GHTTRANS
N\

‘@

Beam Delivery Systems (BDS.0005 v1.2)

Collimation & Shaping of Diode Laser
Beam Using a Dispersion-Free
Off-Axis Reflective Setup




Application Example in a Nutshell



System Details

Source

strong astigmatic VIS laser diode

Components
— reflective elements (e.g. paraboloidal-cylindrical mirrors) for beam

collimation and shaping

— aperture exhibiting a Gaussian amplitude modulation

Detectors

visual check of rays (3D display)
wavefront error detection

field distribution and phase calculation
beam parameters (M?-value, divergence)

Modelling/Design
— Ray Tracing: first system overview and wavefront error calculation
— Geometric Field Tracing Plus (GFT+) & Classic Field Tracing (CFT):

v analysis and optimization of the shaped beam quality

v Monte Carlo tolerancing of element orientation

Ray Tracing

Field Tracing
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System lllustrations:

xz-plane: optional: yz-plane: paraboloidal mirror
Gaussian aperture section

paraboloidal mirror
section
paraboloidal-
y ical
/ irror 2
light source
screen
- | , paraboloidal-
\ cylindrical
paraboloidal- : mirrpr 1
cylindrical - l I | _
irror 2 . cptlonal.
i /\/\H paraboloidal- | Gaussian aperture
cylindrical !
= mirror 1 screen >

X / » [ z
\/ light source -
£ y
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Modeling & Design Results

Field (Intensity) Distribution Numerical Detector Results

ﬁaﬁershap g oy Quantity Value & Unit

divergence angle X x Y 3.8purad x
4.2urad

113.2212655 mm

-113.2212655 mm

0 M2 value in X x Y direction  1.02 x 1.03
after optimization

-124.6675577 mm 1246675577 mm

Locally Polarized Harmonic Field - Ex Squared Amplitude  Zoom: 5.44753086 (57. 57)
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Localy Polarized Hamonic Feld - Ex Sguared Amplitude  Zoom: 2. 464359158 (114; 126) 8644771853 mm
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Summary

Realization and analysis of a high-performance off-axis and dispersion-free
reflective beam shaping setup.

1. Simulation
Verifying the reflective beam shaping setu

2. Investigation
Applying the Geometric Field Tracing Plus (GFT+) e

3. Optimization
Optimization of the M? parameter by utilizing an aperture &>
Gaussian shaped aperture function and the Classic Field Thar

4. Analysis
Analysis of the influence of orientation deviations by

Carlo tolerancing.

Complex beam shaping setups, especially o s, can be
simulated and analyzed very efficiently using ab. For this purpose,
different simulation engines are applied, as appropriate.
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Application Example in Detalil

System Parameters



Context & Aim of this Application Example

In the application examples
BDS.0001, BDS.0002, BDS.0003 and BDS.0004

In contrast, the topic of this example is an
off-axis dispersion-free high performance
reflective beam shaping system.

« The aimis to collimate and symmetrize the Gaussian beam emitted by a laser
diode.

« Afterwards, the quality of the shaped beam is investigated and optimized.
» Further, the influence of deviations of mirror positions and tilts is discussed.
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Simulation Task: Reflective Beam Shaping Setup

The introduced reflective beam shaping setup is based on a mirror system from
[1] and consists of two paraboloidal-cylindrical mirrors combined with a
paraboloidal section mirror. The focal distances and mirror positions depend
on the input beam’s divergence.

yz-plane: paraboloidal-cylindrical paraboloidal-cylindrical ~ functional principle:
mirror 2 mirror 1 » mirror 1 collimates input beam

_ (divergence 6,)

* mirror 2 generates a virtual
image exhibiting a beam
divergence equal 6,

* mirror 3 collimates the

screen

virtual image of

light source symmetric beam
O

i paraboloid mirror

] section

| 6., half-angle divergence

- focal length of mirror i

L,

A A A
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Simulation Task: Reflective Beam Shaping Setup

xz-plane:

functional principle

« off-axis angle (field angle + 6,)

