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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SAFETY OF LASER PRODUCTS -

Part 13: Measurements for classification of laser products

FOREWORD

1) Th prising
all omote
international co-operation on all questions concerning standardization in the electrical(and el ic fielgs. To
this end and in addition to other activities, 3 ations,
Telchnical Reports, “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEZ Ne A iaterested
in |the subject dealt with may participate in this preparatory work. { ? non-
gojernmental organizations liaising with the IEC also participate in this pféparatjon. losely
with the International Organization for Standardization (ISO) in accorda i i ifed by
agreement between the two organizations

2) Thle formal decisions or agreements of IEC on technical matters express, a ible, i htional
copsensus of opinion on the relevant subjects since each te s © i bm  all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for_in ern i htional
Cdmmittees in that sense. While all reasonable efforts bf IEC
Publications is accurate, IEC cannot be r ] r any
miginterpretation by any end user.

4) In|order to promote international unlformlty, idations
transparently to the maximum extent pos eir \watiomal and regional publications. Any divelgence
befween any IEC Publication and the correspondjng nativpalor regjonal publication shall be clearly indicated in
the¢ latter.

5) IEC provides no marking $roce i ¥ and cannot be rendered responsible fgr any

equipment declared to be in tonfornity W|th

6) Allusers should ensure|that the 3 editro f this publication.

7) N( liability shall ch pyees, servants or agents including individual experfs and
members of its tighal Committees for any personal injury, property dampage or
other damage of “any A S sther direct or indirect, or for costs (including legal fee$) and
expenses arising ou of icatidn, \sg of, or reliance upon, this IEC Publication or any othgr IEC
Py

8) At efefences cited in this publication. Use of the referenced publications is
indi pp|| ation of this publication.

9) At Hy that some of the elements of this IEC Publication may be the sub|ect of
pa all'not be held responsible for identifying any or all such patent rights

The nical committees is to prepare International Standards. Howey\er, a

techni pay propose the publication of a technical report when it has collgcted

data [of asdifferent kind from that which is normally published as an International Standarg, for
exan|plé "state of the art".

IEC 60825-13, which is a technical report, has been prepared by IEC technical committee 76:
Optical radiation safety and laser equipment.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
76/332/DTR 76/345/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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This technical report is to be used in conjunction with IEC 60825-1:1993 and its Amendment 1
(1997) and Amendment 2 (2001), referred to in this report as “the standard”.

A list of all parts of the IEC 60825 series, published under the general title Safety of laser
products, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed;

* withdrawn;

¢placed by a revised edition, or
*+ amended.

—

A bilihgual version of this publication may be issued at a later date.

@%
S
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SAFETY OF LASER PRODUCTS -

Part 13: Measurements for classification of laser products

1 Scope
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3 Terms and definitions

For the purposes of this document, the terms and definitions contained in IEC 60825-1 as well

as th

3.1

e following apply.

angular velocity
speed of a scanning beam in radians per second

1) There exists a consolidated edition (1.2) of IEC 60825-1 (1993), including its Amendment 1 (1997) and
Amendment 2 (2001).
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3.2
beam profile
the irradiance distribution of a beam cross-section

3.3
beam waist

the minimum diameter of an axis-symmetric beam. For non-symmetric beams, there may be a
beam waist along each major axis, each located at a different distance from the source

3.4
charge-coupled device
CCD

self-gcanning semiconductor imaging device that utilizes metal-oxide semi

technology, surface storage, and information transfer

3.5
critigal frequency
the gulse repetition frequency above which a pulsed laser cap~he X
purposes of laser hazard evaluation

3.6
Gau(jsian beam profile
a prdfile of a laser beam which is operated in the lo

NOTE| A Gaussian beam profile may also be produced by
optical elements.

3.7
measurement aperture

the a@perture used for classification 0f adaserNo™d
compared to the AEL for each class

3.8
pulse repetition freq

PRF

the njumber of p
3.9

Q-swi

a deyi
dumpi

gxpressed in hertz (Hz)

fhe lasing medium, respectively

3.10
Q-swi
alas

3.11
RayIFigh distance
V4

exmine the power or energy th

onductorc()

h0s)

r the

haping

at is

High peak power laser pulses by enhancing the storage and

r
the distance from the beam waist where the beam diameter has increased by a factor of 20.5

for Gaussian or near-Gaussian beam profiles

NOTE Rayleigh distance is often referred to as the confocal parameter.

3.12
responsivity
R

the output of a detector expressed as R = O/I, where O is the detector’s electrical output and /

is the optical power or energy input
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4

4.1

Applicability

General

This report is intended to be used as a reference guide by (but not limited to) manufacturers,
testing laboratories, safety officers, and officials of industrial or governmental authorities. This
report also contains interpretations of IEC 60825-1 pertaining to measurement matters and
provides supplemental explanatory material.

4.2

Initial considerations

or compliance with the other applicable requirements of IEC 60825-1 e are sdveral

para

a)

Befo;}: attempting to make radiometric measurements for the purpose of product classjfidation

eters of the laser that must first be determined.

Emission wavelength(s)
hsers may emit radiation at one or more distinct wavelength§:

L

The emission wavelength, wavelengths, or spectral waxelexngth disfsibution_¢an typjically
be obtained from the manufacturer of the laser. Degendiny oRthe type of laser], the
manufacturer may specify a wavelength range rathe agle valug. Otherwisg, the
emission wavelength, wavelengths or spectra be determined by
measurement, which is beyond the scope of this ni See 7.1 for assepsing
th

e AEL for multiple wavelengths.
me mode of operation

T
The time mode of operation refers to\the xate vhi he ehergy is emitted. Some lasers
emit continuous wave (CW) radiafion; other.dasers, emit energy as pulses of radiation.
Plulsed lasers may be single pulsed, [ petitively pulsed, or mode logked.
Measurements of scapsie jation at a fixed location also resulf in a
trgin of pulses.

