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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
establish i ttee: i iZatiorTs; d
non-govgrnmental, in liaison with ISO, also take part in the work. ISO collaborates closely with \the
Internatignal Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internatignal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standards
adopted py the technical committees are circulated to the member bodies for voting:\Publication as gn
Internatignal Standard requires approval by at least 75 % of the member bodies casting.a-vote.

In excepfional circumstances, when a technical committee has collected data-of a different kind from thpat
which is hormally published as an International Standard (“state of the art”, for.example), it may decide by|a
simple mpjority vote of its participating members to publish a Technical Report. A Technical Report is entirelly
informatiye in nature and does not have to be reviewed until the data <t provides are considered to be no
longer valid or useful.

Attention|is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISP shall not be held responsible for identifying any or allsuch patent rights.

ISO/TR 11146-3 was prepared by Technical Committee I{SO/TC 172, Optics and photonics, Subcommittge
SC 9, Eldctro-optical systems.

This first edition of ISO/TR 11146-3, together with1SO 11146-1, cancels and replaces ISO 11146:1999, whigh
has been|technically revised.

ISO 11146 consists of the following parts, under the general title Lasers and laser-related equipment — Tejst
methods for laser beam widths, divergence angles and beam propagation ratios:

— Part|1: Stigmatic and simple astigmatic beams
— Part[2: General astigmatic-beams

— Part[3: Intrinsic andvgeometrical laser beam classification, propagation and details of test methods
(Technical Report)
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Introduction

The propagation properties of every laser beam can be characterized within the method of second-order
moments by ten independent parameters. However, most laser beams of practical interest need less
parameters for a complete description due to their higher symmetry. These beams are stigmatic or simple
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he theoretical description of beam characterization and propagation as well as the classificatior
pams based on the second-order moments of the Wigner distribution is given in this part of IS© 111

he measurement procedures introduced in ISO 11146-1 and ISO 11146-2 are essentially based o
stricted to) the acquisition of power (energy) density distributions by means of matrix detecto
ample CCD cameras. The accuracy of results based on these data depends strongly on prd
ven here.

some situations accuracy obtainable with matrix detectors might not*be’satisfying or matrix detect

bam width are viable alternatives, as long as comparable/results are achieved. Some 3
easurement methods are presented here.
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e-processing, namely background subtraction and offset correction. The details of these procedures are

ors might

Mmply be unavailable. In such cases, other, indirect methods for the determination of beam diafneters or
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Lasers and laser-related equipment — Test methods for
laser beam widths, divergence angles and beam
propagation ratios —

Hart o:
Intrinsic and geometrical laser beam classification, propag
and details of test methods

=

Scope

his part of ISO 11146 specifies methods for measuring beam widths. (diameter), divergence ar
bam propagation ratios of laser beams in support of ISO 11146-1. It provides the theoretical desq
ser beam characterization based on the second-order moments*of the Wigner distribution,
pometrical and intrinsic beam characterization, and offers <important details for proper ba
Ibtraction methods recommendable for matrix detectors suchtas CCD cameras. It also presents 3
ethods for the characterization of stigmatic or simple astigmatic beams that are applicable whe
ptectors are unavailable or deliver unsatisfying results.

QO g3Jnwae go -

2| Second-order laser beam characterization

2[1 General

Almost any coherent or partially coherent laser beam can be characterized by a maximum of ten ind
parameters, the so-called second-order moments of the Wigner distribution. Laser beams showing s
of symmetry, stigmatism or simple astigmatism, need even fewer parameters. The knowledge
parameters allows the prediction of beam properties behind arbitrary aberration-free optical systems.

Here and throughout thisydocument the term “power density distribution E(x,y,z)” refers to continu
spurces. It might be_replaced by “energy density distribution H(x,y,z)” in the case of pulsed
Furthermore, a coodrdinate system is assumed where the z axis is almost parallel to the direction
propagation andthe x and y axes are horizontal and vertical, respectively.

2|2 Wigner distribution
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The Wigner distribution %(x,y,0,, @y;z) is a general and complete description of narrow-band cohgrent and
partially coherent laser beams in a measurement plane. Generally speaking, it gives the amoun’:Tof beam

power of a beam passing the measurement plane at the lateral position (x,y) with a horizontal paraxial angle of

@, and a vertical paraxial angle of O, to the z axis, as shown in Figure 1.

