

A

The phase (wavefront) radius of curvature of the beam is
2

ZR
R(z) =z+—
Z

This means that the radius is infinite at waist location z = 0, reaches its minimum at z = z5, and asymptotically
approaches infinity as z approaches infinity.

Zp = (at z = z the beam radius is w = V2w,)
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Gaussian Beam Characterization

Transversal intensity eF exp (_2 i

— i di
distribution I(z,r) = w(z)2 w(z)z) ¢giradiance)

Beam radius in 2
dependence upon the w(z) = w, j 1+ (i)

position (caustic) ZR
Rayleigh length Zg = f_:l_"_ti
w(z) }F
A Wo -

Sayfa 11



Radius of Curvature R(z) and beam Radius w(z)

R(z)/zg, w(z)/wq

Minimum value of radius R(2) = zg (i + Z_R)' R(z) 22 z
of curvature R(2) 2R 2 ZR Zg
Minimum value of
beam radiusw () /
7 \ e w(z)=Wo\l1+(i)2» wiz) T iR s
ZR Wpo ZR
— 1 z/zg
= = w(z)/wy v
R(z)/zg
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# gbcalc.py

# Gaussian Beam Calculator
import math

import numpy as np

import matplotlib.pyplot as plt

# RN InputS TR
theta = 9e-3 # beam divergence (rad)
L = 0.6328 * le-3 # wavelength (mm)

# *** Calculations **%*
wO = L / (math.pi*theta) # beam waist
zR = math.pi*w0**2 / L # Rayleigh range

print('w0 = ", wO," mm")
print('zR = ', zR,"' mm’)
# Tek%k P]Otting fdk

z = np.arange(0.1,10,0.1)

wz = wO*np.sqrt( 1+(z/zR)**2 )

Rz = z + zR**2/z

fig, (ax1l, ax2) = plt.subplots(2)
axl.plot(z,Rz,'g")

ax2.plot(z,wz,'r’); ax2.plot(z,-wz,'r")
axl.set_ylabel('R(z) [mm]")

ax2.set_ylabel('w(z) [mm]’); ax2.set_xlabel('z [mm]")

w(z) [mm]

R(z) [mm]

0.10

0.05 A

0.00 A

—0.05 -

-0.10

Output of the program:

wO 0.02238 mm
zR = 2.48675 mm
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Measurement of Beam Quality

0 . ' ' ' X .
' ' . . - '
. ' . . - '
9 . . '

o _ |
s E|
22
HeNe laser with wavelength 1 = 632.8 nm 25|
For real laser beams: M? > 1 =
8.00E-04
A 5%
7.00E-04 X
m w_xERWA415 # ”
6.00E-04 ————— X ERWA41S5 &2 ’
? x E6 mit AR /
. S.00E-04 - .= w x(fit) E6 mit A y
E 3
3 4 \J’ -\i‘i /.
; 3 00E-04 >
\.
2.00E-04 X '
~ S
1.00E-04
0.00E+00
1. 90E-01 1.956-01 2.00E-01 20SE-01 2.10E-01 2.156-01 2.20864
z[m]
Measured caustic Intensity profile
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M2 Factor

The Gaussian beam concept is so useful in photonics that a special quantity, called the
M?-factor. The M-square factor M2 = 1 describes the deviation of a laser beam from a perfect
Gaussian beam. In general, the propagation of a laser beam can be described by the following eqgns:

1/2 1/2
4 2 2 2
EW'}H.: Z ’H:ln[] 5 2 .- )
w@)=wo| 1+ = | | =wo ‘+{_J = [(r.2) = Ly(z)e" ™
Wy ZR M\

- For a perfect Gaussian laser beam, M? = 1

- Most gas lasers have M? = 1

- Most solid-state lasers have an M? =[1.1, 1.5]

- Some lasers, such as laser diode piles and high-power YAG lasers, can have an M? value over 10.
- M-square can be measured using the relation:

__ Twyb

2
M_/l
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# m2.py

# Gaussian Beam Comparator
import math

import numpy as np

import matplotlib.pyplot as plt

# Inputs 0.0
L = 0.6328 * le-3 # wavelength (mm)
M2 = 1.2 # M-square factor 0157
wO = 0.025 # waist 0.10 -
# Calculations . 0.05 -
zR1 = math.pi*w0**2 / (L) £ — e
zR2 = math.pi*w0**2 / (L*M2) T 0-007 — M2=12
# plotting % ~0.05 -
z = np.arange(-20,20,0.1) —0.10 -
wzl = wO*np.sqrt( 1+(z/zR1)**2 ) 015 -
wz2 = wO*np.sqrt( 1+(z/zR2)**2 )
plt.plot(z,wzl,'r") —0.201 |
=20 -15 —-10 =5 0 5 10 15 20

plt.plot(z,wz2,'b")

plt.plot(z,-wzl,'r")

plt.plot(z,-wz2,'b")

plt.xlabel('z [mm]")

plt.ylabel('w(z) [mm]")
plt.legend(["M2=1", "M2=1.2"], loc="best")
plt.grid(True)
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Example 1

Consider He-Ne laser beam at 633 nm with a spot size of 1 mm. For a Gaussian beam (M? =1)
what is the divergence of the beam? What are the Rayleigh range and the beam width at 25 m?

