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Evolution of beam profiles

CCD-
Camera

® Nearly no change in structure

B Almost circular profile
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Evolution of beam profiles

B Apparent variation in structures
B Elliptical (non-circular) profile

B Same azimuthal orientation
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Evolution of beam profiles

B Apparent variation in structures

Aim: Description and prediction of beam propagation
B Azimuthal orientation changes
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Beam forming

Motivation
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ISO 11145
ISO 11146
ISO 11554
ISO 11670
ISO 12005
ISO 13694
ISO 13695
ISO 15367

= Available ISO documents
regarding laser beam characterization:

Terms and definitions

Beam widths, divergence, propagation parameter
Power, Energy, temporal characteristics

Beam positional stability

Polarization

Power density distribution

Spectral characteristics

Wavefront, Shack-Hartmann detectors

LASNET — Workshop Aachen, Nov. 2013

B

ISO standard

Leibniz
Ferdinand-Braun-Institut



A

Content

B Beams and optical systems
B Beam diameter definitions

B Beam classification
B The ten second order moments

B Measurement of the ten second order moments

LASNET — Workshop Aachen, Nov. 2013

B

Leibniz
Ferdinand-Braun-Institut



10

A

Two-dimensional beam profiles

Beams and optical systems

transver:
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= — Separable beam profiles
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= — Separable beam profiles
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Separable beam profiles

separable

but not in x-y-direction
13

gl Leibniz
LASNET — Workshop Aachen, Nov. 2013

Ferdinand-Braun-Institut




14

A

Geometrical matrix optics, one-dimensional systems

X 4 4
————————— W ~-‘~“~~“~--_
L. u,
X, x5
>
Z
X, =A-X+B-u, X, A B)(x
u,=C-x+D-u u,) (C D)\u,
(Paraxial approximation!)
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Geometrlcal matrix optics, one-dimensional systems
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Geometrlcal matrix optics, one-dimensional systems

Cascading systems: S _ =S, -

S,-S; -5,
Example: - f "
ho.cofll  copyrianis o u,
X R 4
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Thick Lens

S=|n-n, n

nz'R1 n,
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Geometrlcal matrix optics, one-dimensional systems

Thick Lens
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Thick Lens
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Geometrlcal matrix optics, one-dimensional systems
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Geometrlcal matrix optics, one-dimensional systems

Thick Lens
n, n, | n,
OO 06
1 1 0
1 L
S= , — g 2 0 1 =N, N
n3'R2 n, nz'R1 n,
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Geometrlcal matrix optics, one-dimensional systems

Thick Lens
n, n, | n.
OO 6
1+;n£ L
n R n
S 11 L 1-n L
(n-1)| =-= |-(n-1) 1+ =
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Beams and optical systems

— Geometrical matrix optics, one-dimensional systems

A

Imaging

.| S=
\v C D

Fourier transformer, far field imaging

X
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Beams and optical systems

— Geometrical matrix optics, one-dimensional systems

A

Telescope, magnifier

. A 0O
0 D
flion® f, fis f,

\ 4

Fourier transformer, far field imaging
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Beams and optical systems

— Geometrical matrix optics, two-dimensional systems

« two spatial coordinates

« two angular coordinates /Xz\ /'A&x A<y B B 3 /Xl\

Yo |_| A« Ay B By || W

U,

O
O

XX Xy Dxx ny u 1
D, D

O

V2 \ny yy yX w) \V1)
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Geometrlcal matrix optics, two-dimensional systems
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Geometrlcal matrix optics, two-dimensional systems

Imaging

(A, 0 0 0)
e /\ s_| 0 A 00
. v & * - Cxx ny Dxx ny
\ny ny Dyx Dyy J

Fourier transformer, far field imaging

(0 0 B, 0)
otz /\ | <0 0 0 B,
; : . Cxx ny Dxx ny
= i T
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Beams and optical systems

=— (Geometrical matrix optics, two-dimensional systems

Anamorphotic systems

A

Fourier transformer, far field imaging

—

7
|

SR e et
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Beams and optical systems

=— (Geometrical matrix optics, two-dimensional systems

Anamorphotic systems

A

A, ) 0
A, 0
S =
CXX J DXX
ny Dyy
Ax #= A,

Anamorphotic relay imaging
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Beams and optical systems

=— (Geometrical matrix optics, two-dimensional systems

Anamorphotic systems

Horizontal imaging, vertical Fourier transform

e

e e

-

SR e et
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Beams and optical systems

=— (Geometrical matrix optics, two-dimensional systems

Anamorphotic systems

A

Horizontal Fourier transform, vertical imaging
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e e
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Geometrlcal matrix optics, two-dimensional systems

([ A<x Axy Bxx Bxy )

<_|A A B, B,

o
o

C:XX ny DXX ny
kny ny Dyx Dyy J
Restriction: (0 o0 1 0)
S-J-ST=J win J=° 001
o -1 0 0O
(symplecticity) \O 10 O/
—p ONly ten independent parameters!
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— Separable optical systems
/A<X O Bxx O \
< |0 A 0 B,
CXX O Dxx O
0 C, 0 D,
/X2\ (A<X O BXX 0 \ (Xl\ /A<x X1+Bxxu1\
Yo | _ 0 A, 0 B, AR A, Y. tB, Vv
u2 Cxx 0 Dxx 0 Ul Cxx X1 + Dxx U1
\VZ/ \ 0 CW 0 Dyy/ \Vl/ \ny y; + Dyy V1/
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— Separable optical systems
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— Separable optical systems

(A,
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— Separable optical systems
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Content

B Beam diameter definitions

B Beam classification
B The ten second order moments
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— ,,Conventional“ beam characterization
]

—

N

* Restriction to transversal beam profile extent
* Neglecting the beam profile structure

How to define a beam ,,dlameter“ ?