NOTE The Wigner distribution is a function of the axial location z, i.e. the Wigner distribution of the same beam is
different at different z locations. Hence, quantities derived from the Wigner distribution are in general also functions of z.
Throughout this document this z dependence will be dropped. The Wigner distribution then refers to an arbitrarily chosen

location z, the measurement plane.
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Figure 1 — Coordinates of Wigner distribution

The powgr density distribution E(x,y) in a measurement plane is related to/the"Wigner distribution by

E(xfy)= [ h(x.0,.0,)do,d0,

NOTE The integration limits in the equation above are finite, representing the maximum angles of the rays contain¢d

in the beafn, in paraxial; they are conventionally extended to infinity.

2.3 Finst- and second-order moments of Wigner distribution

The first-prder moments of the Wigner distribution are defined as

<x> = %J.h(x,y,@x,@y)xdxdyd@xd@y
() ¥ %Ih(x,y,@x,@y)ydxdyd@xd@y

(6, :%Ih(x,y,@x,@y)@xdxdyd@xd@y

(0,)= %Ih(x,y,@x,@y)@ydxdyd@xd@y
where P is the beam power given by
P=[h(x1.06,0,)dddo,.d0,
or, using Equation (1),

P= J.E(x,y)dxdy

()

2 © ISO 2004 - All rights reserved
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The spatial moments (x) and (y) give the lateral position of the beam centroid in the measurement plane. The

angular moments (®,) and (@y> specify the direction of propagation of the beam centroid.

The (centred) second-order moments are given by

<xky€ o @;> = %_T h(x,y,@x,@y)<x—<x>)k (y—(y))g (@x —<@x>>m (@y —<@y>)n dxdyd®,do,, (8)

where k,¢,m and n are non-negative integers and k + ¢+ m +n = 2. Therefore, there are ten differen

t second-

ofder moments.

The three spatial second-order moments <{x22,<y26> and (xy) are related to the lafera| exteht)of t
density distribution in the measurement plane, 'the’ three angular momentsé@ﬂ,(@ﬁi and4e .0
bgam divergence, and the four mixed moments x@x>,<x@y§,<y@x> and <y ,)'to the_phase pro
tHe measurement plane. More details on the relation between the ten second-order moments and the
beam properties are discussed below.

he spatial first- and second-order moments can be directly obtained from the-power density distribuf
rom Equation (1) it follows:

N

<x> = %jE(x,y)xdxdy

<y> = %J.E(x,y)ydxdy

<x2> = %IE(x,y)(x—(x))z dxdy
() = [ B () (eI ()

<y2> :%JE(x,y)(y%y))z dxdy

tHe propagation law of the second-order moments (see below).

ne power

to the
perties in
b physical
ion E(x,y).

©)

(10)

(11)

(12)

(13)

The other'second-order moments are obtained by measuring the spatial moments in other planes and using

NOTE The details of measuring all ten second-order moments are given in 1ISO 11146-2

2.4 Beam matrix

The ten second-order moments are collected into the symmetric 4 x 4 beam matrix

© 1SO 2004 - All rights reserved
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{ W M] (xy) <y2> (vo.) (vo,)
P= T = ) (14)
M U) |, (yo,) @x> (0.0,)
<xgy> <y@y> <@x@y> <@f >
with the symmetric submatrix of the spatial moments
2
M (i b
() (%)

the symmetric submatrix of the angular moments

Lo (o0 s

JICENICS

and the sjubmatrix of the mixed moments

2.5 Propagation though aberration-free optical systems

Aberration-free optical systems are represented(by 4 x 4 system matrices § known from geometrical optic
The propggation of the second-order moments.through such a system is given by

@

Pou|=S-P-ST (18)
where P{ and P, are the beam matrices in entry and exit plane of the optical system, respectively.

Examples for system matrices-are given in Annex A.

2.6 Relation between second-order moments and physical beam quantities

The ten gecond-erdér moments are closely related to well known physical quantities of a beam.