In addition, the pu but have an average duty factor (emipgsion

time as a fractjon af ela i ed as a decimal fraction or percentage).
Reasonably ditions

The IEC 60825-1 sShall be performed under each and every reasopably
fqreseeable si . Jtis the responsibility of the manufacturer to ensurg that
the accessibl i exceed the AEL of the assigned class under all [such

ollateral radiation entering the measurement aperture may affect measured valugs of
AL v~ Boroni—anad ol dratian T +t voraaon~al baold -onaciie thaot +h VUV R TS
JVVOT  UT UIIGIUy (LR AY} PUIOU UuTaltruvilT. rovot 'JUIOUIIIIGI QITTUUTU UTTouT o o uure 1rireaout ment

setup blocks or accounts for collateral radiation that would otherwise reach the detector.

SO 0O O
=3
O
~—
(1]
b
L)
-
Q
=
Q

Product configuration

If measurements are being made for the purpose of -classification, then the
configuration(s) of the product that are intended during all operating conditions, including
maintenance, service, and single fault conditions must be known. If measurements are
being made to determine the requirements for safety interlocks, labels and information for
the user, then the product must be evaluated under the configurations applicable for each
of the defined categories of use (operation, maintenance, and service) in accordance with
the standard.
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IEC technical committee 76 (TC 76) recognises the existence of equivalent measurement
procedures, which could yield results that are as valid as the procedures described in this
technical report. This report describes measurement procedures that are adequate to meet
the measurement requirements of IEC 60825-1 when measurements are needed. In many
cases actual radiometric measurements may not be necessary, and compliance with the
requirements of IEC 60825-1 can be determined from an analysis of a well-characterised
source and the design of the actual product.

Under some circumstances it may be necessary to partially disassemble a product to
undertake measurements at the required measurement location, particularly when considering
reasonably foreseeable single fault conditions. Where a final laser product contains other
laser| products or systems, it is the final product that is subject to theprovisions;of the
standard.

5 Ipstrumentation requirements

Meagurement instruments to be used shall comply with the latest editi ower
and lenergy measuring detectors, instruments and equigme iation). Which
instriment class (between class 1 and class 20 giving 3 i 2 sible
meagurement uncertainty) is to be used depends on

Wherte instruments not fully compliant with IEC 6 individual contributigns of
diffenent parameters to the total megsu ertaj be evaluated separately.

e change of responsivity with time;

¢ npn-uniformity of responsivity over the or

* cpange of responsivity\during e

. tsLm perature depe

« d pendenc incidence;

e npn-linearity;

« wavelength d

e pplarisatidn

e gfrors itively pulsed radiation over time;

L]
Q
=
=
=
)
=
o
=]
c

Calibrations should be traceable to national standards.

Tests for the determination of measurement uncertainties of the instrument shall be done
according to IEC 61040.

For measurement uncertainties of CCD arrays and cameras see ISO 11554.

6 Classification flow

Known or measured parameters of the product enable calculation of AELs and measurement
conditions. In addition, fault conditions that increase the hazard must be analysed. Then, a
product emission measurement (or several different measurements) will determine if the
emission is within the AEL of the class under consideration.
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Tables 1 to 4 of IEC 60825-1 provide the accessible emission limits. These tables have rows
for the wavelength ranges and columns for the emission durations. Within each row and
column entry, there exist one or more formulas containing parameters that are defined in
“Notes to Tables 1 to 4” of 9.3 of IEC 60825-1.

The classification flow is illustrated in Figures 1 and 2.

First determine whether the laser is pulsed or continuous wave. If the pulse duration is
greater than 0,25 s, the laser is considered continuous wave. For a continuous wave laser,
refer to the flowchart in Figure 1, and for a pulsed laser refer to the flowchart in Figure 2.

Next| the wavelength must be determined.

If thg laser is pulsed or scanned, the pulse width (PW) and pulse repé PRF)
must|also be determined.

Which class or classes are of interest must be determined. €or | G ower
appligation not in the 400 nm — 700 nm region, Class 1, ight be
cons|dered. For a visible wavelength source, Class 1, Cla might
be cgnsidered.

Next] the classification time base must be determi i determined in terms of
defaylt values (8.4e) in the standard),®© p mition of the T, parameter
(Notgs to Tables 1 to 4 in the standa e particular temporal output
properties of the product in question.

This
stang

n entries of Tables 1 to 4 in the
~The parameters used in the formulas
determined. They include, primarily,

will g

appa equivalent, a), and the measurgment
acce ‘ B\ Wisi f emical hazard. Generally, only simple extended
sourq 3 \Considering the source to be a small sourcg and
settin S e if the apparent source size is not known.

Next st be determined (9.3 and Table 10 in the standard)) and
AEL —For a pulsed laser, several conditions given in 8.4f) of the
stand ensure all fall within the AEL.

Oncgqg the en determined, the output data should be evaluated. The output|data
may ided by thexranufacturer or measured directly. If output data are provided by the
manty ust\be verified that the measurements were performed in accordanceg with
claude 9 of:the standard. If the accessible emission is less than the AEL, the laser may be

assigned\to that Class. For a pulsed laser, the AEL of the Class applies for all emigsion
durafions within the time base.

If the accessible emission is not less than the AEL, a higher class AEL should be chosen and
assessed. This is repeated until the AEL is not exceeded or the laser product is assigned to
Class 4.

The system must be evaluated in accordance with the standard to insure that a reasonably
forseeable single fault cannot cause the laser to emit radiation higher than the AEL for the
assigned class. If this criterion is met, the laser classification is known.
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Begin with
product and Is !aser YES Choose Class to )
supplied continuous Wavelength — P evgluate —start » Determme
information wave? known? with Class 1 time base
Refer to Pulsed Determine YES sﬁgt%ﬂ:;,
Clﬁlzwé(;]e;t;?n wavelength cceptance angl
known?
A 4
Betermine angular
subtenselacceptance
A4 /\ dngle’dr assume
Determine AF small’'soyrce (Cs = 1)
Determine >
time base v

Accessible
emission less
than AEL?