40 4633 X 107 m)

20 = = — = 8.06 X 107*rad = 0.046°
m(2w,) m(l X 1077 m)
77'1,-1% ﬂ'[(l X 1073 m)/;ﬂ2
o = = _ = 1.24 m
A (633 X 1077 m)

2w = 2',-1',.,.[1 + (;‘./;‘.ﬂ)z]lf2 = (1 X 1073 1'1'1){1 + {(25 m)/(1.24 1'1:1)}2}152
= 0.0202m or 20 mm.

What if M2 = 27
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Exercise

Consider a 5 mW He-Ne laser that is operating at 633 nm, and has a spot size of 1 mm.
Find

(a) the maximum irradiance of the beam [Ans: 1.27 W/cm?]

(b) the axial (maximum) irradiance at 25 m from the laser [Ans: 3.13 mW/cm?Z].
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YSICAL OPTICS
IN ZEMAX
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Examplez: Paraxial (Abberation Free) Gaussian Beam Propagation

= Aperture

Aperture Type:
Entrance Pupil Diameter
Aperture Value:
8.0
Apaodization Type:
Uniform
Clear Semi Diameter Margin Millimeters:

1.0

Clear Semi Diameter Margin %
0.0

Global Coordinate Reference Surface

1

Telecentric Object Space
[ ] Afocal Image Space
[ ] lterate Solves When Updating
Fast Semi-Diameters

[ ] Check GRIN Apertures
b Fields
= Wavelengths
= Settings
Preset:

Hele (8328)

| Select Preset

+ Wavelength 1 (0.633 um, Weight = 1.000)

_ Lens Data

Update: All Windows - G @ "I" ¢ I

~ | Surface 1 Properties < | >

e g P oLeE O-YC o

Configuration 1/1

o= w$‘|@|

v — 0O X

. Surface Type Comment Radius
0 OBJECT 5tandard = Infinity

1 STOP  5Standard = beam waist Infinity

2 Standard = laser output Infinity

3 Standard - Infinity W
4 Standard - Infinity V

5 IMAGE 5tandard - Infinity

Thickness Material Clear Semi-Dia Chip Zone Mech 5emi-Dia Conic Coating.

Infinity 0.000
2500.000 3.000
10.000 4.000
5.000 N-BK7 4.000
50.000 4.000

- 3.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
3.000
4,000
4.000
4,000
3.000

0.000
0.000
0.000
0.000
0.000
0.000
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Analyze

Bwe = Fp

> & &

Cross-Section Shaded

‘I."lewer Maodel

System Viewers I

ystem Explorer (3)

Update: All Windows -
» Aperture
Aperture Type:
Entrance Pupil Diamets

Aperture Value:
6.0

L

Un

Uptimize lolerance Lioraries Hart Llesigner Hrogramming
ol ) (
+ < @ BN AT ] B A\ >x @ -
Rays & Aberrations Wavefrunt PSF  MTF RMS Enclosed Exter'lded Scene Physical Bearn File | Gaussian Fiber Polarization Surface Coatings Dlﬂ‘rar:tlcnn Reports
Spots ~ = = = = Energy ~ Analysis - Optics  Viewer | Beams ~ | Coupling - = = Efficiency - =
pemmms Tesiaes Laser = i i Polarizat d Surface Ph Reports
= 2 Paraxial Gaussian Beam Data - F— 2 § = Paraxial Gaussian Beam olarization an urface YSICS | epo |
A) Settings | 2 B3 (al &= O/ =—A|2 | % £ 3x4-| Standard - (7] + | Skew Gaussian Beam Paraxial Gaussian Beam
=] 4=
» g ; N i ¢ = = +=p '@ Compute ideal and M-squared-
Wavelength: i i M2 Factor: nfiguration 1/1 < . mixed-mode Gaussian beam data,
Waist Size: 1.15 Surf 1to Waist: |0 cuch as beam size, beam divergence,
e rrrmerdie— S . and waist locations, as a given input
ar Semi-Dia | Chip Zone | Mech ! beam propagates through the lens
2 0.000 0.000 2]
Surface: < !
3.000 0.000 Shortcut Key: Cirl+B
Size 1,254599E+000 Radius 1,791867E+004 - - —
Waist 1,150000E+000 Rayleigh 6,565670E+003
Pasition 2.863300E+003 Divergence 1,751535E-004
Wavelength 6,328000E-001 M2 Factor 1,000000E+000
Auto Apply|  Apply OK Cancel Save Load Reset Millimeters.
Input Beam Parameters:
Waist size : 1.156008E+96
Surf 1 to waist distance: 6.20000E+00
M Squared : 1.80000E+906
Y-Direction:
Fundamental mode results:
Sur Size Waist Position Radius C
STO 1.15000E+80 1.15000E+08 0.00008E+00 Infinity
2 1.25821E+00 1.15060E+80 2.8000BE+B3 1.81957E+84
3 1.25059@E+80 1.15000E+08 4.25740E+83 2.75083E+04
4 1.25112E+880 1.150600E+08 2.81330E+83 1.81362E+04
IMA 1.25468E+80 1.15000E+08 2.86330E+83 1.79187E+04
X-Direction:
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Optimize the lens to get minimum spot size.