0402 1)
0547 08¢
80 295

181 .00%
113565
P,

gl Leibniz
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A

Beam profile example

Low relative intensities

E BeamAnalyser [pkt?5 b.tif]

File Edit Comection Selection Display Seftings Window Help

Should “small”
intensities be
# considered?

5000 10000 15000 20000 25000
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Beam diameter definitions
Requirements

Requirements for a ,,suitable® beam diameter definition:

Meaningful

« Useful for applications

Accurately measurable

Simple propagation law

LASNET — Workshop Aachen, Nov. 2013 @
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— , Historical“ beam diameter definitions

_.--"'_'-'-r

i

1/e?-intensity-threshold, for Gaussian beams: definition

D=2w

gl Leibniz
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— , Historical“ beam diameter definitions

1/e?-intensity-threshold, for Gaussian beams: free space propagation

Valid only for
I:)O

Gaussian

\ 2D} T 4.1 D,0 A
Ly = — —

7 D, 4 T
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Leibniz
Ferdinand-Braun-Institut




WMW

— , Historical“ beam diameter definitions

1/e?-intensity-threshold, for Gaussian beams: re-focussing with a single lens

Valid only for
Gaussian
beams!

42
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A

= ,,Historical“ beam diameter definitions

Propagation of phase curvature (Gaussian beams only!)

Beam diameter definitions

LASNET — Workshop Aachen, Nov. 2013
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____ Beam diameter definitions
— ,,Historical“ beam diameter definitions
=
1/e?-intensity-threshold, for Gaussian beams: definition of the g-parameter
Valid only for
Gaussian
DO beams!

Z 7
R(z)=z,| —+—=%
(1)=2 £ +2]
1 1 . 44
q=Az,+12, Mo =i stritul 5
q R =D
Az, =72-1,
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— , Historical“ beam diameter definitions

A

1/e?-intensity-threshold, for Gaussian beams: propagation of the g-parameter

:\ N /'I
i A B ;
d: C D d,
D, D,
o q - Aa+B i
R, 2 C ql +D R

Leibniz
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— ,,Historical” beam diameter definitions

i

Application of the threshold definition to non-Gaussian beams

46 LASNET — Workshop Aachen, Nov. 2013
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Beam diameter definitions
,Historical“ beam diameter definitions

Application of the threshold definition to non-Gaussian beams:

47
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Beam diameter definitions
Historical“ beam diameter definitions

Application of the threshold definition to non-Gaussian beams:
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Beam diameter definitions
Historical“ beam diameter definitions

Application of the threshold definition to non-Gaussian beams
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— , Historical“ beam diameter definitions

."power content" definition for "circular" profiles

86.1

100%

5%

50 LASNET — Workshop Aachen, Nov. 2013

B

Leibniz
Ferdinand-Braun-Institut



,Historical“ beam diameter definitions

A

Application of the power content definition to non-Gaussian beams:

S04 -

Beam diameter definitions

5.00-

4.00-

3.00-

2.00-

1.00-

0.00-,
3313

2500 2000 -15.00 -1000 500 000 500 10.00 1500 2000 2645
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Beam diameter definitions
,Historical“ beam diameter definitions

Application of the power content definition to non-Gaussian beams

200/;0 deviatigon
a0 6 4

. i
1000
e

52
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— ,,Historical” beam diameter definitions

i

...knife edge definition for ,,non-circular“ profiles

53
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Beam diameter definitions
,Historical“ beam diameter definitions

Application of the knife edge definition to non-Gaussian beams:

54
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Beam diameter definitions

e 9 B oA
N ® © o =

ejoqradLy rajawerp “seaur

Leibniz

=
=
__..-;_,-'..-"' . M
— Propagation of power content beam widths
=
‘r — T T L i
» | Propagation of power content diameter
:0
= ; 10 L | v I Y 2, v I v | de i
.E. l ? 0.8 i Bypepla St : .~ Propagated hyperbola ,3’". 1
w10 = ’ _‘ after lens __‘_..' -_
g ‘ os ? 06 |- 2 i . |
.‘Q>N° MO0 MO0 N0 o qé 0.4 5 E: Al 3
§ ) Bl s 2 T
/ 0.0 f——+——————+——
"N, - gl S oseit et ]
V -_ ’.'E ! .8 _-:
Wom 8 00s 20000 I o ]
zmy . : -
on! y 5 3 Ngdishgibutionty o iy Np™
-200 0 200 400 600
Z [mm]
May show significant deviation from a hyperbolic propagation law! |
- Ambiguous definition of Dy, z,, Zg ;.- .-
5 i
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Concept of intensity moments

_ ALY,

[_1al |

| | | 1 1 1 1 ] | | | | 1 1
025 050 075 1.00 1.25% 1.50 1.75 200 225 250 275 500 325 350
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Concept of intensity moments

D25 EIED EI.'-"E 1EIEI 125 15D 1.'-"5 2DD 225 25D 2.'-"5 3DD 325 35EI
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— Concept of intensity moments

| AvYaY

1 1 | | | | 1 1 1
025 050 075 1.00 1.25 1.50 1.75 gﬂ 225 250 27¥5 300 325 350 4.8
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— Concept of intensity moments