Choose another NO
Class
(See Note 2)

anums
oytputhdata-or
u&w{
ata
Can ssig e&
to ghosen clgss

Satisfies

Classification
single-fault?

known

L 1466/06

m

classification flow
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Begin with
product and
supplied
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Is laser
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YES

Wavelength,

Choose class to

NOTE
instan
measy
the th

NOTE
the CI

Classification
known

pulsed or evaluate — start Determine
scanned? PW, PRF with Class 1 time base
known?
Refer to CW Determine YES Angular’
Classification wavelength, PW subtense, NO
Flowchart and PRF acceptance angle,
known?
\ 4
hd Deterrtine angular
subtensk, acceptance
y angld or assume
Determine small sgurce (Cs = 1)
> Determine ]
time base \>

Choose another | NO Agcessible
Class emjssion\ess
(See Note2)< than AEL?
A
Yl
Have
cqndition
Af n
evalugted?
YES

to the chosen
Class

Can be assigned

ufacturer’s

oufput data or
easure output

data

IHC 1467/06

. For

gion 400 — 600 nm, neither the thermal nor photochemical limit (each with ifs own
ould be exceeded for a Class to apply. Also, if a product has a pulsed output, npne of

2 y/IfClass 1 or Class 2 requirements are not satisfied, it is appropriate to evaluate product emission| using
Bss\ M or Class 2M requirements. If a product emission satisfies the Class 1M or Class 2M requiremgnts, it

is not

ecessaly to bdlibly e Lidss o quUilelllelllb.
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7 Parameters for calculation of accessible emission limits

71 Wavelength (A)
711 Wavelength determination

It is usually not necessary to determine this parameter to great accuracy. In general, optical
hazards are not strong functions of wavelength. There are several exceptions (refer to
Figure 3):

a)
b)
c)
d)
avelengths, it is mainly non-retinal;
e) 400 nm; at wavelengths greater than 1 400 np ; at
horter wavelengths, it is mainly retinal.
Rapid change of the
AEL with wavelength
Retinal photochemical hazard region
(thermal hazard exists for sufficient
Visible Regio( exposure for all wavelengths above 400[nm)
I Wavelength nm
—
20D 400 00, 00 1°Q00 1200 1400 1600 1800
Retigal hazard region
dditive hazard
region boundaries IEC 1468/06
tgure 3\ Important wavelengths and wavelength ranges

For a narrowfaser line, a wavelength provided by the manufacturer will likely be all that is
necepsaryzand th ainder of 7.1 as well as 7.2 and 7.3 below need not be considered.
If thel range of possible wavelengths (product-to-product variation) is a sizeable fraction pf 1),

2) or 3) above, either the most hazardous (shortest) wavelength may be used, or the
wavelength may be measured for a given product.

In regions 1), 2) or 3), a piece-wise summation may be required, determining the limit at
several wavelengths and weighting by the output associated with that wavelength. This is
discussed in detail below in sections 7.2.1 and 7.3.

Additive refers to hazards that must be considered together. For instance, multiple emissions
less than 400 nm, or between 400 nm and 1 400 nm, or greater than 1 400 nm are additive.
For spectrally broad or multiple emissions in each area, the hazards are additive, and a
piecewise summation must be performed, as described in item b) of 8.4 of IEC 60825-1. If a
product emits wavelengths in two of these ranges (e.g., 700 nm and 1 500 nm), then the two
wavelengths should be considered separately using the relevant AELs for each wavelength.
For classification purposes, the higher class will apply.
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For lasers whose possible range of output wavelength or output spectrum includes
wavelengths greater than 1 400 nm and/or less than 400 nm, special considerations should be
made with regard to the AEL. The hazards on either side of the boundary wavelengths are
different, and the effects are different. To be assigned a given class, the power or energy in
each spectral region must be less than each corresponding AEL.

7.1.2 Ocular hazard regions

The thermal hazard exists for sufficient exposure at all wavelengths above 400 nm.

The retinal photochemical hazard is only a consideration from 400 nm to 600 nm, and for
expopure times greater than 1 s.

The lhazard regions are broken down as follows:

. BO nm to 400 nm. The hazard is mainly photochemical and n
nd thermal for pulsed exposure. (The standard does no

than 180 nm.)

bsure
orter

st be
r the
need

4p0 nm to 600 nm. In this range, both thermal and
cpnsidered. For the photochemical hazard, emissionti
wavelength region 400 to 484 nm with apparent

bt be considered.

4

DO nm to 1 400 nm. In this range etina

1

a

n
pfedominates.
1

rg

400 nm to 1 mm. At wavelengths ‘grea the penetration depth df the
diation is much smaller than fo tween 400 nm and 1 400 nm| The

hpzard is thermal but mainly non-r
7.2 | Multiple wavelength souirces

The ferm multiple.w
discrete wavele.

more

Lasefs that emit u han” 100 fs can contain a relatively large wavelgngth
bandwidth. The{wa i the
procedure in 73_i f the
laser{pulse.

7.21

For several 'sources at different wavelengths whose radiation produces the same type of
hazafd, a-weighted Sum must be used to determine whether the product meets or exceeds the
AEL for a given class. For a single wavelength the criterion may be stated as:

If P < AEL,
then the product does not exceed the class limit

meas

where P .55 IS the measured power (or energy or other quantity specified), and AEL is the
class power (or energy or other quantity specified) limit. This can be restated as:

If P | AEL <1,
then the product does not exceed the class limit

meas

In this form, this can be extended to two wavelengths:

If Prheas(A1) I AEL(Aq) + Preas(A2) / AEL(Ay) < 1,
then the product does not exceed the class limit
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For more than two wavelengths, this can be extended to a general summation:

z [Pmeas

i=1,2.3..

(A) | AEL(A)] <1,

then the product does not exceed the class limit

This only applies to one type of hazard at a time (i.e., photochemical and thermal hazards are
treated separately).

NOTE While the thermal hazard limit values are dlfferent for the V|S|ble range (400 nm to 700 nm) and the near
er Tp)

are the same. Thus, the summation formula above still applies.
7.2.2 Two or more hazard regions

If a groduct emits two different wavelengths, and they are not in the 3 e.g.,

If Pmeas(/]1) < AEL(/]1) and Pmeas(/‘z) < AEL(/‘Z),
then the product does not exceed the class limit

If either condition is not satisfied, comparison wi e ér classes should be

cons|dered.