¢ Spatial moments describe the lateral extent of the power density distribution of the beam in the

SRa A S a = = = = callad o H—5 = = FVS

orthogonal to each other. Any power density distribution is characterized by the extents along its princip'al
axes and the orientation of those axes. The beam width along the direction of the principal axis that is closer
to the x-axis of the laboratory system is given by

1
2

I (R el =

4 © ISO 2004 - All rights reserved
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and the beam width along the direction of that principal axis, which is closer to the y-axis by

1
2

2022 7)) e

where

=sgn \x \y (21)

If{the principal axes make the angle + or — n/4 with x- or y-axis, when (x2) = (y2), then d,\(is by convention the
Igrger of the two beam widths, and

d,, = 2\/5{(<x2> + <y2>) + 2|<xy>|}; (22)

dyy = 2@{(<x2> ; <y2>) - 2|<xy>|}; 23)

The azimuthal angle between that principal axis, which is closer to the x-axis, and the x-axis is obtaingd by

0= %arctan(Z(xy)/ (<x2>—<y2>)) (24)

valid for <x2> ;t<y2>; for <x2> =<y2>, o(z) is.Obtained as

o(2)=son((w)) (25)
where

sgn((x)) = Qjﬁ (26)
ske Figure 2.

Figure 2 — Azimuthal angle and beam widths along principal axes of power density distribution

© 1SO 2004 - All rights reserved 5
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Very similar, the three angular moments describe the beam divergence characterized by the orthogonal
directions of its maximum and minimum extent. These directions are called the principal axes of the beam
divergence and may not coincide with the principal axes of the power density distribution in the measurement
plane. The beam divergence along the direction of that principal axis, which is closer to the x-axis of the
laboratory system is given by

00c =202 ((02)+(02)) | ((02)-(03))* +affo.e,)) | @

and the beam divergence along the direction of that principal axis, which is closer to the y-axis by

1
1] 2

-2\2 (<@§>+<@§>)—{(<@§>—<@§>)2 +4(<@x@y>)2}2 (28)

O

<

r=4gn({@?)-(6? :M
(AN oo

If the principal axes of the beam divergence make the angle +.an— n/4 with x- or y-axis, when (&) =(6O)),
then @_ Js by convention the larger of the two beam divergences, and

NN

O

- 2@{(<@§>+ <@§>)+2‘<@x@y >‘} 3D)

O

-202{(02)+{o2))-2fo.0. &l

The divefgence azimuthal angle between that principal axis, which is closer to the x-axis, and the x-axis |is
obtained py

oo ::%arctan(2<@x@y >/(<@§>—<@f>)) (3R)

valid for (93> #* <@y2> ; for <@3> = <@y2> @s(z) is obtained as

O

<

0o (F)53an((0.0,))-7 (3B)
where
0,0,
sgn(<@x@y>) = W (34)

The four mixed moments are related to the average phase properties of the beam in the measurement plane.
The best-fitting phase paraboloid is characterized by the orthogonal directions of maximum and minimum
curvature. These curvatures can take also negative or zero values, independently, along the principal axes.
The directions of maximum and minimum curvature, called the principal axes of the phase paraboloid, may

6 © ISO 2004 - All rights reserved
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not coincide with the principal axes of the power density distribution in the measurement plane nor with the
principal axes of the beam divergence. To retrieve the azimuthal angle of the these principal axes and the
radii of curvature of the average phase front along them, the curvature matrix C has to be calculated by

c. C 1
C:[ e UJ:(A—AT) (B—BT)A—B (35)
C)W ny
where
0 1
A= N (36)
-1 0
ahd
B=M-w (37)

The radius of curvature of the average phase front along the direction of thai¢principal axis, which is| closer to
He x-axis of the laboratory system, is given by

—

Ry =- 2 (38)

(CM+CW)+yﬂCm¢{&ﬁ2+4C$

and, similarly, the radius of curvature of the average phase front along the direction of that pringipal axis,
which is closer to the y-axis by
Ry, =- 2 (39)
2 2
ka+CW)—uJU&x—CW) +4€3,
where
C, +C
y:sgn(Cxx—ny):M (40)
CM—CW‘

If|the principal axes of-the average phase curvature make the angle + or — /4 with the x- or y-axis, |i.e. when
(. =C,,, then R is\by convention the larger of the two principal radii (including the sign), and
R,=- 2 (41)
(Crr+Cyy)+2|Cy,
R, =- 2 (42)
(Cxx +ny)—2 Cyy

The phase curvature azimuthal angle between that principal axis, which is closer to the x-axis, and the x-axis
is obtained by

Qp = %arctan[Zny/(Cxx -C,, )J (43)

© 1SO 2004 - All rights reserved 7
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valid for C # C,,; for C,, = C,, the phase curvature azimuthal angle is obtained by

L

Qop = sgn(ny)% (44)
where
sgn(ny) = |2z| (45)

Another physical beam parameter related to the phase properties is the twist parameter ¢ defined as

t:<x@y>—<y@x>

The twis{ parameter is proportional to the orbital angular momentum of the beam and'is invariant under
propagation through stigmatic optical systems.