D, =4J(x*) | f V\”W

i i i I e I I
025 080 075 1.00 1.25 150 175 200 225 250

\L_

| | 1 1
275 300 325 350

1
4.8
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Cauztic  “wWindow

Propagation of second order moment widths

=101

Caustic - Fit . :H

E.40-

— 5.00-
E 4.00-

T 3.00-
=

2 2 00-
1.00-

0.00-,
5

10 200 M0 400 SO0 E00 OO TS
ety | rotating

F'ns:ﬁ 490,00 rarm pactwe delete |

EI.EIEI| deg [~ secondawis [ angles

mean Ayigle: | 786 deg RMSE: 139.19 deg

thname: |c:\useribephdatatzylinderS00mmbemDdfeint=0430. :pe
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Arigle: .00 deg i dea
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meas. | meter: lﬂ i m s
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F apleigh length: lﬂ il
Divergence: IW mirad
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M2 | 9B
[S0 Canforrmity: ot enough paintz inzide
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Beam diameter definitions
=— Propagation of second order moment widths

Application to non-Gaussian beams

61
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Beam diameter definitions
Propagation of second order moment widths

Application to non-Gaussian beams:

62
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Beam diameter definitions
Propagation of second order moment widths

Application to non-Gaussian beams:

63
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Beam propagation parameter

64

M? =
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Beam propagation parameter

Beam diameter definitions

V = J Z
\//22 +(a—f)2 Dy, =V Dy, Zpo =V Zg,
' f 2 f 1 2 2
a — :V '(a— ) Hz_\701 M2 :Ml ‘
65 LASNET — Workshop Aachen, Nov. 2013
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Beam diameter definitions

embedded Gaussian beam

D, (z)=vM? D,(z) 25,0 = %40
QG:VMZQQ ZO',R:
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Beam diameter definitions

A

= Influence of beam propagation ratio M?

M2: low
Lens: week

7~

67
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Beam diameter definitions

A

= Influence of beam propagation ratio M?

M2: high
Lens: week

7~

68
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Influence of beam propagation ratio M?

Beam diameter definitions

| - M? is measure of ,,focusability“ b

69
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— Embedded Gaussian beam, phase curvature

Beam diameter definitions

70
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— Prediction of beam propagation

D(2) =D, [1+| === = D2 +6%(2-12,)
R

Propagation through aberration-free systems given by only three
parameters:

* Dy, z5, 0
cor: Dy, zy, zg

. i 2
or: Dy, zg, M

1 1 . 41
g=Az+iz | =5 o, Wl

q R n(Da/\/W)z _>q2:Cq1+D

iyl Leibniz
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Beam diameter definitions
Comparison of beam diameter definitions

gaussian beam
second order moment 5
86%-PC-diameter 3

super gaussian beam
86%-PC-diameter
95%-PC-diameter

YhALA
95%-PC-diameter

second order moment

ring mode
86%-PC-diameter et 1 YT
95%-PC-diameter

far field, unstable resonator
95%-PC-diameter

second order moment

second order moment

86%-PC-diameter

Leibniz
LASNET — Workshop Aachen, Nov. 2013
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Comparison of beam diameter definitions

Variance diameter

LASNET — Workshop Aachen, Nov. 2013
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= — Comparison of beam diameter definitions
__,_...--""

—

N

Contrast: 10000x
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Noise sensitivity

D,~0.44mm

LASNET — Workshop Aachen, Nov. 2013
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A

Noise sensitivity

LASNET — Workshop Aachen, Nov. 2013

Noiée: 0.1%
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A

Noise sensitivity
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Noiée: 0.1%
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Noise sensitivity

0.5

1.a
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Beam propagatlon parameters

A

Beam diameter definitions

« Diameter D
» Distance to waist Az
« Waist diameter Do
* Radius of phase curvature R
« Divergence 0
« Rayleigh length Zn

« Beam propagation factor = M?

Only three
independent
parameter!

79
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A

Beam position and beam direction

Beam diameter definitions

| (A B) (X
u, C D) \y
ois od o v 13 10 1is 2 2l 2o 2 ol 3k sl

Leibniz
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Benefits: Layout of optical systems

Example: WinABCD

81
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Win ABCD 5
File Edit Viewer Window Help
: Ile‘ —— I.=| ‘ (o=l - ¥ symmetric Fo E waist data _E‘ ? horizortal ||z= 11]_4@
A + | | = | o 28 v zdata 8 " vertical
. | N e e = —.A —7 W keepaspect || 5T [~ disabled || & € both x| 860 mm|
!I 154.8] [E0.3) |
240
240 i
[ 820 4 Al 182
Cn:ponarls . Name: Thick lens no. 01 ThickLens ” ?: ﬂ-l Watch- § E - choose —‘ E - choose - E - choose - E - choose -‘
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WinABCD/WinABCD5.exe
WinABCD-3D/WinABCD-3D(19).exe

A

Benefits: Estimation of aberrations

Spherical aberrations:
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A

Benefits: Estimation 2D transmission

-
z=

-

Elem: 5| Aperture na. 01 | &l

I
E3.60) I

AEE

center V

Cirect.:

+1| Dmax 5| 2.00

or top v

arid ¥
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A

Beam diameter definitions
Benefits: Estimation multi-mode fiber coupling

Fiber core diameter

Numerical aperture

| ? Thn km . &1
v Nceony foedae

4

i J

T Hesonator vt

Me s 1300 ree $—
woe & g | e 2 — B

Souce o 07 |8 - choose

2 horgorin & D) toroorid B 0

) ]

wfolomed AvenalS - choans
Ry

g F H §

T A

-
0418 and

G o
‘ ; = G
- no slemant sslectad -

O L
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A

Benefits: Monomode fiber coupling

Beam diameter definitions

Coupling efficiency depends on

« Transversal position of beam center
Angle of incidence

Radius of phase curvature (or: beam waist position)

LASNET — Workshop Aachen, Nov. 2013 @

Valid only for coupling Gaussian beams into monomode fibers

Leibniz
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A

Resonators

Side note: Theory of stable resonators

— Calculation self-consistent g-parameters
-> fundamental mode

q__Aq+B
Cg+D

— Calculation of the highest order lossless mode
with same g-Parameter - M?