7.3 | Spectrally broad sources

Some¢ lasers (e.g., ultrashort-pulse
implications of this are thaf classificat
region.

appreciable spectral width.| The
essment in more than one spectral

7.31 Spectral regio » 2 ation-of the AEL with wavelength
If the spectral o ol ot ihclude any of spectral regions 1), 2) or 3) qr the
boundary wavelehgt | NI above), the distribution can be approximated|by a

singlge wavelength

\ 3 with wavelength, and the wavelength emitter spectrum is
contai withinone spectral range in the limit table, the limit for the peak or centre ¢f the
d|stributio sélculated, including shorter wavelengths corresponding to 10|% of
pgak irradiance ofythe distribution. If the AEL difference is less than about 1 %, the |peak
of centre wavelerigth may be used. A conservative approach is to use the most restrjctive
waveélength concerned.

7.3.2 Spectral regions with large variation of the AEL with wavelength (302,5 nm —
315 nm, 450 nm - 600 nm and 1 150 nm - 1 200 nm)

If the emitter has some or all of its spectral output in the three regions in which the limits vary
greatly with wavelength, two approaches may be used.

1) Calculate the AEL using the lower wavelength boundary for the appropriate region. Since
AELs for shorter wavelengths are almost always more restrictive than AELs for longer
wavelengths, this simple and conservative approach may be used. However, this may
result in a limit that is overly restrictive. If the AEL calculated is acceptable (e.g., the
product is Class 1 with this assumption), no further calculations are needed.
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b) Calculate the sum of the measured power divided by the AEL as a function of wavelength.

u

se the general summation in 7.2.1 above.

Assume, for instance, a source with a triangular spectral distribution, which has a lower
wavelength limit of 400 nm, a peak at 460 nm, and an upper wavelength limit of 520 nm.
he AEL from 400 nm to 450 nm is constant. Above 450 nm, the AEL increases
exponentially with the C3 factor. If:

T

Preas(400 nm < A <450 nm) / AEL (400 nm < A <450 nm) + Z [Pmeas(ANAEL(A)] < 1

450<1;<520 nm

then the applicable AEL is not exceeded.

7.3.3

If the
the d
spec

7.3.4 Very broad sources

A de
avail
the 4
meagq
Prod

If al
follo

a) tq
(A

b) tq
fd

c) tq
fq

d) p

81
e) P
d

While the-procedure

- G

Spectral regions containing hazard-type boundaries (near 40(
1400 nm)

ral region, if necessary.

ermination of power or energy per unit wavel
able from the manufacturer, spectral measy
cope of this document to detaj i

nm),
each

S not
yond
burce

urements is provided in CIE Lamp
Licts.

aser product does not emit radiation The
ving information is ne

tal power or eneny nm measured as required by the stanpdard
P, or Qg);

tal power \ apd 700 nm measured as required by the stapdard
r thermal limiis (f

bwer istri or energy spectral distribution from 450 nm to 60
easured\as requirey by the standard for photochemical limits (P4(A) or Q4(A4));

oWe € ral distribution from 700 nm to the long wavelength limit o
stribution{measyred-as required by the standard for thermal limits (Pg(A)or Q4(A4)).

applies to both power and energy, only power (P) will be used here.

m and 450 nm measured as required by the standard

0 nm

f the

S on

heose an AEL. (Refer to Clause 9 of IEC 60825-1 for formulas and instructior

calculating limits.)

- C
- C

alculate the ultraviolet limit AEL,, and the ratio R, = (P, / AEL,).
alculate the visible thermal limit AEL,, and the ratio R,, = (P, / AEL,).

— Calculate the visible photochemical limit AEL for (400 nm < A < 450 nm) and AEL4(A) for
the range (450 nm < A < 600 nm). Sum ratios:

R

cd = Po !/ AEL + Z [Py(A)) I AEL4(A)]
450 nm< A; <600 nm
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— Calculate the infrared thermal limit AEL (A) for 700 nm to the long wavelength end of the
range. Sum ratios:

Re = Z [Pe(A)) I AELg(A))]
700 Nnm< A; <A ax
The product is assigned to the lowest laser Class for which ALL of the following are true:
R, < 1,0;
Ry, + R, < 1,0; and

= 40O
F\Cd I,V

7.4 | Source temporal characteristics

If thp product emits radiation continuously and with constant
straightforward. The emission time must be determined, either -~-<. in he S
fixed|duration, or specified by a calculated duration (i.e., T, i \
size pr source angular subtense). This allows the app||ca N
produicts, the remainder of 7.4 need not be considered.

7.4.1 Sources with limited “ON” time

If a groduct can emit radiation only for a limitedpenod i j i basis
for that class specified in the stanmdardy tk 9

applicable AEL. Shorter emission time it is
necepsary to consider the AEL for all ti

7.4.2 Periodic or consta

Some¢ products contaj s that produce a |regular series of pulses, or an endoded

(irredular) series. The
duty factor is kngwq. D
emittjng. @

For 3 microsecond ton Ovpulses per second, the duty factor is 120 x 3 x 10-4/1 or
0,036 %.

sidered as a regular series if the maxjmum
the fraction or percentage of time the soufce is

For gan dlses, using pulse train of 120 possible pulse positiops of
3 migrosecond \loRg-pulses every second with a 50 % encoding rate (50 % of the pulse
positjons i and 50 % do not), the duty factor is 0,5x 120 x 3 x 1091 or
0,018 %.

Also | refer’ to Table 9 in IEC 60825-1 (time durations T; below which pulse groups are
summed) for further information on how to calculate limits. The pulse rate, duty factor,
encoding duty factor and Table 9, along with the tables for the AELs, are needed to calculate
the effective pulse power and duration, as well as the effective pulse rate.

Three limits must be considered:

i) the limit for a single pulse, based on the pulse width;
ii) the limit for the average power for the specified or calculated classification time base;

iii) the limit for the average pulse energy from pulses within a pulse train, taking account
of Cs.
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Item f) of 8.4.0f the standard specifies that the most restrictive of requirements i), ii), and iii)
be applied when determining the AEL for repetitively pulsed or modulated lasers for thermal
limits for wavelengths of 400 nm and above. Requirement iii) applies a correction factor to the
single pulse AEL based on the number of pulses emitted during the applicable time base or
T5, whichever is shorter.