2.7 Propagation invariants
From the|propagation law of the beam matrix the invariance of the following two independent quantities resulfs.

The effegtive beam propagation ratio is defined as
2] =4 T det(P)]4 1 46
efl = 7[ e ( ):| = ( J)

and the iptrinsic astigmatism as

o2 ()] 7)) 2 oo 2o fove) s, ) -

12

=

(4)

The effedtive beam propagation ratio is.related to the focusability of a beam.

NOTE More general beam propagation ratio is a measure for the overall beam spread, or overall near- and far-figld
localizatiop.

For a stigmatic beam (seebelow) the effective beam propagation ratio equals the beam propagation ratio:
M2 =Mm? (4B)

For simple astigmatic beams (see below) having Mf # Mf, the effective beam propagation ratio equals the
geometri¢ mean of the beam propagation ratios along both principal axes of the beam:

M% = MZM?2 (49)

The intrinsic astigmatism is related to the visible and hidden astigmatism of a beam. For a stigmatic beam the
intrinsic astigmatism a vanishes. For a simple astigmatic beam the intrinsic astigmatism « is given by

a=(m2-m2)’ (50)

These quantities are invariant under propagation in lossless and aberration-free optical systems only. In other
systems they may vary. Any combinations of these invariants are also invariant.

8 © ISO 2004 - All rights reserved
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2.8 Geometrical classification

Beams may be classified according to their propagation behaviour in stigmatic or simple astigmatic optical
systems. A stigmatic system is an optical system that can be realized using ideal spherical lenses only. A
simple astigmatic system is an optical system that can be realized using ideal cylindrical lenses all having the
same orientation.

Geometrical beam classification refers to the symmetry of the power density distributions a beam takes on
under propagation. The term “symmetry” is meant in the sense of the second-order moments. A power density
distribution is classified as circular if the ratio of the minimum beam width to the maximum beam width, both
nleasured along the principal axes, is greater than 0,87. Otherwise it is classified as elliptical.

NOTE In this sense even flat top power density distribution with a square shaped footprint is classified.as circular.

liptical power density distributions are characterized by their orientation, specified by the’azimuthal angle ¢.
hder free space propagation the power density distributions of a beam may all be circular, all be elliptical or
bme may be circular and some elliptical.

© cm

beam is called stigmatic if all power density distributions under free propagation are circular and, in addition,
the beam were to pass through a cylindrical lens of arbitrary orientation;,all of the elliptical powgr density
stributions behind the lens have the same or orthogonal orientation @s-the axis parallel to the ¢ylindrical
irface of the lens.

n o =P

Albeam is called simple astigmatic if all elliptical power density-distributions have the same (or orthogonal)
vimuthal orientation under free space propagation and, in)addition, were the beam to pass through a
lindrical lens of the same orientation as the beam, all of the ‘elliptical power density distributions bghind the
ns would have the same or orthogonal orientation as thé cylindrical lens.

T oo

| other beams are classified as general astigmatic.

e approximately proportional to the identity, matrix, the beam is stigmatic. A beam is simple astigqatic and
igned with the axes x and y if all its submatrices W, M, and U are diagonal. A beam is simple astigmatic, but
qtated with an azimuthal angle ¢, if thie*submatrix M is approximately symmetric, i.e. the twist pgrameter ¢
anishes, and the principal axes of the'‘power density distribution in the measurement plane, the pringipal axes
the beam divergences and those of the phase paraboloid approximately do coincide:

Al
Geometrical beam classification can be derived“from the beam matrix. If all three submatrices W, E and U
a
a

o< 3

9= 0o = pp (51)

All other beams are geometrically classified as general astigmatic.

2/9 Intrinsic Classification

The geometrical classification of a beam may change after passing an optical system. But it can e shown
tHat not any*beam can be transformed into a stigmatic one. The possibility of a beam being transformed into a
sligmatic~beam is called intrinsic stigmatism. Hence, a simple astigmatic or even general astigmatic beam
ay.be classified as intrinsic stigmatic.

3

A beam is classified as intrinsic stigmatic if

———<0,039
(52)

NOTE The threshold of 0,039 is in coincidence with the threshold value of 0,87 for the circularity of power density
distributions. It ensures that a geometrically stigmatic beam is also intrinsic stigmatic.