]

-

.....................................

i
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il

= Second order beam width ellipse
...---"""

(), =5 1 (xy)(x-) ey > 0, =4[],

(), = 21 xy) (-9 dxdy >0, =4[y,

(X, y)—(xy). :%J'I (x,y)(x—X)(y—-Yy)dxdy

D, = 4\/C032a <x2>C +sin’a <y2>C +2sina cosa (Xy).

Leibniz
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! Second order beam width ellipse

e

gl Leibniz
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Beam diameter definitions

Leibniz
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A

= Second order beam width ellipse

D, = 4\/008205 (x*)+sin’a (y*)+2sina cosa (xy)

Beam diameter definitions

90
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— Second order beam width ellipse

A

Beam diameter definitions

91 LASNET — Workshop Aachen, Nov. 2013
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A

Content

B Beam classification

B The ten second order moments

B Measurement of the ten second order moments

LASNET — Workshop Aachen, Nov. 2013
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A

— ,Roundness*

D, = 4\/C032a (X*) +sin’a (y*) +2sina cosa (xy),

A beam profile is ,,round* if

« beam width is independent of direction = d(«) = const
e <x?>=<y?>and <xy>=0

-> a square top hat profile

Is ,,round®:

More practical definition for roundness:

D <115-d_

If a beam profile is elliptical....

.. It has an orientation.

93
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A

Rotating second order beam width ellipse

,Roundness* and orientation may changed under propagation!

gl Leibniz
LASNET — Workshop Aachen, Nov. 2013
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B

e

Stigmatic:

Beam classification
= ,,Geometrical* beam classification

Simple astigmatic:

»circular® in any plane under free propagation
» fixed orientation behind cylindrical lens

» 3 Parameter needed (e.g. Dy, z,, zR)

e non-circular, fixed orientation under free propagation
e same fixed orientation behind aligned cylindrical lens
* 6(7) Parameter needed (e.g9. Doy, Zox, Zrgs Doy Zoys Zrys @)

Pseudo stigmatic:

»circular in any plane under free propagation

e changing orientation behind any cylindrical lens
» 4 Parameter needed (e.g. Dy, z,, zg, t)

General astigmatic:

95

Pseudo simple astigmatic:

e non-circular, fixed orientation under free propagation
e changing orientation behind aligned cylindrical lens
* 7(8) Parameter needed (e.9. Doy, Zox, Zrg: Doy Zoys Zry @ 1)

e changing orientation under free propagation
» 10 Parameter needed (see later...)

Leibniz
LASNET — Workshop Aachen, Nov. 2013 i
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A

Simple astigmatism

4 fr

Ox

LASNET — Workshop Aachen, Nov. 2013
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Beam classification

e

— Stigmatic versus pseudo stigmatic beams

NI

97
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Ll

Beam classification

Simple-astigmatic versus pseudo-simple-astigmatic beams

98
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A

Content

B The ten second order moments

B Measurement of the ten second order moments
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A

The four-dimensional Wigner distribution

h(x,y,u,v) gives amount of power
/ R A0:V) passing the plane at point (x,y)
- _;a‘v'_i‘i.f::"f:: - e
Z

with direction (u,v).

(X, y) = I h(X, Y, u,v)du dv > total power passing point (x,y)

IF( U,V) = Jh(x, y,u,v)dxdy > total power passing in direction (u,v)

P=|1(x,y)dxdy=|1_(u,v)dudv=|h(x,y,u,v)dxdydudy -> total power
J1(xy)dedy = [ 1 (u,v) dudv=[h(x,y.u.v)

100
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A

The four-dimensional Wigner distribution

h(x,y,u,v) gives amount of power
/ B passing the plane at point (x,y)
A
y..-

with direction (u,v).

=
] <

v

e
il pes
o'

(X, y :_[h(x, Y, u,v)du dv > total power passing point (x,y)

<x“ym>c =%II (X,¥)(x—X

e

) (y-v)" dxdy=%jh(x,y,u,v)(x—Y)”(y—V)m dx dy du dv

| S

n+m=2

2 2
<X >c <Xy>C <y >c
@ Leibniz
Ferdinand-Braun-Institut
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A

— The four-dimensional Wigner distribution

h(x.v.u.v)

h(x,y,u,v) gives amount of power
passing the plane at point (x,y)
with direction (u,v).

The ten second order moments

(X, y):jh(x, y,u,v)dudv

102
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A

The four-dimensional Wigner distribution

h(x,y,u,v) gives amount of power
h(x,y.u.v)
A
fin

passing the plane at point (x,y)
with direction (u,v).

=
] <

v

g%
o

|F( U,V) = Jh(x, y,u,v)dxdy > total power passing in direction (u,v)

<ukv' >C =%J~ I (u,v)(u —U)k (v—\T)I du dv=%jh(x, y,u,v)(u —U)k (v—\7)I dxc:<y+cllli(;lv
l 2
<uz>c <U V>C <V >c

Leibniz
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A

— The four-dimensional Wigner distribution

h(x.v.u.v)

h(x,y,u,v) gives amount of power
passing the plane at point (x,y)
with direction (u,v).