7.4.21 Pulse duration

The standard defines the pulse duration as the time increment measured between the half
peak power points at the leading and trailing edges of the pulse. Therefore, the duration of
interest is the time interval between the point, on the leading edge, at which the amplitude
reacies 50 % of the peak value and the point, on the trailing edge, that the_ amplitude returns
to th¢ same value (see Figure 4).

N
. A\ N
\ AN

0 / f\&/7 /N
Q]

definition

Amplitude %

The |pulse duration, {, ined using a measurement instryment
cons|sting of a photosexrsi G illoscope or similar device. The meapure-
ment|instrument iZ suhjectMoNthe follqwing requirements.

a) Tlhe time re sponse of the entire measurement set-up must be

spufficient to mea
b) The radiatiorn st be sufficiently spread over the active area of the
detector s ill be neither local saturation points nor local variatiops in

s
c) Thesradtiant &xposurg or irradiance of the radiation must not exceed the max{mum
s ;

Single pulsed, Q=switched, mode-locked, and repetitively pulsed or scanning lasers all require

some knewledge of“pulse duration in order to classify the product. In the case of scanned
radiatien, pulse duration should be determined at all accessible positions in the scan paftern.
This wawgmmmmwmgmay_l i t be

constant over the entire length of the scan line. For scanning products that incorporate a laser
operating in continuous wave (CW) mode, the pulse duration depends on beam diameter and
beam speed. For scanning products that incorporate a pulsed or modulated laser, the
modulation frequency, the beam diameter, and the scan velocity should be considered in
product classification and in emission duration calculations.

7.4.3 Sources with amplitude variation

If pulses are not "flat-top" (constant amplitude during the pulse ON time, see Figure 5 below),
detailed analysis of the pulse structure may be required.
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Flat-topped pulse Irregular pulse

Ath At

- ¢
t=0 t=t t=0 t=t; t=t t=t,
IEC 1470/06

Figure 5 — Flat-topped and irregular pulses

For the flat-top pulse, a simplified analysis is possible; only pulse am bulse

durafion tp should be considered.

For the second pulse, a piece-wise analysis may be necessahy. g al ¢ from
t=0fot=t;,t=0tot=t,andt=0to t=t;, as a minimuny € g to all

For tfains of pulses with varying durations and’Qr varyi itude -on-ti bulse
(TOT|P) method may be used as describedNq N iii

7.5 | Angular subtense (a)

Within the thermal retina ) AELs
depend on the angular suhtensg , i br Cg
(see|Tables 1-4 of the e n the

valug of T,, and T, depend
The ppparent sog i

for a

giver} evaluation Ig t|o of etinaNiazard. The angular subtense of the apparent sgurce
is defermined bythe S i image size that the eye can produce by accommodation
(i.e., [by varying_the th ofthie eye lens). The angular subtense of the apparent spurce
is used as § stinal image size. This angular subtense is the planar angle
subtended\b K e apparent source at the lens of the eye, see Figure 6a and
6b. Tlhekang stbtense\of the apparent source may vary with position along the axis af the

beam. WitF exceptien0f surface emitters (such as totally diffused transmitted or reflgcted
beams or LEDswwithout lens caps or reflectors) the location of the apparent source is dlso a
functjon of<the positioh of the eye in the beam.
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Sas aI a rdret

Dace 17 mm

IEC 1471/06

The example shows a beam transmission through, or reflection from, a diffuser such as a frosted light bulb
the light bulb is both the real source and the apparent source.

Figure 6a — Angular subtense (@) and apparent source size
of an incoherent or a diffuse source

the lo

The pame pow ) &
retingl hazard, . Yhefefore, this can be an important parametg
his provides the most conservative assessment. A

ment should always start with the assumption that Cg 5

of the apparent sowee is not significant for laser safety. For these products, the remaing
7.5 need'nodt be considered.

arger retinal spot, in most cases, reducep

where

4e and

the
r for
rrays

can
laser
1. If

ation
er of

For a general laser beam, the determination of a, and thus the use of Cg > 1, is beyond the

scope of this edition. It will be treated in the next amendment.

For surface emitters, such as diffusely transmitted or reflected laser beams or bare LEDs

(without modifying optics), a simplified analysis can be used, as described in 7.5.2.2.

The special case of source arrays with the assumption that each individual source is small
(ag < 1,5 mrad), is analysed in 7.5.3. Simple sources with non-circular emission patterns are
illustrated in 7.5.3.4. Some considerations that apply specifically to the evaluation of scanning

lasers are described in 7.8.
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For small sources, or for all sources when assuming Cg = 1, the accessible emission level can
be measured at a predetermined distance from a reference point. The reference points are
listed in Table 1 below. For the case of diffuse sources and semiconductor or large area
emitters without modifying optics, the reference points for determination of the accessible
emission level in Table 1 are valid also for measurements of intermediate and large sources
using Cg > 1.

Table 1 — Reference points

rype orproauct

Reference poimnt

Semi

conductor emitters (laser diodes,

Physical location of the emitting Chip

supefluminescent diodes)
Scanped emission (including scanned line lasers) Scanning vertex (pivot p(y’rﬂ\}&the é&aﬁ\'{]gk@em)
Line laser Focal point of the line (vé\{ex\\f\mg faﬁ{n@e&)}
Outpuit of fibre Fibre tip < \ \ >
Diffuge sources Surface of difg{sév\\ \\ \
Othefs Beam wajst—~_ \ \\/
NOTE| 1 If the reference point is located inside the protective (hougin not ssible) at a distancg from
the ¢ specified in the standar{l, the
meast
The iven below may be used for
smal condition for this estimation to be valid is
that Rayleigh range where ray qptics
applies, so that the far field
NOTE| 2 Information on apparent so d in Enrico Galbiati: Evaluation of the apparent
sourcg in laser safety. (See|Bj
Chodgse a conve d make sure that the divergence is constant, i.g. the
reference plane fine the far field divergence angle, 6. The beam
waisf is located at a eference plane (see Figure 7):

r=(d)/(2 tan(@12)),
wher reference plane to the virtual point of focus of a small sotrce.