Before optimization:

f o Merit Function Editor v o X
PEHRIYX KR C® S @

| v | Wizards and Operands Merit Function: 1.25459924647435

\ . Type Surf Wave UseX WO S1toW M2 Factor Target Weight Value % Contrib
l1Geps ~ 5 1 01150 0000  1ooofflf 0000 1000 1255  100.000

After optimization:.

o Merit Function Editor v - 0O X

P EHRPIYX ALY C® Sred @

v | Wizards and Operands Merit Function: 0.00830541016674312
/A %

] . Type Surf Wave UseX WO S1toW M2 Factor Target Weight| Value %Contrib‘
11 GBPS ~ 5 1 01150 0.000 1.000 |l 0.000  1.000|8.305E-03|  100.000)
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Physical Optics

We examine
the same example

File Setup Tolerance Libraries

> & o

Analyze Optimize

+]

Part Designer

el |— A

Programming Help

Ba A\ >

Cross-Section Shaded Rays & Aberrations Wavefront PSF  MTF RMS Enclosed Extended Scene Physical Beam File Gaussian Fiber
Vlewer Model Spots ~ v v v v v Energy ~ Analysis ~ Optics | Viewer Beams~ Coupling v
System Viewers = Image Quality Laser and Fibers
] 3: Physical Optics Propagation v -0 x & 2: Physical Optics Propagation -0 x

~) Settings | & 53 nﬂm 4 D/— A 2 EE = EF Ixd- @ Standard = Automatic -

~) Settings :_én;\{m /D/'_A - EE

m B 3xd- @ Standard = Automatic -

L2 @
General | Beam Definition | Display | Fiber Data
0.1276
Beam Type: | Gaussian Waist = Automatic
) _ 1.78E+004
X-Sampling: 256 “ X-Width: 326 g 1.60EL004
Y-Sampling: 256 Y Y-Width: 326 i 1.43E+004
> 1.25E+004
) Total Power ® Peak Irradiance |1 3 1.07E+004
= 0
&.91E+003
. 1.15 . 1.15 =
Waist X Waist ¥ 5 7 13E+003
Decenter X 0 Decenter Y a g 5.35E+003
Aperture X 0 Aperture Y 0 u 3. 56E+003
- 1.78E+003
Order X 0 COrder Y o 2.38E-020
Watts/mmaz
-0,128 '
-0.128 1] 0.1276
Auto Apply|  Apply oK Cance Save Load Reset X coordinate value
TOTE T I TS TATCE SO T TR —| Total Irradiance surface 3
19,03, 2025 18.03.2025

Beam Width X =

Beam wavelength 15 0L63280 pm in the media with index 1.00000 at O, 0000 {deg)

Display X Width = 2.5620E-01, Y Height = 2.5620E-01 Millimeters

Peak Irradiance = 1.7821E+04 Watts/Mi1limetersA2, Total Power = 2.0774E+0 Watts

Pilot: Size= 8.3058E-03, Waist= §.3055E-03, Pos= 2. 5244E-03, Rayleigh= 3.4247E-01

8.43723E-03, ¥ = 8.43723E-03 Millimeters ‘

Graph | Text | PropReport | |

Beam Width X =

Beam wavelength 15 0.63280 pm in the media with index 1,00000 at O.0000 (degk
Display X Width = 2.5620E-01, ¥ Height = 2.5620E-0L Millimeters

Peak Irradiance = 1,7821E<04 Wartts/Millimetersa2, Toatal Powsr = 2,0774E+00 Watts
Pilot: Size= &.3058E-03, Waist= 8.3055E-03, Pos= 2. 5244E-03, Rayleigh= 3.4247E-01
8.43723E-03, ¥ = 8.43723E-03 Millimeters

Graph | Text | Prop Report |
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Before optimization to get value of M?
Re-optimize to obtain minimum IS

* - 0O X
M2 Value TEHRIYX K C ® S @

~  Wizards and Operands » Merit Function: 0.499586685414209

', Type  Surf  Wave Field Data / Xtr1  Xtr2 Target Weight Value % Contrib |
1 POPD ~ 5 o o 25 0000 o.000 [l 1000 5000 1547  99.995
‘,__2 GBPS + 5 1 0 1150 0.000 1,000 0.000  1.000 8.305E-03 4.606E-03
After optimization
. o Merit Function Editor * - 0O X
TEHRYX AT O S @

v | Wizards and Operands =~ = > Merit Function: 0.110688181777744

', Type  Surf Wave Field Data Xtrl Xtr2 Target Weight Value % Contrib
1 POPD ~ 5 0 0 25 0000 0.000 [l 1000 5000 1085 48860
‘.__2 GBPS + 5 1 0 1150 0.000 1.000 0000 1000 0194  51.140 ‘
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