The ten second order moments

I-(u,v) =jh(x, y,u,v)dxdy

104
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-
-

A
/
~

i

[

1]

h(x.y.u.v)

7
P

o

v

105

The four-dimensional Wigner distribution

h(x,y,u,v) gives amount of power
passing the plane at point (x,y)
with direction (u,v).

<

<x“ym>c =%jh(x, y,u,v)(x=%)"(y-¥)" dxdydudv

b (), (xy), (¥")

. near field

(utv! >C :%J'h(x, y,u,v)(u—0) (v—7) dxdydudv

L), ) -

far field

X" ymukvl >

;Ih(x’y’U,V)(X—Y)n(y—V)m(u_U)"(V_
|L> xu)e {xv) phase paraboloid +

(yU>C <yV>C twist

\7)I dx dy dudv

n+m+k+1=2

Leibniz
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A

The ten second order moments
Propagation of the second order moments

<Xn ymukvl

) =%fh(x, y,u,v)(x=%)" (y=y)" (u—-a) (v—v) dxdydudv

n+m+k+1=2

106
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A

The ten second order moments

— Propagation of the second order moments

<x”ymukv'> =%Ih(x, y,u,v)(x=%)" (y=y)" (u—-a) (v—v) dxdydudv

n+m+k+1=2

107

X X, X
Vi|_gu | Y g%
ul u2 ul
Vl V2 Vl
| [

Leibniz
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The ten second order moments

— Propagation of the second order moments

<x”ymukv'> =%fh(x, y,u,v)(x=%)" (y=y)" (u—-a) (v—v) dxdydudv

n+m+k+1=2

X, Y,U,V)

X, X
My (Xo0 Yo, Up Vo ) = 1y (X, ¥y, Uy vy ) with | V2| _s.

F

Leibniz
LASNET — Workshop Aachen, Nov. 2013 @ Ferdinand-Braun-Institut
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A

The ten second order moments

— Propagation of the second order moments

<x”ymukv'> =%fh(x, y,u,v)(x=%)" (y=y)" (u—-a) (v—v) dxdydudv

n+m+k+1=2

X, Y,U,V)

h,(&)=h(S*-&) with

(N
Il
< € < X

F

Leibniz
LASNET — Workshop Aachen, Nov. 2013 @ Ferdinand-Braun-Institut
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Propagatlon of the second order moments

v—V) dxdydudv

n+m+k+1=2

() (xy), (xu), (xv),
p_ (xy). <y2>c (yu), (yv),
<Xu>° <yu>c <u2>c (u V>c Beam matrix
() (v v, ), Moments matrix
P,=S-P:S

LASNET — Workshop Aachen, Nov. 2013
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— Free space propagation

JINY

Free propagation: 102z 0
System matrix: §-= 010z

0 010

0 001

N
N—"
Il

<x2>in +2z(xu) +12° <u2>in
<y2>in +2z(yv). +17° <v2>_

(), +2 (), (), )+ 2 ),

(K ) (
) (2)
(XY ) (2)

T
<
N

N

iyl Leibniz
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— Free space propagation

A

Free propagation:

System matrix:

S:

o O O -

o O — O

O B O N
P O N O

2

() (2)
V) (2)
(%Y Do (2)

<x2>_ +212( xu +z u
In

N

<y2>m+22 +7° v2

<

|n

L

<Xy>in t2 <<Xv>in e <yu>in)+ Z <uv>in 7

iyl Leibniz
112 LASNET — Workshop Aachen, Nov. 2013 Ferdinand-Braun-Institut



\\\\\\\\\\\\\\

Free Space propagatlon
== Directional beam properties

Parameter horizontal vertical azimuthal
Diameter D 4 <X2>C 4 <y2>c 4 <X2>c,a
Waist diameter D, 4\/<x2>c - 232& 4\/<y2>c - 23\2/;° 4\/<X2>C,a - 23?;0 -
Waist position Z, - Zf% - 2‘}’/\2/;6 - szica

_ X) (xu) V), () ()., (wl
Rayleigh length Zq \/2“2; _ZUZ;Z \/ivzi —<V2;2 \/<u2> - u2>2
Divergence 2 4 J(u?). 4, J(v*) 4 <“2>c,a
Radius of . (x*). (y*). <X2>c,a

phase curvature

Beam propagation
factor

dr

A

Y0, ), ~ (),

113
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Propagatlon through separable ABCD-Systems (2D)

<x2>C (xy). (xu) (xv) A

_ (xy). <y2>c (yu). (yv), . _ 0

(), {yu), (07, {uv), *C,

(xv)  (yv)  (uv) <V2>c in 0
P.=S-P_-S'

C

0
Ay
0

B

0
DXX
0

yy

0
By,
0

D

(separable system)

<X2>c,out - Ai( <X2 >c,in +2 AO( BXX <Xu>c,in gh fo <u2>
<Xu>c,out - AO(CXX <X2> +(A’<X DXX )<

()i

-B C

c,in XX 7 XX

+2C.. D

XX XX

Ui
(xu), , + DL (%), ,

c,in

+B.,.D

XX = XX

u

Ve

LASNET — Workshop Aachen, Nov. 2013
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A

Propagatlon through separable ABCD-Systems (2D)

x2>
C

(). { (xu),  (xv), A, 0 B, 0
S| ) Gy Gy, s _|% A 0 B,
) (xu)  (yu)_ <u2>C (uv). * |1C, 0 D, O
(xv)  (yv)  (uv) <v2>C f 6 ¢, 0 D
(separable system)
Pout :S' I:)in 'ST