Far field divergence
angle(6)

Beam diameter at
chosen fraction of
peak irradiance at

dq
63 reference plane

|
| IEC 1473/06

Figure 7 — Location of beam waist for a Gaussian beam
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In some cases (e.g., for line lasers with cylindrical lenses, or general astigmatic beams)
multiple beam waists may exist. For line lasers, see Table 1. General astigmatic beams are
beyond the scope of this document.

Scanning beams are analysed further in 7.8.

7.5.2 Methods for determining angular subtense (@)

There are several suggested methods for determining the angular subtense of the apparent
source. The different methods provide various degrees of accuracy and obviously various
amounts of effort and cost. The method used is determined by the amount of accuracy
needed, i.e., the proximity to the MPEs or AELs, and for some cases, the complexity. qf the
case| The following methods discussed in this report are listed in of incregasing
complexity:

a) cpnservative default method (7.5.2.1);

b) npethod used for simple sources such as surface emitte i beams

(1.5.2.2);
c) beam propagation method (7.5.2.3);
d) artificial eye method (7.5.2.4).

QL

7.5.2.1 Conservative default method

If ai$ not known, and there is no methqQd availa ko make an experimental evaluation, either
a reasonable estimate may be made that Cs atively justified or a conseryative
defaylt value may be chosen.

The fdefault value for a o valte there is no change in the AEL.| This
results in Cg = 1,0 and T, 3 ileNimi ated in this manner may be artificially low,
it is @ safe method to em . f aboye, it is a good routine to always attemqt this

methpd as a first iE s a0y Yo further analysis is needed.

7.5.2(2

For gsurface emiflers, s ely transmitted or reflected laser beams or bare |laser
diodgs (withou ifyi i a simplified analysis can be used. For these sourcep the
real $ource 3 apparent source and therefore the size of the real source can
be uged ' i ar subtense. Therefore, s, in Figure 6a becomes equal to the
diampte g, and D,.., the accommodation distance of the eye to the sojurce,
becomes egqualix eal’ distance between the eye and the source. The equation below can
be uged to détéernine

a = 2 arctan(s,¢/2D ;) = 2 arctan(dg/2r),

where arctan is the inverse of the tangential trigonometric function. If a is sufficiently small,
the trigonometric function can be simplified:

a~ (dg/r),

where dg is the diameter of the surface emitter and r is the distance between the surface
emitter and the eye (or measurement aperture).

With the use of optics (e.g., integral lens, projection lens or reflector), the apparent source
size and location are changed. This requires more detailed analysis, which is beyond the
scope of this document and will be addressed in the next amendment.
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7.5.2.3 Beam propagation method

This method is based on wave optics rather than ray optics. One important finding of this
approach is that the most hazardous viewing distance can be greater than 100 mm. A detailed
analysis of this method is beyond the scope of this document.

7.5.2.4 Artificial eye method

The most direct and accurate method is to determine the retinal irradiance conditions (using
the hazard measure of power or energy per retinal spot diameter). Using an artificial eye to
represent the human eye, the hazard for a range of viewing conditions can be measured.

Thegretically, the eye is usually modelled as a thin lens at the position of'the ornea WILh an

equivalent focal length (in air) ranging from 14,5mm to 17 m the
accommodation of the eye. The retina is 17 mm from the (2"9 princip 5 and
the space is assumed to be filled with air. The focal length of 17 mn{i axed
eye [focusing at infinity) and the 14,5 mm focal length corr S > [near
accommodation point of the eye, i.e., the closest distance at{whith\ ce a
sharp image of an object. Hyperopic and myopic eyes are idet 4. An
aperfure with a diameter of 7 mm at the lens models the p

A defailed analysis of this method is beyond the sco

7.5.3] Multiple sources and simple

Not gll laser products have a single burce
examples are multi-channel fibre optig e.g.,

traffi¢ lights and directional arrows) and i i irces
(e.g.|diffused beams and i s but
still e easily treated if tht

most
Il the

In theory, with multipl
hazaldous set. Ohe s
sourges taken togetk

In reglity, not all/Coxmb iqns\geed Pe considered. If all sources are intended to be equally
bright, the ang S ~ g simplified.

Linegr a : glyse than two-dimensional arrays. Nonetheless, it is possible to
do thie twq dirs A 3lysis to determine the most hazardous case.

7.5.3(1

Start[ with-a single source. Within the scope of this document, it is assumed that the dingle
sourgens always a small source (Cg = 1). Determine the sequence of sources to be analysed.
For each case, determine the angular subtense of the combination of sources (see below).
This will allow calculation of the AEL for each case. For the analysis of a combination of small
sources, the location of the apparent source can be approximated as the location of the actual
source array (at all positions in the beams) and the actual spacing between the individual
sources is used to calculate the angular subtense, see Figure 9. Only array sizes up to the
field of view corresponding to a,,, = 100 mrad in either direction need to be considered.

Then, a measurement of the accessible emission (power through the 7 mm measurement
diameter) is done for each combination of sources, and compared to the calculated AEL. The
field of view (or acceptance cone) is limited in the measurement set-up (using a variable field
aperture) so that only the sources considered for each case contribute to the measured
power, see Figures 8a and 8b.
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An example of a four channel one-dimensional array of fibre optic sources with the same
average power and equal spacing is shown in Table 2. S, is the single source dimension
(since the single source is assumed to be small in this document, a; is always 1,5 mrad), ris
the measurement distance (i.e., the distance between the real source array and the detector,
see Figure 8a, or the real source array and the imaging lens, see Figure 8b, and A is the
centre-to-centre spacing between the single sources, see Figure 9. Note that, according to the
standard, a, and a,, must always be limited to be between 1,5 mrad and 100 mrad, before the
arithmetic mean is calculated.

Table 2 — Four source array

Number of Apparent source Angular AEL of eval Acceéssible
Pources size subtense Clas emissipn
mm mrad A W (\ mW
1 Sv1 = Sh1 = So a1 = Ony = aq = Slt; AEL< \ \K>
2 Syo = Sp; Sh2 = Spt A Ayo = Syoll, hy = Spolt, AEL >
az = (ayztanz)/2

E\\\
3 Svz = So; Sh3 = Sg+24 Ay3 = Sya/l; Ong = Spa/; \% \> P3
a3 = (ay3+an3)/2
AEL}‘\)

4 Sy4 = Sp; Sha = Sot+3A Qya = Syall; Ohg = Bnalry
ay = (av4+ah4))‘L2\ A

If the power or energy varies betweeqn individual\sourses or/the sources are not equally
spaced, the number of cases to analyze iS i ple, there will be six pogsible

combi . Geometry and similarity between
sourq

The divisi i ible emigsion and AEL of the evaluated Class |must
be le 3 a > -the product can be assigned to the evallated

Class.