© 1SO 2004 - All rights reserved 9
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3 Background and offset correction

3.1 General

Signals recorded as the measured power density distribution E,,o,5(x,y) Or Hea5(x,») can be divided into two
parts: the “true” power density distribution E(x,y) or H(x,y), generated by the beam under test, and a possibly
inhomogeneous background map Eg(x,y), generated by other sources such as external or ambient radiation or
by the sensor device itself (noise):

E mepsteyr=—FteyEpte 5B)
where the background signals can be further divided into a homogeneous part Eg et (Baseline offset), gn
inhomoggneous part Egi,,(x.y) (for example baseline tilt) and the high-frequency noise components
EB,noise(xy)'

Eg(k,y)= EB,offset(x1J’)+ EB,inh(x1J’)+ EB,noise(xJ’) (504)

NOTE Usually, neither can the high-frequency noise components be corrected nor is it'necessary to do so. Due o
tions involved in calculating beam parameters the high-frequency noise components determine the intringic
statistical grrors and therefore affect only the reproducibility of the measurements, whereas the other background signdls
cause sysfematic errors.

The backiground distribution can be characterized by its mean value (Eg sxset) @nd its standard deviation (£ |).
If the varijations of the background signal across the detector, which can be characterized by the differences pf
local megn values to the overall mean value, are smaller thanithe standard deviation Eg ; the detectpr
background can be considered as homogeneous (cf. 3.4).

Before eyaluating the beam parameters, background correction procedures have to be applied to prevent
background signals in the wings of the distribution fropi~dominating the integrals involved. In a first step|a
coarse correction has to be carried out by subtracting €ither a background map or an average background
from the |measured power density distribution. Forydetection systems having a constant background levgl
full area of the sensor, average background level subtraction correction can be used. In all other

and 3.3)

baseline pffsets can create large errors in the evaluation of parameters characterizing the measured powger
density djstribution. Therefore, especially for small beams (beam widths of less than 0,25 times the detectpr
dimensiohs), the additional procedures given in 3.4 have to be applied.

As a resylt of a’proper background subtraction there must exist negative noise values in the corrected power
density distribution. These negative values have to be included in the further evaluation in order to allgw

CompenSat;uu of puo;t;vc noise alllp“tudco.

3.2 Coarse correction by background map subtraction

Using the identical experimental arrangement, the recording of a “dark image” background map has to be
made immediately prior to the acquisition of a power density distribution “signal map”. For cw-lasers the beam
must be blocked at the position, where the beam exits the laser enclosure; for pulsed lasers data acquisition
can be performed without triggering the laser.

10 © 1SO 2004 — All rights reserved
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An average detector background map is derived by recording and averaging at least » > 10 individual
measurements of the background distribution:

— 1
Eg(xy)=—2 " Fa(xy); (55)
Using background map subtraction, the corrected distribution is then given by:

E(x,y) = Emeas(x,y)— EB(x,) (56)

cases where temporally fluctuating residual ambient radiation is incident on the detector, which~¢colld distort
e results, measurements of background and signal map should be performed in direct sugccegsion. For
ilsed lasers or cw-lasers with a fast shutter, this can be achieved using consecutive acquisitioh cydles of the
ptector system in combination with "on-line" subtraction of the background. Furthermere;“the proyisions of

4 apply.

P—
- wilin |

W QT

Spbtracting a background map does not always result in a baseline offset of zero."Even small baseline offsets
can create large errors in the evaluation of parameters characterizing the measured power density d|stribution.
Ciare must be taken to minimize these baseline offset errors (see 3.4).

3|3 Coarse correction by average background subtraction

n

pr detection systems having a constant background level acrossthe complete area of the sensor, ¢orrection
measured distributions by average background level subtraction can be used.

]

Ap average detector background level Ep et across the' area of the sensor is derived by recording and
ayeraging across the detector at least n > 10 individual.feasurements of the background distribution

EB offset = Zl 1ny 1 B(x»); (57)

where m is the total number of individual(x,y) data recording points on the detector.

Using average background subtractien, the corrected distribution is given by

E(x,y) = Emeas (%, )= ER(X,y) (58)

ubtracting an average‘\background determined from a background map does not always result in g baseline
fset of zero. Eyen~small baseline offsets can create large errors in the evaluation of pgrameters
naracterizing the-measured power density distribution. Care must be taken to minimize these baseline offset
rors (see 3.4,

O OO W

—

he procedures given in 3.2 and 3.3 could provide in most cases offset errors less than 0,1 digits. Especially
r small.beams (beam widths less than 0,25 times the detector dimensions) the additional procedufres given
3.4 have to be applied.