0 Do = A Y ) 728 By (YY), , B (V).
< >c out AWC < >C in +(AWDW N BWCW)<yV>c,in + BW DW <V2 >c,in

<V2 >c,out - ij <y2 >c,in + ZCW DW <yv>c,in + Dfx <V2>

c,in

115 LASNET — Workshop Aachen, Nov. 2013
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(). {xy),
(xy), (¥,
(xu), (yu),
(xv), {yv),

Xu XV

(xu), <
(yu), {yv
), (
(uv), <v2>C

)
)

),

Pout

in

sep

=S.P. .S’

A, O
0 A,
ioh Berlin.de()
0 C,

B

XX

0
DXX
0

Propagatlon through separable ABCD-Systems (2D)

0
By,
0

D

(separable system)

<X2 >c,a,out - A2 <X2 >C,a,in st 2 A B <Xu>c,a,in * 82 <uz>c,a,in

<Xu>c,a,out - AC <X2 >c,a,in +(A D B BC)<XU>C,0!J” + B D <UZ>C,0!J”

<uz>c,a,out - C2 <X2 >c,a,in + 2C D <Xu>c’a’in " D2 <uz>c’a’in

LASNET — Workshop Aachen, Nov. 2013
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— Beam classification
==

. il
D28 () ()[04 |

o)
[

=20 f+4<»->:]i}%

T N

“"[W] e =sen({x’), (")

D =22 {((x ) +(»* ) )+e [( {+* )( -y )r }" +4{w); ]’ } Pri‘nc/ipal axes

Round beam profile:

fFy Dx:Dy:D;(:D),/:Dmin:Dmax@
D, =4 i) <X y>c 0
D, —*HW Aligned elliptic beam profile:
p=0(xy) =0
D, =4 [cos’a (.r:>+sin:a (_\'2>+2sina cosa (.\'_\’)

Leibniz
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JINY

Free space propagation:

Beam classification

<x2>c (z)= <x2>c +2z(xu) +17° <u2>c

(). (2)=(0), +2

<y2>c(z):<y2>C +27(yv), +22<v2>C

Necessary condition for {xy) (z)=0

((xv)c + (yu)c)+ z* (uv)_

—)

—)

118

(pseudo) stigmatic beam:

(<),
0
P(P)ST 01

(xu),
(xv),

0

(x°),

~(xv),

(xu),

(xu),

—(xv), (xu),

(),

0

(xv),

0

(%),

(pseudo) aligned simple astigmatic beam:

(),

0

P(P)ASA TE (xu)
(xv),
“pseudo”

LASNET — Workshop Aachen, Nov. 2013
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).

~(xv),

(yv),

=

i

(xu),

~(xv),

(),

0

xv)c;tO

Leibniz
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A

— Phase paraboloid

/i 1 00
1 00
S= _cosza_sinza COSaSina[i—iJ 1 0
f, f, fo f,

COSasino{i—iJ _sinza_cosza 0 1

f. f, f, f,

Find f,, f,, and « to.... minimize tr(Uout):<u2>C +<v2>C

» o , P 2

(_<.v'><-\->(<-v*>+<.v->) <n >‘<<w> 0 >) <u'><.vl><<.n->+<.m>> 5

c=

t<-v?>+<.l':>.><<~2><.v?>-<-\.v>'='»

119

2b )
H=sgn(a-c)

’3
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Phase paraboloid

/ \ 1 0 0
cos’a  sin‘a . [ 1 1 J
_ S=| - - cosasina| ———| 1 O
1/ £ 1,
h ‘ Nagipinpdiont | _sin®e neosfigtrib iog
¥ fof, f, f,
\
N

120
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— Phase paraboloid

NI

o r»r O O

R O O O

Find f to.... minimize tr(Uout) = <U2>C +<V2>c

(best fitting spherical phase front)

121 LASNET — Workshop Aachen, Nov. 2013
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The twist parameter

T

<X2>c <Xy>c <Xu>c <XV>C <X2> (Z) _ <X2>_ n 22<Xu>m n 22 <u2>

A <Xy>c <yz>C <yu>c <yv>c out in : in
o (xu), (yu), <U2> (uv). <Xy>out(z) - <Xy>in + Z(<Xv>in+<yu>in) t oz <uv>in
o 0, ()| [0 = (), ¢ 22w, v 2,

(free space propagation)

Twist parameter t = <XV> —(yu)

)

Orbital angular momentum of light

122 LASNET — Workshop Aachen, Nov. 2013
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A

Invariants in general (non-symmetric) systems

( 0O 0 1 0\
From...
0O 0 01
S-J-S'=J ,J
B -1 0 0O
(symplecticity) L 0 -1 0 O)
...the following two invariants can be derived
. . . A7 L
The effective beam propagation ratio

M :T(det(P))Z >1

...Is @ measure of the focusability of a beam.

The intrinsic astigmatism a

a= <X2>c <u2>c —<xu>§ +<y2>C <v2>C —(yv)i + 2((xy>C (uv) —(xv)_ (yu)c)—Zdet(P)

...Is related to the visible and hidden astigmatism

Leibniz
LASNET — Workshop Aachen, Nov. 2013 @ Ferdinand-Braun-Institut
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Invariants in general (non-symmetric) systems

124
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A

Invariants in (non-)symmetric systems

. Stigmatic Separable General
Quantities
systems systems systems
M., M Yes _Yes, No
4 if same axes
Twist t Yes No No
M2 Yes Yes Yes
Intrinsic
astigmatism Yes Yes Yes
a
LASNET — Workshop Aachen, Nov. 2013

@ Leibniz
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A

=— Fundamental types (beams of highest symmetry)

Simple astigmatic beam without twist

126

Leibniz
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A

=— Fundamental types (beams of highest symmetry)

Pseudo stigmatic beam with twist

t=0

127
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A

Fundamental types (beams of highest symmetry)

Measured M2 and a I

Beam may be transformed into....