7.5.3.

For t
deter

from 1 channel to n channels must be considergd to
limit. Usually the simplifying assumption is made that all
chan power as the peak channel. That will be assumed here. If
that t S a is may be more complicated, but possibly worth doing sq that
the S restyictive condltlon is not overly restrlctlve If the array is|two-
dimepsi there may be several
arrarn

Case
emis :
maximum emission source aperture dlameter corresponds to an acceptance fuII angle at the
7 mm measurement aperture of 100 mrad. Determine a from the source array dimensions of
the case to be evaluated, and measure the accessible emission through the 7 mm aperture.
The AEL corresponding to the a of this case is compared to the measured accessible
emission. The accessible emission must not exceed the AEL of the assigned class for any
possible combination of sources.

See Figure 8a and 8b below for the measurement geometry. Calculations depend on the
angular subtense, a (of the combination of sources to be evaluated). Thus, determination of
the appropriate a values is critical for the multi-channel case. Considering each single source
as a small source, a corresponds to the acceptance cone of Figure 8a or Figure 8b. (For the
single channel case, assuming the minimum default value of a = 1,5 is sufficient.)
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Source array

Detector

Acceptance cone
100 mrad max.

Measurement
distance r

Single source

Variable field aperture

Figure 8a — Measurement geometry f6

Englosure \
| Source array

Image of th¢ recessed
'/ source arra

Detector

image of the recessed source array Single source

IEC 1475/06

Figure 8b — Measurement geometry for a recessed source

Figure 8 — Source measurement geometries

7.5.3.3 Angular subtense of a linear array

For simplicity, assume (1) a linear array of identical sources with (2) identical spacing.
If either of these assumptions is not applicable, the analysis is more complicated. If the
spacing is different in the two directions, the parameter A becomes A, and A, (see Figure 9).
This analysis applies to the retinal hazard spectral region only (400 nm to 1 400 nm).

Figure 9 illustrates how to determine the angular subtense of a linear array of sources.
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Assuming the individual sources to be small, the angular subtense is calculated from the
source array dimensions. Division by the measurement distance r (see Figures 8a and 8b)
gives the angular subtense for each orthogonal dimension. The equivalent a value is
calculated by averaging the two orthogonal a's, a, and a,. With almost all fibre cores and
optical sources for optical fibres being smaller than 0,15 mm (corresponding to a minimum «a
value of 1,5 mrad at 100 mm distance) the default minimum value is often used in the
calculation. Thus, the source size s; of a single fibre or single source is almost always taken
to be 0,15 mm, although it is usually smaller. According to the standard, the angular subtense
in each orthogonal direction (a, or a) is always limited to be 2a,,, (and sa,,,4) before
calculating the arithmetic mean, a, of the array.

ILIQQQQJ

Key

A ¥ center-to-center spacing

Sy § Vvertical size = Sj (one source size)
Sy § horizontal size = S + (n-1)p

ay S\/r

anh F Splr

a T (a,+ap)2

Valugs of T, a hese
valugs and the L per
chanpel can be ca , each
single source can k& burce
at each distanceca i ed frm the beam d|vergence and the fraction of the enpitted
powdr collectg Y > [ i (see
7.8.7)). Thls an be \ mine the allowable power per channel for each combination,

and the mi

7.5.3.4

For g simple*source/such as a diffused beam or an LED without beam modifying opticg, the
emitting source is the same as the apparent source, regarding both location and size. So far
only |citellar symmetric sources have been considered. If the source is non-circular, the
effective angular subtense is given by:

Oysy

= (a, + ay)/2
where a, and a, are the angular subtenses along the two orthogonal directions, as shown
below in F|gure ‘YO

is to be limited to «,

The angular subtense that is greater than a,,,, or less than g, max

min
Omin» respectively, prior to calculating the mean.

or

For a rectangular source, a, and ay are the long and short dimensions of the real sources.
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For an elliptical source, a, and a, are twice the semi-major and semi-minor axes of the
ellipse.

y

source

An exception exists for

only.[If the parameter [
limit, calculate@ :
defaylt value of

distance between measurement aperture and source or apparent source;
c) aceeptance angle of radiation measurement device;

zard
s for
b the

d) emission angle limit (divergence or angular subtense of the apparent source) of radiation

to be measured.

Care should be taken to limit measured radiation to radiation in the main beam. Any off-axis
radiation that reaches the detector via reflection or scattering from non-measurement system

surfaces should be excluded.

Since the maximum acceptance angle for radiation measurements is 100 mrad, for large
sources (a > 100 mrad) the energy from any portion of the source outside of that angle need

not be collected.
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The angular subtense of the apparent source is to be determined from a distance greater than
or equal to 100 mm from the apparent source for evaluations to satisfy Condition 2 of Table
10 of the standard. If the apparent source is recessed by more than the specified
measurement distance according to the standard, the evaluation for Condition 2 is to be at the
closest point of human access.

For evaluations to satisfy Condition 1 of Table 10 of the standard, the specified distance is
2 m from the closest point of human access. If angular subtense is to be used to calculate a
value of Cg > 1, all distances must be considered until the condition of maximum hazard is
found. Under some Condition 1 evaluations, |t is appropnate to multiply the angular subtense
by a i ion 1,
the maximum angle over which laser energy need be collected would| be
(100 [mrad)/7 = 14,3 mrad. However, the multiplication factor may be less (see’sgction
9 of fhe standard for more information on the multiplication factor).

7.8 | Scanning beams

In many applications, a simple calculation assuming Cg = 1 UL Mrat rres-
ponding to the beam scanning across the full measurement ap < , ) mm
from| the vertex of the scanning beam results in classificatiol bduct
requirements. If a less restrictive limit is desired, thi i i : mine

a mdre accurate AEL that may allow a lower classificatjon ) [ [ same
classdification.