* mirror 1 and 2 are flat in this plane
(thus no chance of divergence)

» the focus of mirror 2 coincides with
virtual image 1

» the focus of mirror 3 coincides with
virtual image 2

* mirror 3 collimates the symmetric
beam (divergence 6,)

virtual image 2 of Qx\
light source

T
\

screen

paraboloid mirror
section

parabolo.id-cylindrl /QX virtual image 1 of
mirror 2 = light source

“paraboloid-cylindrical
mirror 1

light source
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Specs: Astigmatic Laser Beam

- strong astigmatic Gaussian T ———

beam emitted by a laser diode

* neglecting a possible shift of
emitting region in x- and y-
direction

Parameter Value & Unit

n 126: Laser Beam in Input Plane EI@
Chromatic Fiel

source type Gaussian Beam
divergence of beam 12° x 46° (referrin

to 1/e2decay) :
distance to input 24.0mm {'\
plane =
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Specs: Parabolic-Cylindrical Mirrors

« cylindrical mirrors with paraboloid
curvature

« applying the implemented conical
interface with conical const. -1

» radius of curvature equals twice
the focal distance

8.56474317 mm
P

Parameter Value & Unit R
radius of curvature -47.12mm —

mirror 1 .y _”

radius of curvature 190.3mm | CoTa
mirror 2

12 www.LightTrans.com



Specs: Off-Axis Paraboloid Mirror (Wedge Type)

« section of a symmetrical
paraboloid mirror for off-axis
collimation of the beam

« using the Off-Axis Parabolic Mirror
(Wedge Type) from VirtualLab’s
component catalog

« the off-axis angle determines the Z
sectional cut T S

Oft-dcis Argle "

Parameter Value & Unit

focal le ... . . -
off-axis angle 11° -
B L L
ickn |
diameter 242.2mm
d o Cancel g
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Specs: Parameter Overview (12° x 46° Beam)

Parameter Value & Unit

half-angle 6° i
divergence x (6,)

half-angle
~divergence y (6,)

focal length mirror 1 6.0005mm
() |

focal length mirror 2~ 4.2
(f2)

focal length mirror 3

(f3)

beam diameter d,
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Light Path View of the Beam Shaping Setup

27: BDS.0005 - Reflective Beam Shaping Setup =N =R
(- Light Sources
Coordinate Break E
(- Components Parabolic Cylindrical
-- |deal Components Mirror 2
i Virtual Screen R . .
5 Detectors D N Virtual Screen
o " {Geometric Field Tracing
Analyzers \ Plus)
Parabolic Cylindrica \\
12°-46° Beam Mirrar 1 ™ il
- N, 625
D——i \ o
] 12 AN _ -
'Qff-Axis Parabolic Mirror
\\ (Wedge Type) Wavefront Error
\ >
Ray Tracing System . 21 627
Analyzer g
= =
200
B
i

* Due to the relative positioning system of VirtualLab, only the
distances in z-direction have to be configured.

» Because the positioning of the Off-Axis Parabolic Mirror is relative to
it’s focus, the z-distance to mirror 2 has to be negative.
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3D View of the Reflective Beam Shaping System

Oft-Axis Parabalic Mirror Medge Type) (21)

82.30224847 mm
T

| Close | | Help |

« The positioning of the optical elements can be displayed by the use of the
3D System View.

« The green line depicts the resulting optical axis, generated by the basal
positioning strategy of VirtualLab (only z-distances and tilts are set).
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Application Example in Detalil

Simulations & Results



Result: 3D System Ray Tracing Analysis

« First, Ray Tracing is applied to investigate the light propagation
through the optical setup.

« For the analysis, the Ray Tracing System Analyzer is used.