Simple astigmatic beam without twist

Pseudo stigmatic beam with twist

128
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A

Intrinsic classification

a:E(mz—l)z(Mf)z M2 =mM?

X

129

> 2
. a _1(m'-1)
a= o (Meﬁ) (Mezﬁ)z 2 m?
For (M621 )2 <0.39 > intrinsic stigmatic beam!
eff

gl Leibniz
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= Content

A

B Measurement of the ten second order moments

130
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Measurements

Beam characterization using matrix detectors

attenuation

focusing

131
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A

Beam characterization using matrix detectors

) ¥,
va ST
Q >
N ! v
~

(x),(2) =
(), (2) =
W)@ = )+ 2zlw) w2,

<x2>l + 2z(xu), + 22<u2>1

(), 2 (O +(ya)) 2% (u),

1(X,y;2)

P=[1(xy;z)dxdy
(¥)(2) =2 [1 (% y:2) xexely
(y)(z):%jl (x,y;z)ydxdy

<x2>(z) :%jl (X,Y; z)(x—(x)(z))2 dx dy

(Y)(2) == [1 (0 2) (v~ (¥} (2)) exely

132
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A

— Beam characterization using matrix detectors

\ o LB = A 0 22000 W)
. (9),(2) = Q)+ z(Ow)+(yu)) + 2%(u),
W)@ = )+ 2zlw) w2,
*+;1&x OOOO0000 JLIii(:):= P = AXAy iylij(z)
T z—"_u ”_: [_: [ "_: ] AleJAyN*’”y
< HHHHH RE: || W= g
EEEENNNSSSs s EEEEEEE axay? e
SOnAoREEEea || (@)= Y ()
EnEEEEE BEOCO000 ¥
o || e
EEEEEEs W00 (¢)(2)==57 2 1, (2)(iax=(x)(2))
EESEEEEEssaEEanE ri o
1 (xy)(z)= Xpy 2 1y (2)(iax=()(2))(1ay=(y)(2))
AN EEEENEEEEEE N e, "
1] NN EEEEEN . , Ax Ay N
E.I ] 1I| .': 5” I |I H I |I H I| |I H ID| |I :I v == ZJ: 1 (2)(iax=(y)(2))
" ‘ Lelb'mzd-!&ratun-lns’titut



— Beam characterization using matrix detectors

| L)@ = (), v 2z(x), 4 227,
R ) = ) oz ¢ 2w,
fotli (), (2) = (), + 22w, o+ (),

NI

T T T 7 7 T - - - ~—" - T - (7] p—
= !
| !l&::p
::L» 3 ",[
T 4 vy |
g ! — 0%}
£ B il
£ ‘ E e € 26 4
{ o
v - > ansf
» . r
1 l.l
o} [

’ ( e P -~ l ! ol 3 '
— 1 [ . —
....... 0. W0 W0 N T v 20 30 4 20 300 %0 A
z [mm]) z [mm] z [mm]

(), O U2, 0y (o), o+ (o (uv), L (9°), (), V),

<XV>1 —(yu)l Is missing!
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A

Measurements
Beam characterization using matrix detectors

Additional measurement necessary

\/W
L
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Measurements
= |
= Attenuation
—
=
-~
aenuation  focusing. = ~
/ J \ \
T CCD-
| Kamera|
\ JRE AR/ /
,=_/'
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Measurements

CCD-
camera

o~

Leibniz
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Attenuation

A

CCD-
camera

I~

Using absorptive neutral density filters:

Only for low power (< 100 mW) - thermal lens
Use close to camera

Order with increasing absorption

If positioned in non-collimated beam segment = keep optical path length constant
AR coating recommended

Leibniz
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Digital cameras

A

CCD-
camera

I~

CMOS may non-linear! Choose CCD or measure linearity!

« Standard have usually two protective glasses:

On the housing (often a IR and/or UV filter)
- get rid of it!

One on the CCD chip = ? Get rid of it (may damage)?

> Test Your camera!
|
Back reflection of CCD chip may cause artifacts Know Your camera

Intrinsic “auto-corrections”

Pixel defects

Offset homogeneous?

Offset stable in time?

Leibniz
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A

Common CCD camera problems

Reflections f

ToZd ' I
1055
926.0
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Common CCD camera problems

JINY

Tilt of

offset plane
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Ll

— Common CCD camera problems

142

v
&

Horizontal and vertical ,,waves*

0902

1.030
2240
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A

Common CCD camera problems

Bad AD-converter settings
[ 1072 ‘

0.754 |

428.0

e
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— Common CCD camera problems

1

A

| (x)xix

Il(x) dx

0.5 — —
(X
] ] ]
& -4 4 a 4 G
Ll A,
I I I I
Lwith noise i
0.5 —
u ()
| |
4
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A

Offset determination and integration area

1.03
0.90
55

sl

Outer area

- Offset calculation
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Measurements

Error estimation

i

Inner area
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Measurements

Error estimation

i

Inner area
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Error estimation

Y

Offset:
1 i inner area
< >
Off - ) Z Iix’iy 1 o i o e . <l
out Ixvlye'A\Jut i : :
COOCE ¥
Power: i”f"ﬁ[‘llll BEOOOEC
P= I 1 (X, y)dxdy = Ax Ay_ Z (Iix,iy — Off ) =SS e :
iy €A . jf:ll:'f IL .
Center of gravity: ' ] O O K_outer area
v _ Ay ) Nin,x - AX "
X _—I (x,y)xdxdy = 5 IXWZG:AH( —Off)xiX
Diameter:
1 2 AX A _
dX:4\/—Il(x,y)(x—x)2dxdy:4 Y S 1 (% —X)
P P oy €An Y
fhin
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A