S o

3.4 Fine correction of baseline offset

3.41 General

The subtraction of a background map or an average background determined from a background map does not
always result in a baseline offset of zero, due to the statistical nature of the background noise (the baseline
offset is defined as the average of all non-illuminated pixels), to fluctuations of ambient radiation sources, or to
scattered light or other non-coherent light emissions caused by the laser (e.g. fluorescence and/or residual

pump light).
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Therefore, the baseline offset can only be determined exactly from the measured power density distribution.
All procedures which may give a measure for the baseline offset can be used. In the past, several procedures
for this have been shown to be useful:

a) Fourier transform methods;

b) histogram methods;

c) statistical methods;

d) apprpximation methods.

Due to their mathematical simplicity, only the two latter methods will be discussed in the following.

3.4.2 Statistical method

The backiground distribution can be characterized by its mean value (Eg oxset) @nd its standard deviation (£ |).
Guess-vglues for the baseline offset Eg ¢t and the noise Eg ,, may be either extracted from a nop-
illuminatgdd dark image or from non-illuminated areas within the measured distribution*(see 3.4.3). All pixels
whose grpy values E; g exceed

Eij P EBoffset t1TEB,o (59)

with 2 < g1 <4 assumed to be illuminated and which must be included\in beam width calculations. The other
pixels ar¢ assumed to be non-illuminated, their average gives the baseline offset value, which has to bhe
subtracted from the measured data. Since the measured power.density distribution is always digitized, thfis
procedurge cannot be applied directly to the measured data. Thegefore, a 2d-convolution (averaging sub-arrays
of n x m pixels) of the measured image has to be calculated:

r=i+

= | 1 >
Fii (m+‘|)~(n+‘|)z ,Z -

Vl—

and the fopllowing condition has to be applied.to determine the illuminated pixels:

E
E; i b Eg offset + 7 ———Zms (6f)
’ (n+1)(m+1)

with 2 <p1 <4.

The basdline offset, which has to be subtracted from the measured image, is then given by the mean value pf
the non-illuminated pixels. Practical values for m and »n are between 2 % and 5 % of the image size. The
convolutipn imageis only used for the determination of non-illuminated pixels, the subsequent evaluation has
to be applieddosthe offset corrected measured image.

NOTE ThiS procedure is basically related to thresholding the image. In contrast to conventional thresholding methods,
where the threshold value can only be set to full digits, using this method no additional measurement errors are introduced
and no information is lost.

3.4.3 Approximation method

This method may not only provide guess-values for the statistical method. In many cases the accuracy of this
offset fine correction will be sufficient.

NOTE The power density distribution of a non-diffracted laser beam rapidly falls off with increasing distance to its
centre. Therefore, when the beam width does not exceed 0,5 times the detector size there usually exist areas within the
measured distribution which are not illuminated by the laser beam, most probably the corners of the image.
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Determining the baseline offset by averaging a sample of N non-illuminated points (for example arrays of
n x m pixels in each of the four corners) within the image directly gives the offset, which has to be subtracted
from the measured distribution. The uncertainty of the offset is then related.

EXAMPLE Using a standard CCD camera with a noise of 1 digit and » = m = 50, the remaining offset uncertainty is
1/100 digits.

Practical values for m and n are between 2 % and 5 % of the image size.

The validity of this method should be checked by comparing the baseline offset of the measured distribution to
tHose obtained for a dark image, where the same areas are used for averaging:

E oftset meas ~ Eoffset,dark| VN <

n (62)
E B,o !

where n, should be less than four.

Iflthe above relation does not hold, this indicates that there is either a significant\amount of additional radiation
tHat does not occur with the beam blocked, or that the beam size is too large compared to the detgctor size,
s that the corners are illuminated. In this case one of the following procédures have to be chosen:

a) use of beam-forming optics with lower total integrated scatter;

O

re-imaging of the beam with lower magnification or choosing*a larger detector size;

improved shielding against ambient radiation and non-eoherent resonator light.

(¢

4| Alternative methods for beam width*measurements

4{1 General

fl measurement equipment with a¢sufficiently high signal-to-noise ratio and a simultaneously high spatial
gsolution is not available, alternative methods, described in this section, may be used. These methpds allow
measurement of beam width er.beam diameter, with an accuracy which is acceptable in many cages, using
rgther simple equipment.