86.44771853 mm

18 file used: BDS.0005_Reflective_BeamShaper_01_RT.lpd www.LightTrans.com



Using Parameter Coupling to Set Up the System

* Due to the functional principle, all
system parameters (distances,
foci, diameters) can be calculated :
from the beam parameters
analytically.

« For this calculation, the embedded
Parameter Coupling feature is
applied.

Validity” <Back | Next= | | Finish

The following parameters are independent of the beam parameters and allow
simple system variations:

« beam radius (y-direction) behind mirror 1
« beam radius behind mirror 2
- field angle, which determines the off-axis orientation

l.e. the used Parameter Coupling snippet code ensures that in case of a changed
field angle the whole system will be adjusted appropriately.
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Using Parameter Coupling to Set Up the System

- Based on the beam divergence and diameter (x- and y-direction) the foci,
diameters and z-distances of the mirrors are calculated and set.

* In case of this example 20 parameters are evaluated and returned to the
light path diagram (LPD).

_ global
calculation variables

Global Parameters  Advanced Settings

i t
Snlppe Dictionary<string, double> returnValue = new Dictionary<string, double>(); ? e . s
H # BeamRadiusYBehindMimor1 [dot
US|ng C SRR ER R AR R R AR R R RRRRERRE AR AR A AR ERREAR - BeamRadiusBehindMimor3 [dout
- | mEE e INSERT YOUR CODE HERE ....................... Fieldﬁng‘e [dDleIe}
_: 5 4AAAAAAAAAAAAAAAAAAAA;-:.-t.-t.-t.-tAAAAAAAAAAAAAAAAAAAA;Jln’
g6
5|7 //fetching beam's parameters from light path diagramm
§ 2 orD halfAngleDivergence = new VectorD(Parameters["Half-Angle Divergence X (1/e"2)"],Parameters["Half-Angle Divergence Y (1/
W] G vV orD halfInputBeamSize = new VectorD{Parameters["Input Field Size X"],Parameters["Input Field Size ¥"]);
i@
11 //check, whether the beam divergence is larger in y-direction
12 if (halfAngleDivergence.X >= halfangleDivergence.Y) {
13 throw new Exception("The beam divergence in y-direction must be larger than in x-direction");
S istanice to Input Flane
15 ffcalulation of off-axis angle Input Fie\dSizEX
16 double offaxisAngle = FieldAngle + halfAngleDivergence.X; Input Field Size Y
17 Half-Angle Divergence X (1/272
18 //calculation of focal lengths and distances E?"‘MQ‘EBE;“ETD;_”CE1\‘{1-’3'2
19 /{for a feasable system, the beam radius (1/e) in y-direction should be about 1 cm after mirror 1 C;iae';;ﬂngolr:mémrwmﬂ
28 //calculating parameters of mirror 1 (paraboloidal in y-direction): Definition Area (Size X) Mimor 1
21 //after the beam is diverged to e.g. 1 cm mirror 1 is placed (focus equals beam origin) Definition Area (Size ) Mimor 1
22 double focallLengthl = BeamRadiusYBehindMirrorl / Math.Tan(halfAngleDivergence.Y); Radius of Curvature Mimor 1
23 double distToMirrorl = focallengthl.Abs() / Math.Cos{offAxisAngle); g'iﬁnce iﬁ"lre’&q"’:"rfn_ 5
24 VectorD diameterMirrorl = new VectorD(1.5 * 2 * Math.Tan(halfAngleDivergence.X) * focallengthl , 1.5 * 2 * Math.Tan(halfAngleDi D;iz;::;m?‘s;e%@?:‘;z
25 Definition Area (Size ) Mimor 2
26 //output focus mirror 1 Radius of Curvature Mimor 2
27 VL_GUI.WriteLineToMessagesTab("focal length mirror 1 = " + new PhysicalValue(focallengthl, PhysicalProperty.Length)); L+ Distance Before Mimor 3
( K system
[y [5| | Check Consistency | Validity: +/ | y

parameters
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Result: Beam Shaping using GFT+

«  Now, computing the resulting e e — e
beam profile by utilizing
Geometric Field Tracing Plus.