Error estimation

E— L
N Ay :é: N, %
= ouies aa,
Error of each pixel value o] No, -3¢ 14,
I
Signal-noise-ratio: Dy, = sat
O,
»average“ intensity: |ave — beam power _ P
beamarea d, d,
Signal ,,dynamic*: D. — max.intensity _ Imax
Sig - - *h
ave.intensity I,
Width/height of integration area: f Nin,xAX f Nin,yAy
X y
d, d,
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A

150

Error estimation

Rel. error of power:

Rel. error of center of gravity:

Rel. error of diameter:

D..
S pe f, fy 19
P DDet
Ox o £2 ¢ Dsi
dx ' ’ DDet
D..
9 o X3\,fy 519
X N DDet
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A

Error estimation

Measurements

Results of error discussion:

There is no general error boundary

Statistical error depends on
- signal dynamic
- detector dynamic

- size of integration area

It is important, to choose the integration area as small as possible!
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A

Measurements
Integration area determination

Self-converging approach

1. Offset determination in outer area
2. ,random choice of small central inner area
— 3 Determination of Diameter in inner area
4. New choice of inner area as a multiple of obtained diameter
— 5.

Continuation at clause 3. until convergence.

152
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A

Measurements
Integration area determination

Statistical approach:

Choice of outer area

Determination of mean and standard deviation of pixel values in outer area

Determination of inner area as smallest possible rectangle containing all
pixel having values larger a multiple of the standard deviation larger than
the mean value.
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A

Measurements
— Averaging and background correction

Advantages of averaging:

* Increase signal-to-noise ratio

To be considered:

Avoid round-off error = enhance bit depth!
Signal shall be stable (structure and position of profile)

Advantages of background correction

Reduce inhomogeneous offset (black level) values
Eliminate stray light

To be considered:

Signal-to-noise ratio decreases = use averaging!

Background image may depend on camera settings
(integration time, gain, binning,

.) = use separate background images!
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A

Other requirements

24976
24.971

«oﬂ\*—\_,—gm
AT418.7 | = g .
o

Number of pixels across beam diameter > 50!
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JNY

Other reguirements

Causkic  Window  Help

E_
5_

i

Diarmeter [rmm]
(] l'_;l\.'l ECY

O =
1 1

400 <300

Symmetry: | stigmatic

Caustic - Fit Angle: vlﬁ 0.00) deq

200 100 0 100

mean Angle: | 4381 deg

ﬁ -3R0, EIEIlmm ¥ active delete |

ﬁ One auiz

[ angles

o0 300 400
“aration: | 14.46 deq

ezt |

Fathname: |SCAN

reload |
Angle: 0.00 deg
rnean rel. Emor: lﬁ X
meas. diameter; 3.52 [monNEEENaRR N = e
£ b e | 4
Fit diamneter: | 3E2 mm
Wiaizt diameter: 1.00 E
Waist position: 0.52 mm E
R avleigh length: 101.19 mm
Divergence: 991 mrad rmrad
Parameter product; 248 mmmrad """"" mrmrrad
s & |
[S0O Conformity: |conform Einb et g
a—save b | seve
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Other reguirements

1.0 I T I

09
08 [

0.7 -

05 [

<x*>(z) [mm]

0.1

0.0 | | 1 | 1 | 1 | 1 | 1 | 1 | 1
-400 -300 -200 -100 0 100 200 300

Z [mm]

Fitting on poor data may depend on weighing factors!
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=— Direct measurement of divergence

\\\\\\\\\\\\\\\\

Fourier transformer, far field

e ol 0 B
= —] S=
o v C D
x) (0 B)(X Xout | Bu..
u out_ C D U in uout B CXin_l_Duin
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A

=
P

v

S =
8. Eppicq] _
f f

160

Leibniz
LASNET — Workshop Aachen, Nov. 2013

Ferdinand-Braun-Institut




A

SENNNNSSEINEE  Emwaons

f

A

v

fu,
XOUt 1
Ugut - —— Xip t 1_ﬁ Ui,
f f
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A

Measurements

Two-Point measurement of beam quality
Near Field, D,

d0=4.70 i
i =227
\ =R=73 .5
L

Far Field, 0
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A

Other types of detectors

Rotating pin hole
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Measurements

Other types of detectors

—
=
.--""'"
#-':5""*
=

Knife edge methods

Leibniz
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B

Measurements
— Other types of detectors

Ll

Knife edge methods

Example: Coherents ,,ModeMaster*
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Other types of detectors

A

Spatial dependent filters

<x2> B _[ 1 (x,y)x* dxdy

21
i _[I(x,y)dxdy : <X>_g

-Power
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JINY

Shack-Hartmann sensors

Other types of detectors

167
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Phase curvature R
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Other types of detectors

JINY

Shack-Hartmann sensors

Phase curvature R

X,y,a

Diameter D

\ 4

X,y,o

r
1
1
1
1
1
1
1
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JINY

Shack-Hartmann sensors

Other types of detectors
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Phase curvature R

X,y,a

Diameter D, , ,

Third Parameter missing!
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Shack-Hartmann sensors

Other types of detectors

£ H.-S. Array

170
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Divergence 0, ,

Phase curvature R

X,y,a

Diameter D

X,y,o
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JINY

Other types of detectors

Shack-Hartmann sensors

H.-S. A
e rray ‘\/13
_co; _~\M2

M1 .
Lens Beamsplitter
B
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