-

The evaluation methods_described in this section are not based on the determination of the secpnd-order
moments of the spatial-power distribution function, necessary for obtaining a consistent propagation formalism.

—

he relation between the second-order moment diameter and the diameter based on the alternative|definition
{frongly depénds on the shape of the power density distribution[4.

[72]

However, it has been demonstrated that at least for several cases (see Table 1) there exists a cprrelation
between the beam propagation ratios determined using one of the alternative methods, and the results of the
sfandard method described in this part of ISO 11146. T

This can be written as

AM? =c,(yM? -1)+1 (63)
where
Ml.2 is the beam propagation ratio according to alternative method i;

¢; is the correlation factor between alternative method i and the standard method.

© ISO 2004 — Al rights reserved 13


https://standardsiso.com/api/?name=a2a504ee1c44f6750c8905294c2ededc

ISO/TR 11146-3:2004(E)

Table 1 — Alternative methods — Connection factors

Alternative method ¢

Variable aperture (see 4.2) 1,14
Moving knife-edge (see 4.3) 0,81
Moving slit (see 4.4) 0,95

NOTE These ¢; were verified for gas laser beams with stable resonator
geometries and power up to 10 W (and for CO, laser beams up to 1 kW) and with M?
up (o o= Z4—for stigrmatic beams—Fortigher 2 vaiudﬁﬂd‘ﬂfha'typmﬁaScla, the
correlation factors need to be verified.

From thi$ relationship between the beam propagation ratios, an M2-dependent correlation)actor can he
derived for the determination of the beam diameters (widths):

b %{ci (\/Mif—1j+1} (64)

i
where d;is the beam diameter or beam width according to alternative method.i:

Each of the three alternative methods is described below.

4.2 Variable aperture method

pst principle

diaphragm located at the plane of measuréement is used to determine the fraction of transmittgd
power as| a function of the diameter of the aperture~(see Figure 3). The uncorrected diameter of the beam fis
defined by the minimum aperture diameter which allows transmission of 86,5 % of the total beam power. The
beam diagmeter can be calculated using the eguation given in 4.2.5.

This method can only be used for beams with a ratio of principal axes not exceeding 1,15:1.

4.2.2 Degtector
The radigtion detector should>be in accordance with IEC 61040:1990, in particular, Clauses 3 and 4 of that
Internatignal Standard. Furthermore, the following points should be noted.

— It has to be confifmed, from manufacturers' data or by measurement, that the output quantity of the
deteg¢tor system' (e.g. the voltage) is linearly dependent on the input quantity (laser power). Any
wavglength<dependency, non-linearity or non-uniformity of the detector or the electronic device must he

R 3 or frradiance,
energy) of the detector surface so that it is not exceeded by the laser beam.

— Sensitivity must be uniform across the detector surface, and the detector must be insensitive to beam
position within the measurement clear aperture.

— The detector size must be chosen so that more than 99 % of the total laser power is captured by the
detector.
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b 2 1 3
7 - / ]
a) Axis (cut-away) view (detector side) b) Top view
Key
1| variable diaphragm
2| beam
3| detector
41 laser
Figure 3 — Configuration for measuring variable-aperture beam width
4/2.3 Diaphragms/apertures
Sklect round diaphragms with diameters in steps such that the transmitted power is reduced by less(than 5 %
when changing from one size to the next.
Alternatively, it is permissible to use a variable diaphragm, (iris) with calibrated aperture settings.
Diaphragms have to be constructed to maintain geoméetric shape during operation and absorption of the beam
ehergy (may be water-cooled, reflective or use attenuation as specified in ISO 11146-1). For configuration,
s¢e Figure 3.
412.4 Test procedure

ssure that the aperture is perpendicular to the optical axis. Align the detector such that its mea
perture is centred on the optical axis of the beam to an accuracy of at least 0,1 times the wi
easured. Centring procedure:\'‘Reduce aperture to approximately 80 % power transmission a
berture to maximum power. transmission.

O 3o >

VErify that the total beam/power is incident on the detector surface, by introducing a diaphragm coa
beam at the detector-surface, such that it covers or occludes the outer 30 % of the detector
nmeasurable change-in detected power should occur.

ecord total. power (Pg).

perture sizes the next greater (d4) and the next smaller (d,) than the aperture at the point at which

surement
dth to be
nd move

ial to the

area. No

least the
power is

R
Decrease aperture size in steps which cause a 5 % or less decrease in detected power. Record at
a
r

dueed to 86.5 % of the original total power reading. At each of these size settings. record the r

pspective

power (P4, P,) or energy (04, O,) readings.