* Due to the off-axis setup, the ray//g
distribution exhibits a slightly
asymmetric Shape' /-124.6673377mm 124.66755??mm. D

Locally Polarized Hammonic Field - Ex ~ Squared Amplitude  Zoom: 544753086 (57 57)

* Nevertheless, the field distri- e — LIS
bution is almost symmetrical _
(better to be seen using false
colors)

« The resulting phase is perfectly
flat, yielding a wavefront error of: - i :

Sub - Detector Resuit Localm;r:;::::a:;iizn:ald-a 124:?::?;:::5.403503772 (57 57)
RMS [A] of Wavefront Error for 532 nm | 2.636798295E-05
21 file used: BDS.0005_ Reflective_BeamShaper_01_RT.lpd www.LightTrans.com




Result: Evaluation of Beam Parameters

From the resulting field distribution
of the shaped beam the beam
parameters can be evaluated.

This can be done directly via the
interface using the Detectors

ribbon.

In this example, we are interested
in the beam’s radius, divergence

and M? value.

Hamnonic Field 3
View  Manipulations l'ropagations Detectors

P =0 =G =0 Z
9 E H S A9
1 4
Camera Beam iffractive Optica Fiber Coupling RMS of  Spherical Zemilkee Frirge /| Blectic Magnetic Poynting .-"-.vcm?
Detector § Parameters fMerit Functions ~ Efficiency  Fhase Phase Radius Seidel Abemations | Field Field  Vecter }
Prysical Cetectors Field Companents 3

Sub - Deteclor Result
Radius X 76.05140768 mm
Radius Y 73.84830208 mm

Divergence Angle X 0.0002136121563°
Divergence Angle Y 0.0002363281438°

M"2-Parameter in x-Direction

1.674359956

M*2-Parameter in y-Direction

1.798753145

 The shaped beam exhibits an

almost identical radius in x and y.

 The divergence is about 4purad.
« The M? value is distinctly above

(the higher M? value is caused by a
deviation of the beam parameters
compared to an ideal Gaussian beam)

22

file used: BDS.0005_Reflective_BeamShaper_02_BeamShaping.Ipd
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Optimization of Beam Quality

Usually, apertures with an
appropriate Gaussian modulation
are used to optimize the M? value.

Thus, we generate a Gaussian
beam by using the measured
radius as waist radius (vanishing
divergence).

Afterwards, convert the received
field in a transmission function.

This transmission function is
used as aperture (in a Trans-
mission Function component).

Data View

4095620076 mm

-409.5620076 mm

Jones Matrix Transmission

-428.1569914 mm

ﬂ 63 Gaussian Modulation of Aperture Amplitude

Amplitude  Zoom: 5360061784 {65; 57)

428.1569914 mm

0

Symmetric and
Collimated Gaussian
Beam

L]
0

Ray Tracing System
Analyzer
D
800

Aperture with Gaussian
Madulation

1 _\
X 0mm
Y: 0 mm
Z:0mm

Virtual Screen
. 4
600
X: 0mm

Y: 0 mm
Z: 0mm
eam Parameters

—
601
X:0mm

Y: 0mm
Z: 0mm

file: BDS.0005_Reflective_BeamShaper_03 BeamOptimization.lpd
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Result: Optimization of Beam Quality

* Due to the propagation

through the Gaussian aperture
the beam exhibits an ideal

Gaussian shape.

1 for both directions.

Thus, the M? value is almost

Sub - Deteclor Result
Radius X (Classic Field Tracing) 55.12684003 mm
Radius Y (Classic Field Tracing) 54.04568743 mm
Divergence Angle X (Classic Field Tracing) 0.0001794946269°
Divergence Angle Y (Classic Field Tracing) 0.0001846118193°
M"2-Parameter in x-Direction (Classic Field Tracing) 1.019835579
M"2-Parameter in y-Direction (Classic Field Tracing) 1.028338641

l 64: Beamn Intensity after Optimization EI@
Light View Data View
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-125.7611328 mm 123.5739826 mm
Locally Polarized Hammonic Field - Bx Squared Amplitude  Zoom: 2 464355158 (114; 126)

« However, the beam radius is
reduced slightly.