NOTE| As specified in 9.3 of the standard, Ca

7.8.1

If we hnce,
Z, th 0) at
dista b the
locat

wher

d 3

7z =

NOTE point
of acd es, an
“artifidial eye” model or exerlmental setup must be used to determine the angular subtense.

NOTE| The-beam diameter is determined in accordance with the standard, e.g., the diameter encircling 63 % of
the enlergy,\dgs, can be used. For a Gaussian beam this is equal to the 1/e (36,8 %) diameter.
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Vertex of
scanning beam

Retina
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Qs

i

N | |’

7.8.2

Figun
corre

aperfure (AP).

T

NOTE

IEC 14

ht times (f; an
s of the measurég

ertexw

’ Beam at T = {
scqnning beam

\

N '::-‘;‘33\3“:1 S — ¢
T - e = ®
bint of focus %‘1“* \\
Beamat T=t

IEC 147

e 12 — Imaging a scanning apparent source located
beyond the scanning beam vertex

The scan element is shown as a transparent rather than reflective element in order to simplify the

78/06

d t)
ment

/06

bptical

layout

For c

onstant angular velocity, the pulse duration used for classification is

T, = ty-ty = [tan™ (AP | M)l w= AP | M-

where

w = angular velocity of the scanning beam in rad/s;

AP = measurement aperture diameter as defined in Table 10 of the standard (e.g., 7 m
A <1400 nm);

M = distance from measurement aperture to scanning vertex.

NOTE Since M is much larger than AP, a small angle approximation is used to simplify the equations.

m for
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As the distance from the scan element increases, the angle, ¢g.,, subtended by the
measurement aperture decreases, resulting in decreased pulse duration. This may not be the
case when the beam is larger than the measurement aperture or the scan velocity function is
non-linear. See 7.4.2.1 regarding measurement of pulse duration and pulse repetition
frequency.

7.8.3  Scanning angular subtense (dg.,,)

The scanning angular subtense, ag.,,, is used to calculate Cg for scanning beams. If the eye
is not focussed on the scanning beam vertex, the beam forms a scan line on the retina, which
subtends an angle of ¢,.,,. This is dependant on the measurement aperture and the distance
betwgen the scanning beam vertex and the location of the image:

Bocan = 2:tan”{(AP 1 2)[(1IM) - (1/2)]} = AP[(1/M)

NOTE

NOTE
locatef.

cus is

Pscan n for
calcy ed t h the
retina. However, for durations less than T; as specified i ; 18 x
106 i ) and
integ o ¢r
corrg ula:

Subs

The 3 given by the formula:

Oscan = max[(as+¢T)’ amin]

wherp Stati ry angular subtense along the scanning axis.

NOTE ) T @ is not replaced with apin.

For gny point-ef eye facus, Cg can be calculated with the formula:

C6 = (anscan + ascan)/(z'amin)

here a,s.an = @angular subtense along the non-scanning axis or a,,;,, whichever is larger.

in
7.8.4 Bi-directional scanning

If the scanning system is bi-directional, there is a location at the end of the scan line where
the beam stops and reverses direction. If this point is accessible, it must be considered in
determining the AEL. Since the angular velocity is non-linear, the pulse duration, Tp, is not
given by the formula in 7.8.2 and must be measured or derived for the velocity as a function
of angular position. In order to calculate Cg, ¢1 should be measured or derived as the angle
that the beam moves away from the endpoint in time (T7;/2). The duration is half because the
beam reverses direction at the end of the scan line, while remaining in the same region on the
retina.
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7.8.5 Number of scan lines in aperture (n)

In the case of multiple scan lines originating from a single point on a scanning element, scan
line separation typically increases with increasing distance from the scanning element. The
number of scan lines in the aperture affects the number of pulses in the pulse train during the
applicable time base. The equation below expresses the number of pulses in the pulse train,
N, as a function of pulse repetition frequency, the number of scan lines in the aperture, and
the applicable time base.

N = (PRF)-n-T

where

N = the number of pulses in the pulse train during the applicabl base)yor T,
whichever is smaller;

PRF| = pulse repetition frequency of a single scan line;

n = number of scan lines in aperture;

T = applicable time base or T,, whichever is smaller.

See ¥.4.2.1 concerning measurement of pulse duration andpulserepaiiti gquency.

In scpnning systems where multiple scan lines enter the pupil i nt field sources, the
corrgsponding images on the retina are at differe \ ese sources are separated
by mlore than 100 mrad, they are co |ered 9 i d are treated as isdlated
sourges. For angular separation less\tha 5 is”calculated for each s@urce
individually, as well as all combinations i determine the most restrjctive
case| If multiple sources are considered as one. ar source, the number of pulses is the
number of times the irregular pattern is ed.kor example, if source A and source B have a

combined Cg value of Cg 4 uSly scanned across the measurgment
aperfure N times during ‘ AEL will refer to the sum of power|from
A an iteria for ‘N pulses, rather than 2*N. See 8.4 gf the
stang S i ad’irregular sources.

7.8.6

The i tiorNis whese the combination of angular subtense, pulse duration,
numk gy (or power) results in the most restrictive classification.

If theg than the measurement aperture at a distance greater|than
100 \ ocation may be closer to the apparent source (than calculated
for a Wibecalse the higher Cg value is offset by the reduced coupling parameter.
In th } lines, the distance just prior to the transition to fewer scan|lines

inside the mes perture may be the location of maximum hazard. When evaluating a
distapce to determineg’the most hazardous location, all of the variables are to be measured at
that distance.

For simpte—stanminmg beam systenTs,; the fottowimg—twoTases sthroutd—be—exammined—for the
maximum hazard condition. Also see the example in Clause A.4.

7.8.6.1 Infinite focus (relaxed eye)

If ascan is considered to calculate Cg > 1, the condition where the eye is focussed at infinity is
important to consider. In this case, Z=o and a; — 0 if the laser beam is of reasonable
quality. This yields the result that ag.,, is not dependent on the distance from the scanning

vertex, M, but is only dependent on T; and the angular scan velocity.

Oscan = Max [(Ti'w)' Qminl
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