4.2.5 Evaluation

Calculate the uncorrected beam diameter dgg 5 by linear interpolation between the known size apertu
corresponding power level points above and below 86,5 % total power.

dges = d1 +[(P86,5 ~Py)-(dz —d1)/(P2—P1)J
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Calculate the corresponding d_; by using the equation

o

For limita

M gg5

tions, see 4.1.

4.3 Moving knife-edge method

1 2
= —| 114 -1]+1 66
4o=dgss 2 { (\/M 86,5 j } (69)

4.31 TLst principle

A moving
measure
width is g

knife-edge is used to cut the beam in front of a fixed large-area detector so that the detect
5 the transmitted power as a function of the edge position (see Figure 4). The uncorrected bea
iven by twice the distance of the two knife-edge locations which are determined by 84-% and 16

power trgnsmission. The beam width can be calculated using Equations 67 and 68.

When de
the two p

432 D

See 4.2.7
at least tl

pling with elliptical beams, the moving direction of the knife-edge has to be €hesen to coincide wi
rincipal beam axes.

ptector system

. The requirements given in apply. The length of the knife-edgemust be chosen such that it cove
e diameter of the sensitive detector area.

4.3.3 Test procedure for stigmatic beams

Record th

Move thsg
84 % of t

Continue
meter an

434 E
Compute

dy
where (x4

Calculate

e beam power with the knife-edge well out of the beam.

translation stage until the x-axis knife-edge\réduces the power transmitted to the power meter
he initial power and record the position of.ttie translation stage (x4).

moving the translation stage until only 16 % of the initial beam power is transmitted to the pow
i record the location of the translation stage (x,).

yaluation

the uncorrected beam width 4, at this location according to

2. ()C2 — X1 ) (6
- x4) is the ‘absolute value of the difference in translation stage position readings.

the.corresponding d ; according to

1 I VAR \

th

[S

(o]

%
=

/)

o

For limita

16

d, =d,

o [OST(7; -1)+1] ®

tions, see 4.1.

3)
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[LLLL 7
]

Kpy

1 knife-edge

2| photo cell collector
3| beam

4| translation stage

5| micrometer

Figure 4 — Configuration for measuring moying knife-edge beam width

4{3.5 Test procedure for simple astigmatic beams

Tvo measurements moving the knife-edge alongthe principal axes are necessary to obtain the begm widths
d].and doy The procedure and evaluation are the same as those given in 4.3.3 and 4.3.4.

—

he principal axes can be determined as.follows:

)

Determine two orthogonal moving directions for which the uncorrected beam widths are equal.

O

Rotate these two directions:-by 45° to yield the principal axes.
4|4 Moving slit method

4141 Test principle

Alslit mounted,on a translation stage is used to cut the beam in front of a fixed large-area detector sp that the
detector measures the transmitted power as a function of the slit position (see Figure 5). The ungorrected
beam width is given by the distance of the two slit positions where the power is 13,5 % of the maximum
transmitted power. The beam width can be calculated using Equation 69.

When dealing with elliptical beams, the moving direction of the slit has to be chosen to coincide with the two
principle beam axes.

NOTE By using a strip detector, and moving the slit and detector together, very consistent results can be obtained on
larger diameter beams.
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Key

1 moving slit

2 photo|cell collector
3 beam

4  translation stage
5 microI‘neter

442 D

See 4.2.]

detector grea.

443 S

The slit |
measure

The slit width to be used has t6-p€ not more than 1/20 the approximated beam width to be measured.

[LLIL 3

Figure 5 — Moving slit beam-width measuring setup

ptector system

. The length of the slit must be chosen such that it covers at least the diameter of the sensiti

it

bngth to be used must be notiless than two times greater than the approximate beam width to |
.

444 T

Position

transmitt¢d through the opening to the detector. Record this as Reading 1.

Translatg the slit laterally such that it allows only 13,5 % of the total (Reading 1) power to pass, at one edge

st procedure,for stigmatic beams

e slit through (perpendicular to the propagation axis of) the beam such that maximum total power

e

e

is

oi

the beam

. Record the position (x4) of the slit.

Translate the slit laterally in the opposing direction, such that it allows only 13,5 % of the total transmitted

power to

pass at the opposing edge of the beam. Record the location (x,) of the slit.

4.4.5 Evaluation

The dista

18

nce between the positions (x, — x4) is the uncorrected beam width d.
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