(The beam radius shown on the last slide
is the reason for the deviation from an
ideal Gaussian.)

24 file used: BDS.0005_Reflective_BeamShaper_03_BeamOptimization.lpd www.LightTrans.com



Monte Carlo Tolerancing of Mirror Orientation

& 2% Munlc Curlu Tubauncng o Mines Uronbabon™
Marameter Specification

3
E:

* For Tolerancing we use the S i
Parameter Run feature in Euﬁ:immumammmmmhe-m'adasuwasmaremmmw:fwmSew-am;.sa.—.ilauaenaif,imm-nmd
Random mode. |ff"’"“ ccccccc e :

« This means a normal distribution e e
of the variated parameters. O~

e Thus, the influence of the =
combination of deviations can be e i ;
investigated.

S —— «  For this example an angular
p— deviation of £0.1° for each mirror
is assumed (isolated orientation).
c . « Due to this deviations, the
g wavefront error of the shaped
beam is noticeable increased.

T This means, that the wavefront is
very sensitive to alignment errors.

25 file used: BDS.0005_ Reflective_BeamShaper_04_Tolerancing.run www.LightTrans.com



Monte Carlo Tolerancing of Mirror Orientation

Exemplary intensity distributions for the first random tolerancing steps:
(corresponding RMS wavefront errors: 1.08A, 40.4), 140))
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-123.9654643 mm 1259654643 mm -124.6914685 mm 124.6914685 mm -125.0665473 mm 125.0665473 mm
2:1.98 x 14.8 M2: 349 x 1.87 M?: 1183 x 1.84
M2: 1.98 x 14. : x 1. : x 1.

after optimization:

£ 4£3 £ 483 £ w3
I " 2
by 2 a
& 2 g
) & =
o ” 5

g 4

283 283 263
£ £ £
£ £ £
P = =
2 z g
5 o a
g o z
b 5 2
8 2 2
o g =
= o o
= 0 b 0 = 0
~124.8605041 mm 124.8505041 mm -125.087566 mm 124929127 mm 1249926017 mm 124.3926017 mm
M?: 1.30 x 2.37 Mz2: 252 x 1.04 M2: 858 x 1.03

The M? value is distinctly increased for larger wavefront errors and therefore
alignment deviations. It can be reduced by using the Gaussian aperture.

26 file used: BDS.0005_ Reflective_BeamShaper_04_Tolerancing.run www.LightTrans.com



Summary

Realization and analysis of a high-performance off-axis and dispersion-free
reflective beam shaping setup.

1. Simulation
Verifying the reflective beam shaping setu

2. Investigation
Applying the Geometric Field Tracing Plus (GFT+) e

3. Optimization
Optimization of the M? parameter by utilizing an aperture &>
Gaussian shaped aperture function and the Classic Field Thar

4. Analysis
Analysis of the influence of orientation deviations by

Carlo tolerancing.

Complex beam shaping setups, especially o s, can be
simulated and analyzed very efficiently using ab. For this purpose,
different simulation engines are applied, as appropriate.
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Further Readings



Further Readings

(et Started Videos
— Introduction to the Light Path Diagram
— Introduction to the Parameter Run

 Documents Related with This Application Example
— BDS.0001: Collimation of Diode Laser Beam by Objective Lens
— BDS.0002: Focus Investigation behind Aspherical Lens
— BDS.0003: Optimization of a Lens Doublet for Laser Beam Focusing

— BDS.0004: Focal Beam Size Reduction by Generating a Bessel Beam using
Axicon Pair
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